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Abstract

:

This paper proposes an effective method to manipulate the 2D motions of a magnetic small-scale robot (microrobot) within a relatively large working area using a triad of electromagnetic coils (TEC). The TEC is a combination of three identical circular coils placed at the vertices of an equilateral triangle. Since it is geometrically compact and requires only three control variables (input currents), the TEC can be effectively used to generate various magnetic fields that can be used to maneuver various functional microrobots. In this paper, we established several equations to calculate the input currents of the TEC required to move a microrobot along a designated pathway effectively and precisely. We also constructed an experimental setup to demonstrate and validate the controlled motions of the microrobot using the proposed method. The results showed that the proposed method can effectively improve the TEC’s practical working area (region of interest) for manipulating the microrobot, which can possibly be applied to biomedical and biological applications, including minimally invasive surgery, targeted drug and cargo delivery, microfluidic control, etc.
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1. Introduction


Untethered small-scale robots with a dimension of a few millimeters or less (microrobots) have gained importance as precise and versatile devices in a variety of applications [1,2,3,4,5]. With the advantages of their miniaturized size and wireless manipulation ability, microrobots can effectively perform various tasks in limited environments where conventional macro-scale robots could not operate as well [6,7]. Magnetic microrobots actuated by a magnetic navigation system (MNS) have especially drawn a lot of attention for biomedical and biological applications, such as minimally invasive surgery [8,9,10], targeted drug and cargo delivery [11,12,13], and microfluidic control [14,15]. Unlike other microrobots, such as the ones based on chemical, ultrasound, or biohybrid mechanisms [16,17], the magnetic microrobot’s principle of manipulation is based on an external magnetic field whose generation, elimination, and modulation can be effectively controlled via the control of several input currents of an MNS [18]. Thus, magnetic microrobots can be simplified and miniaturized with safe and wireless maneuverability, and they can be applied to many different environments including viscous fluid, vacuum space, and living organisms.



Different types of MNSs have been investigated to manipulate various kinds of two-dimensional (2D) or three-dimensional (3D) microrobots precisely and effectively [19,20,21,22]. Jeon et al. proposed a saddle coil system that can be effectively used to manipulate the 2D or 3D motions of a microrobot within a compatible structure for the human body [23]. Kummer et al. proposed an MNS composed of eight electromagnets and a method that can generate 3D motions of a magnetic robot in a specific working space [24]. Nam et al. proposed an MNS utilizing multiple magnetic cores and a closed magnetic circuit to maximize the magnetic field so that the MNS can apply a relatively strong actuation force for various magnetic devices [25].



Although various biomedical and biological procedures take place in a 2D environment, an MNS that is specialized for the 2D manipulation of microrobots has not been investigated well [19,20,21,22,23,24,25]. Since an MNS requires multiple electromagnetic coils with massive turns of wires and an integrated interface to simultaneously regulate the coil currents, the MNS becomes structurally large and electrically inefficient as the microrobot’s allowable working area and degree-of-freedom in motion increases. This can make the construction and operation of the MNS more costly and complex. For instance, conventional MNSs, such as the two pairs of Helmholtz coils shown in Figure 1a, required at least four coils to manipulate the 2D microrobots. Also, each pair of the Helmholtz coils should be different in diameter due to the geometric constraints.



In our previous research, we proposed an MNS simply composed of three identical, circular electromagnetic coils (triad of electromagnetic coils; TEC), as shown in Figure 1b, that can manipulate a microrobot in 2D environments [26]. With a minimal number of electromagnetic coils to manipulate a 2D microrobot, the TEC minimizes or reduces the control effort, energy consumption, and heat dissipation problems using a structurally symmetric and compact system. However, the TEC’s region of interest (ROI) where the microrobot can be properly manipulated within the system was limited to a relatively small central area. This was because the conventional manipulation method of the TEC was based on an assumption that the magnetic field of the TEC is linearly distributed throughout the system with respect to the center. Although this assumption can make it easy to calculate the TEC’s input currents needed to generate a specific motion of the microrobot, it does not take into account the nonlinearly distributed magnetic field of the TEC throughout the system. Thus, the microrobot may deviate from the desired pathway as it moves away from the TEC’s centroid, which can degrade the accuracy of the microrobot’s mechanical motion as it performs functional motions actuated by the TEC.



In this paper, we propose an effective method that enables the TEC to manipulate a microrobot within a relatively large area of the system effectively and precisely. We established mathematical equations to precisely calculate the TEC’s magnetic field and the corresponding magnetic force of the microrobot at an arbitrary position in the TEC by using local coordinates and vector transformations. We constructed constraint equations to effectively maneuver the microrobot’s 2D motions with respect to the different positions of the microrobot. We also applied a closed-loop controller to the method to make the microrobot move along a predetermined programmed pathway in a real-time manner. We then constructed an experimental setup and demonstrated several controlled 2D motions of a microrobot to verify the proposed method.




2. Manipulation of the 2D Motions of a Microrobot Using the TEC


2.1. Principle of Manipulation


The magnetic torque and force exerted on a microrobot in a magnetic field can be expressed by the following respective equations:


   T  =  m  ×  B   



(1)






   F  = ∇  (   m  ·  B   )  =   ∂  B    ∂  X     m   



(2)




where   m  ,    B  ,   and     ∂  B    ∂  X      are the magnetic moment of the microrobot, the external magnetic field, and the gradient matrix of   B   with respect to a vector (  X  ) representing the coordinate system, respectively.



The magnetic field of the k-th coil at an arbitrary position (    x  k   ) with respect to the center of the coil (   O k   ), as shown in Figure 1c, can be analytically calculated using the Biot−Savart’s law. For the convenience of calculating the transformation and rotation of the magnetic field, the magnetic field is expressed with Cartesian coordinates, as follows [27]: (substitutions are used for simplicity,    ρ k    2  ≡  x k    2  +  z k    2   ,     r k    2  ≡  x k    2  +  y k    2  +  z k    2   ,    α k    2  ≡  a k    2  +  r k    2  − 2  a k   ρ k   ,    β k    2  ≡  a k    2  +  r k    2  + 2  a k   ρ k   , and    k k    2  ≡ 1 −  α k    2  /  β k    2   ):


     B  k   O k     (    x  k   )  =    μ 0   i k    2 π  α k    2   β k              x k   y k     ρ k    2     (   (   α k    2  +  r k    2   )  E  (   k k    2   )  −  α k    2  K  (   k k    2   )   )         (   α k    2  +  r k    2   )  E  (   k k    2   )  −  α k    2  K  (   k k    2   )           y k   z k     ρ k    2     (   (   α k    2  −  r k    2   )  E  (   k k    2   )  +  α k    2  K  (   k k    2   )   )         



(3)




where    x k   ,    y k   ,    z k   ,    a k   ,    i k   ,    μ 0   ,  K , and  E  are the x-, y-, and z-axial positions, the radius and current of the k-th coil, the permeability of free space, and the complete elliptic integral of the first and second kinds, respectively. The TEC is a combination of three identical circular coils placed at the vertices of an equilateral triangle, as shown in Figure 1. The overall magnetic field of the TEC can, thus, be calculated by the superposition of each coil’s magnetic field. By using the local coordinates and the vector transformations, the TEC’s magnetic field and its gradient matrix at an arbitrary position,   x  , in the xy-plane with respect to the centroid of the TEC, can be expressed as the following simple equations:


    B   TEC   =   ∑   k = 1  3    R  z   θ k      B  k   O k     (    x  k   )  =   P  B   (  x  )    i   TEC    



(4)






    ∂   B   TEC     ∂  X    =   ∑   k = 1  3    R  z   θ k      ∂   B  k   O k     (    x  k   )    ∂   X  k      R  z  −  θ k    =   J  B   (   x  ,     i   TEC    )   



(5)




where     X  k        R  z   θ k     ,     P  B   ,     J  B   , and     i   TEC     are the vector representing the coordinate system with respect to the k-th coil’s origins (   O k   ), the z-directional rotation matrix with a rotation angle of    θ k   , the coefficient and Jacobian matrices of the TEC’s magnetic field, and      [   i 1     i 2     i 3   ]   T   , respectively. Also, from the geometry of the TEC’s equilateral triangle shown in Figure 1b, Equations (4) and (5) satisfy the following equations:


   θ k  =   2 π  (  k − 1  )   3   



(6)






    x  k  =   R  z  −  θ k     (   x  + d   R  z   θ k     j   )   



(7)




where d and   j   are the radius of the TEC’s inscribed circle and a y-directional unit vector of   X  , respectively. Assuming the microrobot has a planar fluidic working environment, such as the one shown in Figure 1, the microrobot’s rotational motion is relatively unimpeded compared to its translational motion. Thus, it can be assumed that the microrobot always matches (or follows) the applied magnetic field (   m  ∥   B   TEC    ) once the magnetic field changes slower than the critical step-out speed of the microrobot [28]. At speeds in excess of this threshold, the microrobot may not be able to follow the magnetic field due to the increased inertia effect and shows unpredictable rattling motions. Therefore, the orientation of the microrobot (the direction of   m  ) can be expressed in terms of the TEC’s magnetic field (    B   TEC    ), and the magnetic force of the microrobot can, thus, be simplified as the following equation:


    F   TEC   =   J  B   (   x  ,     i   TEC    )   m  =   P  F   (  x  )    i   TEC    



(8)




where     P  F    is the integrated coefficient matrix of the TEC’s magnetic field and the microrobot.




2.2. Generating 2D Magnetic Force of the Microrobot


Considering that each coil axis of the TEC and the microrobot’s magnetic moment always lie in the xy-plane, it can be assumed that both the z-directional components of     B   TEC     and     F   TEC     always equal zero during the microrobot’s 2D motions. Therefore, a constraint equation for the 2D aligning and propelling motions of the microrobot in the xy-plane can be expressed as follows:


   [        B   TEC   x y           F   TEC   x y        ]  =  [        P  B  x y    (  x  )          P  F  x y    (  x  )       ]    i   TEC   =  [       B 0  sin  α B         B 0  cos  α B         F 0  cos  α F         F 0  sin  α F       ]   



(9)




where    B 0   ,    α B   ,    F 0   ,    α F   ,     B   TEC   x y    ,     F   TEC   x y    ,     P  B  x y    , and     P  F  x y     are the desired magnitude and direction of the magnetic field and force exerted on the microrobot and the column vectors composed of the x and y-directional components of     P  B    and     P  F   , respectively. However, considering that the dimension of the coefficient matrix is 4-by-3, Equation (9) is an overdetermined equation whose solution for     i   TEC     only exists in limited conditions. In other words, four variables of the microrobot’s 2D mechanical motion (   F 0   ,    B 0   ,    α F   , and    α B   ) cannot be independently varied by the three input currents of the TEC. Thus, one should examine the existence of a solution of Equation (9) using complex linear algebraic computations, including the derivations of the singular value decomposition and the pseudoinverse matrix according to different values of   x  ,     B   TEC   x y    , and     F   TEC   x y     at every instance of the microrobot’s motions.



Meanwhile, for certain types of microrobots with 2D symmetric geometries, such as disk-, ring-, and sphere-type microrobots, their mechanically apparent motions can be characterized by positional variables (   F 0    and    α F   ) rather than directional variables (   B 0    and    α B   ). This becomes more effective as the microrobot gets smaller because of the viscosity effect in a low Reynold number flow [29]. In this research, it is assumed that only the magnitude (   F 0   ) and direction (   α F   ) of the magnetic force are the independent variables for the 2D mechanical motions of the microrobot. In this case, Equation (9) can be reduced to a simplified one, as follows:


    F   TEC   x y   =   P  F  x y    (  x  )    i   TEC   =  [       F 0  cos  α F         F 0  sin  α F       ]   



(10)







However, Equation (10) is rather an underdetermined equation that can yield numerous solutions. To obtain a unique and useful solution (    i   TEC    ) for a given condition of the microrobot motion (   F 0    and    α F   ), we applied another condition to Equation (10) that the microrobot always aligns along a direction in which the TEC can consume the minimum electric power while generating the required magnetic force of the microrobot, as follows:


   α B  =   min    α B    ‖   i   TEC   ‖  



(11)







Therefore, one can calculate the three input currents of the TEC required to manipulate the microrobot motions and can minimize the electric power consumption of the TEC at the same time.



In this study, we also employed a controller for the manipulation method to make the microrobot move along a programmed pathway in a closed-loop manner. For a given pathway of the microrobot in the xy-plane, the position error of the microrobot can be expressed as follows:


   e   ( t )  =   x   ref    ( t )  −   x   obs    ( t )   



(12)




where     x   ref    ( t )    and     x   obs    ( t )    are the referenced and observed 2D positions of the microrobot with respect to time, t, respectively. By using a proportional-integral-derivative (PID) controller, the magnetic force at the instance of time, t, required to make the microrobot follow a given pathway can be obtained as follows:


    F   TEC   x y    ( t )  = −  (   K P  ‖  e   ( t )  ‖ +  K I   ∫  ‖  e   ( t )  ‖ d t +  K D    d ‖  e   ( t )  ‖   d t    )     e   ( t )    ‖  e   ( t )  ‖    



(13)




where    K P   ,    K I   , and    K D    are the gains in the proportional, integral, and derivative controllers, respectively. The proper values of    K P   ,    K I   , and    K D    to ensure the microrobot continuously follows the pathway, while reducing the position error, the maximum overshoot, and the response time, can be obtained by various heuristic tuning methods [30]. Therefore, one can effectively and precisely manipulate the 2D motions of a microrobot located at an arbitrary position in a plane via the control of only three input currents of the TEC by using Equations (1)–(13).





3. Results and Discussion


In this research, we conducted several experiments to demonstrate the TEC’s ability to manipulate the microrobot’s 2D motions. We first constructed an experimental setup, as shown in Figure 2. The nominal radius and the number of turns of each circular coil were identically 125 mm and 1300 turns, respectively. A copper wire with a diameter of 1 mm was used for the TEC. Each coil of the TEC was connected to three respective power amplifiers (Precision Power Amplifier 4510, NF Corporation, Yokohama, Japan), which were integrated into a control panel using a LabVIEW hardware interface (PCle-6738, National Instruments, Austin, TX, USA). Equations (1)–(13) were implemented in the system using a LabVIEW graphical programming language. In this way, the magnetic field of the TEC can be precisely generated by simultaneously regulating the TEC’s input currents using the control panel. We also implemented an area scan camera (acA2040-120uc, Basler AG, Ahrensburg, Germany) mounted over the top of the TEC to obtain real-time images of the microrobot. The resolution and maximum frame rate were 2048 pixels × 1536 pixels and 120 frames per second, respectively. Figure 3 shows the overall structure of the constructed control system, including the image processing procedure. We obtained the real-time positions of the microrobot from the acquired images of the microrobot by using a LabVIEW Vision Assistant platform (National Instruments). The overall procedure shown in Figure 3 took approximately 40 milliseconds to execute one loop.



In this research, we assumed that a microrobot is a structure that ranges from several millimeters down to few micrometers in all dimensions. We used a transversely magnetized disk-type neodymium magnet as a microrobot. The diameter, height, and magnetization of the magnet were 3 mm, 1 mm, 955 kA/m, respectively. Considering the resolution and field of view of the scan camera, the microrobot should be sufficiently large so that its movement can be clearly observed by the scan camera within a large ROI of the TEC. Submillimeter-scale microrobots with functional structures can also be manipulated by the system, provided that a microscopic image acquisition device with a higher resolution is used. We then constructed a horizontal petri dish filled with a transparent, viscous silicone oil (100 cP) so that the microrobot motions could be clearly and steadily observed during the operation.



Before demonstrating the microrobot motions, we first verified the proposed manipulation method of the microrobot by simulating the magnetic field of the TEC and the corresponding magnetic force acting on the microrobot, as shown in Figure 4. Figure 4a,b shows the distribution of the magnetic field near the central area of the TEC depicted by MATLAB (MathWorks, Inc., Natick, MA, USA) graphic scripts. The TEC’s input currents were calculated using Equations (1)–(11) under the condition that a magnetic force of    (   F 0  ,  α F   )  =  (  500    μ N  ,   30 °  )    was to be applied to the microrobot located at    x  =    [  60    mm  ,   60    mm  , 0  ]   T   . In this magnetic field, the microrobot can move along the direction of    α F  = 30 °   while aligning along the direction of    α B  = 39 °  .



Figure 5 shows another case of the simulation. In this case, the TEC’s input currents were calculated under the condition that a magnetic force of    (   F 0  ,  α F   )  =  (  500    μ N  ,   0 °  )    was to be applied to the microrobot located at    x  =    [  60    mm  ,   60    mm  , 0  ]   T   . Figure 6 shows the variation in the TEC’s overall currents (square of norm of the current vector) with respect to the aligning direction of the microrobot (   α B   ) required to generate the magnetic force shown in Figure 5. In Figure 6, there are two symmetric optimal values of    α B    (  45 °   and 22  5 °  ) derived from the symmetry of the microrobot’s N−S dipole moment. Considering the desired moving direction of the microrobot (   α F  = 0 °  ),    α B  = 45 °   whose angle between    α F    is smaller than the other was chosen for the solution. Thus, the results show that the TEC can generate a magnetic field, precisely and effectively, that can be used to manipulate a microrobot located at an arbitrary position in the TEC.



In this research, we also verified the proposed manipulation method by demonstrating several controlled motions of the microrobot. Without the application of the closed-loop control, we first examined the efficacy of the proposed method (Equations (1)–(11)) compared to that of the conventional manipulation method, as shown in Figure 7a. Since the conventional method relies on the assumption that the microrobot is always located at the center (centroid) of the TEC, this method is not applicable to cases in which the microrobot should move within a relatively large area (ROI).



Figure 7a shows the open-loop manipulation trajectories of the microrobot along three straight lines   (  (   F 0  ,  α F   )  =  (  500    μ N  ,   0 °  )   ) actuated using the conventional and proposed manipulation methods. For the central straight line, both methods were able to move the microrobot along the reference line with a relatively small position error. However, the microrobot deviated from the desired pathway when it moved along a straight line located away from the center. In this case, the conventional method showed a much larger position error, but the proposed method also showed a significant position error because the open-loop control cannot take into account the changes in position of the microrobot during manipulation. The average speeds of the microrobot along the upper, central, and lower straight lines were measured to be 14.3 mm/s, 8.6 mm/s, and 22.1 mm/s, respectively. Although the same constant magnetic force was used for the manipulation, the microrobot could not show a uniform speed at different locations due to the variating viscous friction effect during motion.



On the other hand, with the application of the closed-loop control, the proposed method (Equations (1)–(13)) was able to move the microrobot along a complex spiral pathway with a much smaller position error, as shown in Figure 7b. In this case, the values of    K P   ,    K I   , and    K D    were adjusted to 20   kg /  s 2   , 0   kg /  s 3   , and 0.002   kg / s  , respectively, to make the microrobot move along the pathway with a maximum velocity of 2.50 mm/s. The maximum, average, and standard deviation of the position error were measured to be 2.1 mm, 0.66 mm, and 0.79 mm, respectively. Considering the size of the microrobot compared to the field of view of the scan camera shown in Figure 7b, this error is sufficiently small. It was seen that the microrobot’s position error is affected by both the values of    K P   ,    K I   , and    K D    and the error between the observed and real positions of the microrobot. The position error and the maximum allowable moving speed of the microrobot can further be adjusted by refining the PID controller or by using a microscopic scan camera with a higher image resolution.



The conventional method, however, could only move the microrobot along the same spiral pathway near the center of the TEC, even with the application of the closed-loop control. Although the same values of    K P   ,    K I   , and    K D    were used, the conventional method could only manipulate the microrobot within a relatively small central area of the TEC (25 mm in radius) because of the increased error in calculating the magnetic field and the magnetic force, regardless of the application of the closed-loop control (see Supplemental Videos S1 and S2).



The experimental results verified that the proposed microrobot manipulation method can effectively increase the practical working area of the TEC so that the microrobot can be used to perform various functional motions precisely and effectively.




4. Conclusions


In this paper, we proposed an effective method to manipulate the 2D motions of a microrobot within a relatively large working area via a geometrically compact and electrically efficient electromagnetic coil system. Simulated and experimental results verified the proposed method. Although further investigations, such as for the small-scale localization and the higher degree-of-freedom manipulation of a functional microrobot, remain for future work, this research can contribute to the development of structurally and electrically realistic MNSs and the relevant manipulation skills for various small-scale robot applications.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/mi13030416/s1, Video S1: Open-loop manipulation of the microrobot along straight pathways.; Video S2: Closed-loop manipulation of the microrobot along a spiral pathway.





Author Contributions


Conceptualization, S.J. and H.L.; methodology, H.L.; software, H.L.; validation, H.L. and D.L.; formal analysis, H.L.; investigation, H.L. and D.L.; resources, H.L. and D.L.; data curation, H.L.; writing—original draft preparation, H.L.; writing—review and editing, S.J.; visualization, H.L. and S.J.; supervision, S.J.; project administration, S.J.; funding acquisition, S.J. All authors have read and agreed to the published version of the manuscript.




Funding


This work was mainly supported by a National Research Foundation of Korea (NRF) grant funded by the Korean government (MSIT) (2019R1C1C1004373). This work was partially supported by “Regional Innovation Strategy (RIS)” through the National Research Foundation of Korea (NRF) funded by the Ministry of Education (MOE) (2021RIS-004). This work was also partially supported by Korea Innovation Foundation grant funded by the Korean government (MSIT) (2020-DD-SB-0159).




Institutional Review Board Statement


Not applicable.




Data Availability Statement


The data that support the findings of this study are available from the corresponding author upon reasonable request.




Acknowledgments


This work was supported by the research grant of the Kongju National University in 2019.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Xu, T.; Yu, J.; Yan, X.; Choi, H.; Zhang, L. Magnetic actuation based motion control for microrobots: An overview. Micromachines 2015, 6, 1346–1364. [Google Scholar] [CrossRef]

	



Xu, T.; Zhang, J.; Salehizadeh, M.; Onaizah, O.; Diller, E. Millimeter-scale flexible robots with programmable three-dimensional magnetization and motions. Sci. Robot. 2019, 4, eaav4494. [Google Scholar] [CrossRef]

	



Wu, S.; Hu, W.; Ze, Q.; Sitti, M.; Zhao, R. Multifunctional magnetic soft composites: A review. Multifunct. Mater. 2020, 3, 042003. [Google Scholar] [CrossRef] [PubMed]

	



Sitti, M.; Wiersma, D.S. Pros and Cons: Magnetic versus Optical Microrobots. Adv. Mater. 2020, 32, 1906766. [Google Scholar] [CrossRef]

	



Hu, W.; Lum, G.; Mastrangeli, M.; Sitti, M. Small-scale soft-bodied robot with multimodal locomotion. Nature 2018, 554, 81–85. [Google Scholar] [CrossRef] [PubMed]

	



Sitti, M.; Ceylan, H.; Hu, W.; Giltinan, J.; Turan, M.; Yim, S.; Diller, E. Biomedical Applications of Untethered Mobile Milli/Microrobots. Proc. IEEE 2015, 103, 205–224. [Google Scholar] [CrossRef] [PubMed]

	



Schmidt, C.K.; Medina-Sánchez, M.; Edmondson, R.J.; Schmidt, O.G. Engineering microrobots for targeted cancer therapies from a medical perspective. Nat. Commun. 2020, 11, 5618. [Google Scholar] [CrossRef] [PubMed]

	



Nelson, B.J.; Kaliakatsos, I.K.; Abbott, J.J. Microrobots for Minimally Invasive Medicine. Annu. Rev. Biomed. Eng. 2010, 12, 55–85. [Google Scholar] [CrossRef]

	



Lee, W.; Nam, J.; Kim, J.; Jung, E.; Jang, G. Effective locomotion and precise unclogging motion of an untethered flexible-legged magnetic robot for vascular diseases. IEEE Trans. Ind. Electron. 2017, 65, 1388–1397. [Google Scholar] [CrossRef]

	



Hoang, M.C.; Le, V.H.; Nguyen, K.T.; van Nguyen, D.; Kim, J.; Choi, E.; Bang, S.; Kang, B.; Park, J.O.; Kim, C.S. A robotic biopsy endoscope with magnetic 5-DOF locomotion and a retractable biopsy punch. Micromachines 2020, 11, 98. [Google Scholar] [CrossRef]

	



Li, H.; Go, G.; Ko, S.Y.; Park, J.O.; Park, S. Magnetic actuated pH-responsive hydrogel-based soft micro-robot for targeted drug delivery. Smart Mater. Struct. 2016, 25, 027001. [Google Scholar] [CrossRef]

	



Gervasoni, S.; Terzopoulou, A.; Franco, C.; Veciana, A.; Pedrini, N.; Burri, J.T.; de Marco, C.; Siringil, E.C.; Chen, X.Z.; Nelson, B.J. CANDYBOTS: A New Generation of 3D-Printed Sugar-Based Transient Small-Scale Robots. Adv. Mater. 2020, 32, 2005652. [Google Scholar] [CrossRef] [PubMed]

	



Cai, Z.; Fu, Q.; Zhang, S.; Fan, C.; Zhang, X.; Guo, J.; Guo, S. Performance evaluation of a magnetically driven microrobot for targeted drug delivery. Micromachines 2021, 12, 1210. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.; Qiu, F.; Kim, S.; Ghanbari, A.; Moon, C.; Zhang, L.; Nelson, B.J.; Choi, H. Fabrication and characterization of magnetic microrobots for three-dimensional cell culture and targeted transportation. Adv. Mater. 2013, 25, 5863–5868. [Google Scholar] [CrossRef]

	



Steager, E.B.; Selman Sakar, M.; Magee, C.; Kennedy, M.; Cowley, A.; Kumar, V. Automated biomanipulation of single cells using magnetic microrobots. Int. J. Rob. Res. 2013, 32, 346–359. [Google Scholar] [CrossRef]

	



Xu, T.; Soto, F.; Gao, W.; Dong, R.; Garcia-Gradilla, V.; Magana, E.; Zhang, X.; Wang, J. Reversible Swarming and Separation of Self-Propelled Chemically Powered Nanomotors under Acoustic Fields. J. Am. Chem. Soc. 2015, 137, 2163–2166. [Google Scholar] [CrossRef]

	



Soto, F.; Karshalev, E.; Zhang, F.; Avila, B.; Nourhani, A.; Wang, J. Smart Materials for Microrobots. Chem. Rev. 2021. [Google Scholar] [CrossRef]

	



Jeon, S.; Park, S.H.; Kim, E.; Kim, J.Y.; Kim, S.W.; Choi, H. A Magnetically Powered Stem Cell-Based Microrobot for Minimally Invasive Stem Cell Delivery via the Intranasal Pathway in a Mouse Brain. Adv. Healthc. Mater. 2021, 10, 2100801. [Google Scholar] [CrossRef]

	



Choi, H.; Cha, K.; Choi, J.; Jeong, S.; Jeon, S.; Jang, G.; Park, J.O.; Park, S. EMA system with gradient and uniform saddle coils for 3D locomotion of microrobot. Sens. Actuators A Phys. 2010, 163, 410–417. [Google Scholar] [CrossRef]

	



Manamanchaiyaporn, L.; Xu, T.; Wu, X. The HyBrid system with a large workspace towards magnetic micromanipulation within the human head. In Proceedings of the 2017 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS), Vancouver, BC, Canada, 24–28 September 2017; pp. 401–407. [Google Scholar]

	



Chen, R.; Folio, D.; Ferreira, A. Mathematical approach for the design configuration of magnetic system with multiple electromagnets. Rob. Auton. Syst. 2021, 135, 103674. [Google Scholar] [CrossRef]

	



Go, G.; Choi, H.; Jeong, S.; Lee, C.; Park, B.J.; Ko, S.Y.; Park, J.O.; Park, S. Position-based magnetic field control for an electromagnetic actuated microrobot system. Sens. Actuators A Phys. 2014, 205, 215–223. [Google Scholar] [CrossRef]

	



Jeon, S.; Jang, G.; Choi, H.; Park, S. Magnetic navigation system with gradient and uniform saddle coils for the wireless manipulation of micro-robots in human blood vessels. IEEE Trans. Magn. 2010, 46, 1943–1946. [Google Scholar] [CrossRef]

	



Kummer, M.P.; Abbott, J.J.; Kratochvil, B.E.; Borer, R.; Sengul, A.; Nelson, B.J. Octomag: An electromagnetic system for 5-DOF wireless micromanipulation. IEEE Trans. Robot. 2010, 26, 1006–1017. [Google Scholar] [CrossRef]

	



Nam, J.; Lee, W.; Jung, E.; Jang, G. Magnetic Navigation System Utilizing a Closed Magnetic Circuit to Maximize Magnetic Field and a Mapping Method to Precisely Control Magnetic Field in Real Time. IEEE Trans. Ind. Electron. 2017, 65, 5673–5681. [Google Scholar] [CrossRef]

	



Lee, H.J.; Jeon, S.M. Two-dimensional manipulation of a magnetic robot using a triad of electromagnetic coils. AIP Adv. 2020, 10, 015003. [Google Scholar] [CrossRef]

	



Simpson, J.; Lane, J.; Immer, C.; Youngquist, R. Simple Analytic Expressions for the Magnetic Field of a Circular Current Loop; Technical Report; NASA: Washington, DC, USA, 2001; No. TM-2013-217919.

	



Mahoney, A.W.; Nelson, N.D.; Peyer, K.E.; Nelson, B.J.; Abbott, J.J. Behavior of rotating magnetic microrobots above the step-out frequency with application to control of multi-microrobot systems. Appl. Phys. Lett. 2014, 104, 144101. [Google Scholar] [CrossRef]

	



Purcell, E.M. Life at low Reynolds number. Am. J. Phys. 1977, 45, 3–11. [Google Scholar] [CrossRef]

	



Nagarajan, U.; Kantor, G.; Hollis, R.L. Trajectory planning and control of an underactuated dynamically stable single spherical wheeled mobile robot. In Proceedings of the 2009 IEEE International Conference on Robotics and Automation, Kobe, Japan, 12–17 May 2009; pp. 3743–3748. [Google Scholar]








[image: Micromachines 13 00416 g001 550] 





Figure 1. (a) Schematic view of the conventional two pairs of Helmholtz coils; (b) the TEC; (c) the geometrical properties shown in the xy-plane. 
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Figure 2. Experimental setup of the (a) TEC, (b) magnetic microrobot, (c) control panel, and (d) power amplifiers to demonstrate the 2D microrobot motions using the TEC. 
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Figure 3. Schematic diagram of the closed-loop control system implemented to the experimental setup shown in Figure 2. The system also includes a real-time image processing procedure using a LabVIEW visual object tracking system. Observed positions of the microrobot may be different from its real positions because of the limitations of the scan camera’s optical resolution and the computational errors during the image processing. 
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Figure 4. (a,b) Distribution of the magnetic field inside the TEC; (c,d) the corresponding magnetic force generated to apply a magnetic force of    (   F 0  ,  α F   )  =  (  500    μ N  ,   30 °  )    to the microrobot located at    x  =    [  60    mm  ,   60    mm  , 0  ]   T   . In this case, the optimal    α B    is approximately   39 °  . 
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Figure 5. (a,b) The distribution of the magnetic field inside the TEC; (c,d) the corresponding magnetic force generated to apply a magnetic force of    (   F 0  ,  α F   )  =  (  500    μ N  ,   0 °  )    to the microrobot located at    x  =    [  60    mm  ,   60    mm  , 0  ]   T   . In this case, the optimal    α B    is approximately 45  °  . 
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Figure 6. The variation in the TEC’s overall currents with respect to the aligning direction of the microrobot required to generate the magnetic force shown in Figure 5. 
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Figure 7. (a) Open-loop manipulation trajectories of the microrobot along three straight pathways actuated by the conventional and proposed manipulation methods. (b) Closed-loop manipulation trajectories of the microrobot along a spiral pathway actuated by the conventional and proposed manipulation methods. (See Supplemental Videos). 
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