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Abstract 

Swimming microrobots with various applications in targeted drug delivery, 

diagnostics, and minimally invasive surgery, have attracted a lot of interest in 

recent years. They are usually steered by an external energy source such as a 

magnetic field. In this paper, we have proposed a novel low Reynolds number 

swimmer driven by a rotary magnetic field and discussed its design parameters. 

The microrobot consists of a central sphere and two arms, which create linear 

movement with its rotation. It is shown that the microrobot speed depends on its 

dimensions and the magnetic field angular velocity. In addition, we have shown 

simultaneous control of three microrobots based on their different reactions to the 

same input. 

Keywords: microrobot; rotary magnetic field; non-homogeneous microrobot; low 

Reynolds number; simultaneous control 

I. Introduction 

Microrobots, or MRs, which are extremely small with dimensions on the micro-meter 

scale, find applications in diverse domains including micro-assembly and drug delivery 

[1-3]. Due to the compact nature of MRs, their usage of onboard sensors and actuators 

is quite infrequent. However, researchers have explored various MEMS-based 

techniques for enabling functionality in MRs, including electro-thermal, piezoelectric 

[4-6], and electromagnetic actuators. A comprehensive overview of relevant studies can 

be found in [7]. In [8], Zhang et al. introduced a micro-robot (MR) design featuring 

end-effectors. Their approach utilized a global magnetic field to control the position of 

the MR and enable gripper grasping and releasing commands. Another MR model 

called Quadroar was proposed by Jalali et al.[9]. Quadroar was equipped with one linear 

and four rotary actuators, allowing movement in forward and transverse directions as 

well as three-dimensional reorientation. The theoretical findings were experimentally 

verified using a mm-scale Quadroar in [10]. Furthermore, some research works have 
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presented MRs with both linear and rotary actuators, along with proposed strategies for 

position control [4, 11]. However, these MR designs cannot currently be manufactured 

on a micro-meter scale due to technological limitations. 

Using external energy sources as an actuation signal is a more practical solution. 

Various mechanisms, including electrics, acoustics, magnetic fields, thermal energy, 

and light, are utilized for actuating MRs [12-14]. Among these options, the use of a 

magnetic field is widely preferred due to its ability to penetrate different materials 

without causing damage while swiftly generating force and torque. Magnetic fields can 

be utilized in different modes, such as rotating fields [15], oscillating fields [16], and 

field gradients [17, 18].  

As an example, Khalesi et al. [16] introduced a MR design comprising a rotatable disk-

equipped cilium capable of achieving a maximum speed of 520 µm/s. The MR's motion 

is governed by a stepping magnetic field. Khalil et al. [19], proposed a sperm-like MR, 

where the MR possesses a magnetic head and moves with an average speed of 160 µm/s 

under the influence of an external oscillating magnetic field. The researchers also 

conducted experimental tests to validate the controllability and steering of the MR. 

Additionally, other studies have concentrated on developing control strategies 

specifically for single MRs. To this end, various approaches such as optimal control 

[20] and neuro-fuzzy network [21] have been employed. 

Integrating multiple robots can enhance the speed and functionality of a system [22]. 

There are two main methods for controlling multiple magnetic MRs. The first method 

involves creating different magnetic fields in the workspace to exert distinct forces on 

each MR. Sitti et al. controlled two MRs using electrostatic anchoring pads [23]. The 

presented method requires special surfaces and is limited to 2D movements. Control of 

identical MRs is also challenging. Kumar et al. proposed a force control method based 
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on varying gradients and stationary electromagnetic coils for two MRs [24]. The results 

obtained from numerical simulations were validated through macro-scale experiments. 

Simultaneous and independent control of two MRs in three-dimensional space was 

achieved by Misra et al., who presented an electromagnetic setup consisting of nine 

electromagnetic coils [25]. Another approach proposed in [26] involved controlling the 

position of multiple MRs using a magnetic field gradient. Rotating permanent magnets 

were utilized to exert the desired forces. However, due to the small distances between 

MRs, generating separate fields at each robot location is challenging [27]. 

The second method utilizes non-identical MRs with different magnetic, geometric, 

electric, or thermal properties. These MRs are controlled independently by uniform 

magnetic fields [28]. Special attention needs to be given in the design process of this 

method to ensure that MRs can produce varying outputs despite receiving similar 

inputs. Diller et al. demonstrated the simultaneous control of MRs with different 

geometric properties (termed mag-Bots) in 2D [29]. Nelson et al. manipulated micro-

objects using two helical MRs controlled by a rotating magnetic field [30]. Cheang et al. 

controlled magnetically different MRs by adjusting the strength and frequency of a 

rotating magnetic field [31]. 

Controlling non-identical robots is simpler, but needs special devices and sophisticated 

designs. In this study, we have introduced an innovative design (Figure 1) for 

simultaneously controlling multiple MRs, each consisting of a sphere and two arms with 

an attached disk. By applying an external rotating magnetic field, the MRs rotate and 

move via drag force. We have analytically calculated the relationship between linear 

and angular velocities, explored the impact of physical and magnetic properties on MR 

speed, and demonstrated the simultaneous control of three MRs through simulation. 
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In the following section, the dynamic equations are written in general. In section three, 

the effects of various physical and magnetic parameters on the MR velocity are 

examined through simulations performed. In the fourth section, the simultaneous and 

independent control of two MRs is theoretically investigated.  

[figure 1] 

II. Equation of motion 

The Reynolds number, a measure of the balance between inertial and viscous forces, is 

significantly low in MRs because of their reduced size and slow movement. As a result, 

the contribution of inertial forces can be considered negligible, and the viscous forces 

are dominant. Thus, Stokes equations can be derived from Navier-Stokes equations as 

follow [32] 

2 , . 0   p u u  (1) 

In this equation, p and u are pressure and the fluid velocity vectors, and  is the 

dynamic viscosity of the fluid. Magnetic force (
mF ) and torques (

m ) can be calculated 

using these equations: 

(2) ( . ) mF m B 

(3)  m m B 

where m is MR magnetic dipole moment, and B is the external magnetic field. The MR 

moves in fluid so another force and torque applied to the MR is the drag force [33, 34]. 

(4)  drag  F K u 

(5)  drag   Q  

In these equations, u , 
dragF ,  , and 

drag are relative velocity, drag force, angular 

velocity, and drag torque. Q and K are drag force and torque coefficient matrices. 

Figure 2 shows the applied forces and torques.  

[figure 2] 
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If the MR rotates in the y-direction with a rotational speed  , the relative velocity of 

the disks in the z-direction will be equal to  L R r   . In the given equation, the 

variable L  represents the length of the arm, while R  and r  stand for the radii of the 

sphere and disk respectively. The disk’s movement will exert a force in the y-direction 

and a torque against the applied external magnetic torque. As a result of this force, the 

MR will move in the y-direction with the speed of linV . Due to the MR's movement, a 

drag force opposite to the y-direction and a drag torque in the same direction as the 

magnetic torque are exerted. Moreover, the movement of the middle sphere will 

produce a drag force in the opposite direction of y and a torque opposite to the external 

one. The equations of motion are as follows: 

(6)  
¨

_ _ _

y y y

MBD rot MBD lin MBS linm m y F F F     F a 

(7) 
 

¨

_ _ _ _

y y y y y

yy MBD rot MBD lin D rot S rot externalI T T T T T       T Iα 

In Eq. (6), _

y

MBD rotF , _

y

MBD linF , and _

y

MBS linF  are the force applied to the MR by rotational 

and  linear movement of the disks, and linear movement of the sphere respectively. In 

Eq. (7) _

y

MBD rotT , _

y

MBD linT , _

y

D rotT , _ ,  y

S rotT and y

externalT  are the torque exerted to the MR 

by rotational and linear movement of the disks, the disks, and the sphere drag torque, 

and the external magnetic torque. Forces and torques in the y direction are effective in 

the movement and in other directions Forces and Torques are simplified due to 

symmetry. 

If the right side of Eq. (7) becomes zero, the rotational movement of the MR becomes 

stable. By applying a rotating external field, the MR also starts to rotate with a certain 

angle difference from the external field. The value of this angle difference can be 

calculated from the combination of Eq. (6) and (7). By solving these equations, the 
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speed and angle between the direction of the external magnetic field and the MR arm (

 ) can be determined as follows according to the parameters of the MR:  

(8)   
3

sin( 8 cos(2 9 40 )) /
8

mB r R r A       

(9)  3 sin( )sin(2 ) /linV r R r L mB A    

(10)      
     

2 2 2 4

2 2 2 2 4 2

2 3 3 4

6cos(2 3 2 3 64cos(2 )

180 768 384 27

90 210 162 704 )

A Rr L RL rL Rr r R r

Rr RL rL Rr r RL rL Rr r L R R

L Rrr R r Rr r

   

 

  

       

        

  

 

Here,   is half of the relative angle between disks. Knowing the rotation speed of the 

field,  , it is possible to obtain the value of   from Eq. (8) and calculate the linear 

velocity, linV , by inserting it into Eq. (9).  

III. Numerical Simulation 

We have conducted some numerical simulations to demonstrate the performance of the 

proposed MR and sensitivity analysis. MR design parameters are shown in Table 1. The 

fluid viscosity is 
2m0.001
s

 and the external magnetic field strength is 0.2mT.  

[table 1] 

As seen in Equations (6) and (7), the linear velocity of the microrobot is affected by 

multiple forces and torques. Each of them is dependent on the microrobot's geometric or 

physical properties, as well as the properties of the magnetic field. Figure 3 

demonstrates how MR linear velocity varies with MR geometrical parameters. Except 

for the indicated parameter, the other MR geometrical specification is the same as in 

Table 1. Increasing the disk’s angle reduces the resulting drag torque and slows the 

angular velocity. But after this parameter passes 45 , the effective drag force and MR’s 

linear velocity decrease. Increasing the length of arms and the radius of disks has a dual 

effect. As the first effect, as these parameters increase, drag torque increases and 
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angular velocity decreases, resulting in a decrease in linear velocity. However, as the 

second effect, because the MR's motion mechanism also relies on the drag from the 

disks, increasing these parameters leads to an increase in the linear velocity. In the 

initial portion of the plot, where 975  ml   and 425  mr  , the first effect appears to 

play a stronger role, while the second effect gains dominance in the subsequent half. By 

increasing the sphere’s radius, the drag torque will increase, and angular and linear 

velocity will reduce. The change in the slope of the velocity graph in this figure is due 

to crossing the threshold of the achievable velocity for the MR. 

[figure 3] 

 

To evaluate the dynamic response of the MR, a 100s simulation with different magnetic 

field angular velocities has been conducted. In these simulations, a rotating magnetic 

field with angular velocities of 40, 65, 75, and 100 /s  is applied in the y -direction. 

Linear and angular velocities of the MR are shown in Figure 4 and Figure 5. As can be 

seen in Figure 4, there is a threshold for MRs angular velocity. If the external magnetic 

field rotation speed exceeds this threshold, the MR cannot rotate with the necessary 

angular velocity due to the presence of significant drag torque. Therefore, the angle 

between its magnetization vector and the external magnetic field increases. Once this 

angle surpasses 180 degrees, the MR rotates in the opposite direction, resulting in 

negative velocity, and the total displacement of the MR will be reduced (Figure 5). For 

this MR, the limit is about 67 /s .  

[figure 4] 

[Figure 5] 

Table 2 shows the mean linear and angular velocity of the MR in different conditions. 

Figure 6 illustrates the linear velocity of two different MRs versus external magnetic 



9 

 

field angular velocity. MRs parameters are the same as in Table 1, except for the values 

shown in the legend. The possibility to achieve different linear velocities by the same 

input is a base of simultaneous control. In the first part of this figure, the first MR 

moves slower and in the second part, it moves faster. So, these MRs can be controlled 

simultaneously with a control strategy stated in our previous work [16]. Also, by adding 

a mechanism like the one used in [9] for rotating disks, it will be possible to fix multiple 

MRs and displace a special one. 

[table 2] 

[figure 6] 

IV. Simultaneous control 

In this section, we use the possibility of generating different velocities via the same 

magnetic field to individually control geometrically non-homogenous MRs. The focus 

is on controlling two MRs simultaneously, but the concept is similar for more MRs. 

Figure 6 shows the average velocity of the MRs versus the external magnetic field 

rotation frequency for the two MRs. We can see that these MRs respond differently to 

similar inputs, and the operator can choose the suitable frequency regarding the MRs’ 

current and desired position. Since the values of this ratio are limited, each displacement 

must divide into two parts and combine the moves to get the final desired displacement. 

Figure 7 and Figure 8 show the control input and MRs’ trajectory. In the conducted 

simulation, MRs move from [0,1,0] and [1,0,3] millimeters to [7, 11, 15] and [10, 13, 3] 

millimeters. For this purpose, in the first step, an external magnetic field for 87.2 and 

15.3s respectively with angular velocities of 50 and 65 /s  is applied in the x-direction 

to compensate for this axis position error. Then y-direction error was compensated by a 

magnetic field with angular velocities of 45 and 51.3 /s  for 97 and 8.3s respectively. 

The final step is applying a magnetic field in the z-direction for 106.4 and 195.3s 



10 

 

respectively with angular velocities of 50 and 65 /s . Simultaneous control of more 

MRs with similar concepts requires increasing the number of moving parts in each 

direction. 

[figure 7] 

[figure 8] 

V. conclusion 

In this paper, we presented a novel magnetic swimming microrobot (MR), actuated by 

external rotating magnetic fields. The MR consists of a sphere, with two arms, and a 

disk is attached at the end of each arm. The disks are perpendicular to each other, and 

the unalignment is the main cause of the drag forces and the movement. When an 

external magnetic field is applied, the MR rotates to be aligned with the external 

magnetic field vector. By increasing the field rotation velocity, MR’s angular and linear 

velocity increase too, but from a specific value, the MR starts to rotate in the opposite 

direction which reduces its average velocity. Using the derived analytical formula for 

the velocity of the MR, design parameters like the radius of the sphere and disk, and the 

length of the arms were studied to determine how they affect MR’s speed. We also 

studied two MRs with different properties and demonstrated the simultaneous control of 

these MRs based on their different responses to the same input. 
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Figure 1 Front and side views of MR, consist of a sphere with radius R and thickness t, disks with radius r, and arms with 

length L 

 

Figure 2  The applied forces and torques. 
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Figure 3 Linear velocity of the MR versus disks angles, length of arms, sphere, and disks radius 

 

Figure 4 MR linear velocity in the different rotation speeds of the external magnetic field. 

a) 40ext s
   b) 65ext s

   c) 75ext s
   d) 100ext s

   
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Figure 5 MR angular velocity in the different rotation speeds of the external magnetic field. 

a) 40ext s
   b) 65ext s

   c) 75ext s
   d) 100ext s

   

 

Figure 6 Linear velocity of two different MRs versus external magnetic field angular velocity 
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Figure 7 External magnetic field angular velocity for 3d simultaneous control of two MRs 

 

Figure 8 MRs position in 3d simultaneous control of two MRs 
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Tables 

Table 1 MR specifications 

parameter unit Value 

Radius of sphere m  500 

Radius of disks m  300 

Length of Arms nm  500 

Thickness m  20 

Angle of disks deg  45 

MR magnetization 2Am  1e-7 

 

 

Table 2 Mean linear and angular velocity of the MR 

External magnetic field angular 

velocity ( / )s  

average angular velocity of 

the MR ( / )s  

average linear velocity of 

the MR  /µm s  

45.0 45.0 82.3 

65.0 65.0 135.4 

75.0 42.2 87.9 

100.0 26.0 54.1 
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