
  

  

Abstract—Due to the limited cargo/functional element 

loading and other capabilities of individual microrobots, 

assembling them for locomotion and disassembling them as 

arriving at the target is more effective. An approach called 

rendezvous and docking is proposed in this paper to control the 

assembly and disassembly of helical microrobots actuated by a 

uniform rotating magnetic field. Docking is realized around the 

intersection of their arc orbits with the assistance of a fluidic 

field. To adjust the distance between the adjacent helical robots 

suspending in solution but with a distance beyond the 

acceptable range of the magnetic interaction, their 

asynchronized velocities are achieved using the interaction 

between the robots and fluids. For robots rotating at different 

speeds around their longitudinal axes at a driving frequency 

lower than the cut-off frequency, different fluidic flows will be 

generated. Based on the interaction between the robots and the 

fluids, the translational trajectory paths may be tuned, causing 

the adjacent robots to move closer. Docking along the tangential 

direction of rendezvous arc trajectories avoids the instability of 

the helical robot rotating around the radial direction and the 

problem of excessive linear speed at the end during assembly so 

that the robot can rotate stably around its axis while completing 

the assembly. Besides these, assembled microrobots can also 

lower the requirements on the imaging resolution of motion 

tracking and the forces for driving; hence much lower cost for 

both imaging and driving equipment. 

I. INTRODUCTION 

Magnetically driven microrobots have promising application 
prospects in the field of biomedicine because of their small 
sizes and the low magnetic induction intensity of the magnetic 
field driving them [1-4]. The small scale of a microrobot 
determines that its output and carrying capacity are minimal. 
Therefore, assembly and disassembly are effective means 
when facing objects more considerable than the size of the 
microrobot. So far, a few works on self-assembly have been 
demonstrated on various types of robots, such as colloids [5, 
6], nano-cubes [7], magnetic microspheres [8, 9], and even 
peanut-like shapes [10]. However, these are assembled by 
local magnetic induction and magnetic interaction. Local 
magnetic induction has a limited effective distance, whereas 
the gradient magnetic field is not always available or 
applicable. 
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Furthermore, the field with a gradient could actuate a complex 
motion with some particular field gradient distribution. 
However, the robots will still follow the direction that makes 
their magnetic potential decrease fastest. In other words, 
robots actuated by a gradient field are more like a 
one-dimension motion. In contrast, a robot with a helical 
structure can naturally use the interaction with the fluid to 
convert rotary power provided by the field to linear translation 
[11-13], not to mention that a low-strength field 

 can actuate it.  
Magnetic helical robots have developed rapidly in the past 

decade because of the advantage of this expansion of motion 
functions [14]. Some helical robots with heads actuate the 
body, transporting cargo, or other functions [12, 15, 16], while 
others are made entirely of helix [17, 18]. Among them, new 
assemblies composed of purely helical robots have 
significantly better homogeneity and scalability, which is 
beneficial for self-assembly with massive amounts.  

However, the relatively complex structure of the helix, 
while bringing more possibilities for motion, also poses a 
problem for self-assembly. The most challenging problem is 
that the radial moment of inertia is too large. The helix is a 
typical structure with axial and radial differences, and the ratio 
of the moment of inertia in the two directions is inversely 
proportional to the square of the ratio of its scale. So, the 
helical swimmer suspended in the solution constantly rotates 
around the axis direction spontaneously. Though a single 
helical robot can rotate around the radial direction with the 
support of the substrate, the assembly will fail to do this. 
Because it will always become longer and longer as the 
assembly progresses, and the radial moment of inertia 
increases with the square of the length. Therefore, this paper 
proposes a method to allow the helix to assemble around arc 
orbits while maintaining its axial rotation. Related 
disassembly methods are also considered. 

II. RENDEZVOUS AND DOCKING  

A. Magnetic Moment of Robots 

Because the local magnetic interaction is chosen as the 
connecting force for assembly, the global and local magnetic 
moments of the robot must be carefully designed. Therefore, 
we adopted the silicon nitride helix fabricated by the 
self-scrolling method [19] and uniformly deposited a nickel 
layer on it as a magnetic material. Considering that the limit 
diameter Dsp of the superparamagnetic material of nickel is 
about 32 nm [20], we set the film thickness to 65 nm to ensure 
that any part of the robot can retain a certain remanence after 
being magnetized from any direction. For magnetic materials 
whose dimensions are more significant than the single domain 
limit, the direction of the easy axis will be along the longest 
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axis of the entire material, which can be verified by the 
approximate calculation equation of the demagnetization 
factor of the cylinder: 
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where k is the cylinder aspect ratio, Nl is the longitudinal 
direction factor, and there is a radial direction factor Nd, which 
meets the equation Nl + 2Nd = 1. With the nickel film having a 
length of 200 μm, a width of 20 μm, and a thickness of 65 nm, 
the demagnetization factor difference of the diagonal direction 
δN is about 0.48. That verified that the easy axis is along the 
diagonal direction shown in Fig. 1(a). After scrolling, the line 
where the easy axis is located will form the spiral line in Fig. 
1(b). In order to simplify the consideration of magnetization, 
the helix is divided into eight regions in the circumferential 
direction, and the easy axis direction of each region is shown 
in Fig. 1 (c).  

 

Figure 1.  Easy axes of the helical robot: (a) before and (b) after 

self-scrolling, (c) the easy axis direction of eight regions after the helical 

robot self-scrolling, (d) schematic diagram of the magnitude and direction of 

residual magnetism in each region after applying and removing a 

magnetizing magnetic field. 

Considering the rotary feed motion of the helical robot, its 
total magnetic moment should be along the radial direction of 
the helix, so the direction of the external magnetic field used 
for magnetization is also along the radial direction. For each 
region, the larger the angle between the direction of the 
magnetizing magnetic field and its easy axis, the smaller the 
remanence after removing the magnetic field. Therefore, after 
magnetization, the projection of the magnetic moment 
distributed on the helical robot on the circumferential plane 
should be shown in Fig. 1(d). In the case of this kind of 
magnetic moment distribution, if the helix has an integer pitch, 
its head and tail will generally be in the No. 7 or No. 3 area in 
Fig. 1(d), so that the magnetic interaction cannot be well 
utilized when docking. Therefore, a helix with slightly less 
than integer turns should be chosen to get a more significant 
magnetic moment at the head and tail. 

B. Fluid Interactions 

Given that the motion of the helical robot is to rotate while 
translating in the direction of the axis, it would be insufficient 
only to consider its forward motion guided by the magnetic 
field by ignoring the interaction of fluids driven by rotating 
robots, which will also influence the adjacent robots. For a 
rotating bulk robot, whether it is laminar flow at a low 
Reynolds number or turbulent flow at a slightly higher 
Reynolds number, it can be calculated or simulated [21, 22], 
which can provide approximate estimates for the fluid 
movement around the helical robot with a more complex 
structure. 

The first thing to consider is whether the fluid around the 
helical robot is laminar or turbulent. After a simple 
deformation of the Reynolds number equation Re = vρd/μ, we 
obtained: 
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where f is the rotational frequency of the robot and d is the 
diameter of the robot. With the diameter of 16 μm and the 
liquid density and viscosity the same as water, when the 
rotation frequency is 1, the Reynolds number is about 0.008. 
However, it is difficult to determine if it is sufficiently low. In 
order to make the robot run at a low enough Reynolds number, 
the viscosity of the liquid is increased in our experiment to 
ensure that the fluid around the robot is in a laminar flow state. 
At this time, the fluid velocity is proportional to the rotational 
speed of the robot according to the viscosity law.  

 

Figure 2.  Scheme of binary star system (a) at low Re and (b) a little higher 

than low Re, F12 represents the force of helix 2 on helix 1, and F21 is similar. 
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For adjacent helical robots at a fixed distance x, when 
their angular velocity around their axis direction is low, the 
force exerted by the laminar fluid on distance x is not enough 
to affect each other. Therefore the positions of the two robots 
remain relatively static. On the other hand, when the velocity 
increases, the fluid around the robots will give each other a 
force perpendicular to the line between the two robots, 
causing the two robots to "revolve" around the midpoint of 
the line while rotating around their axes; thus a bi-star system 
is formed (Fig. 2(a)).  

However, when the angular velocity of the robot is further 
increased, it will not fully meet the low Reynolds number 
condition. At this time, the slight turbulence around the robot 
will disturb the stability of the binary system and make the 
two robots gradually approach (Fig. 2(b)), which can be used 
to adjust the distance between the two robots. 

C. Assembly and Disassembly 

Adjusting the distance between the two helical robots not 
limited to the method mentioned above can be made close to 
one body length. In this case, the easiest way to assemble is to 
rotate the robot around its radial direction. However, due to 
the difference in rotational inertia, the helical robot freely 
suspended in the solution will spontaneously revolve around 
the direction of more negligible rotational inertia, the axis 
direction. Therefore, it is best to keep the two robots in their 
forward direction at this time and make them close end to end 
by detouring an arc trajectory no more than π/2.  

As shown in Fig. 3(a), the two helical robots with the head 
aligned swim around a quarter of a circle to get assembled. 
Nevertheless, the strategy of two robots with heads not aligned 
(Fig. 3(b)) should be briefly calculated first.  

 

Figure 3.  Rendezvous and docking: Two robots at a distance of one body 

length with their heads (a) aligned and (b) not aligned are assembled after 

swimming along an arc orbit. (c) the strategy scheme of two robots with 

heads not aligned, in which the numbers represent the solving step order. 

Due to the synchronization of the two helical robots, only 
one of the arc trajectories needs to be calculated, and the other 
trajectory can be obtained by translating the calculated 
trajectory by one body length along the line connecting the 
centroids of the two robots. As shown in Fig. 3(c), the solution 
of the strategy has four steps: 

• Choose a helix and draw a straight-line l 
perpendicular to its axis through its center of mass. 
The center of the trajectory must be on this line l. 

• Since the angular velocity of the yaw is relatively 
independent of the angular velocity of the yaw around 
itself when the spiral orbits the trajectory, the radius of 
the arc trajectory can be adjusted. If a radius R is 
selected, the point on the straight-line l with the 
distance R from the helix is the center of the trajectory 
at a specific yaw angular velocity. 

• Draw a line m that coincides with the line connecting 
the centroids of the two robots. Again, according to 
the synchronicity of the two robot motions, it can be 
concluded that line m is perpendicular to the line 
connecting the center of the circle at the final 
intersection point. 

• Draw perpendicular lines to the line m through the two 
centers of the circles, and these two perpendicular 
lines intersect the circle to obtain four intersection 
points. These four intersections are all points where 
assembly can be achieved. 

Since the helical robots can choose any axis direction to 
move forward, two of the points are better because they are 
closer to the robots, which also proves that the arc of the arc 
trajectory mentioned above must be no greater than π/2. 

 

Figure 4.  The torque generated by the field: (a) without and (b) with an 

additional angular velocity perpendicular to the robot axis. 
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To analyze disassembly, firstly need to determine the state 
of the magnetic connection between the robots. According to 
the distribution of the robot's magnetic moment, after the two 
robots are assembled, they are mostly connected, as shown in 
Fig. 4(a)-(c). For small magnetic moments that locally 
constitute magnetic connections, viewing in side view should 
yield magnetic pairs as shown in Fig. 4(d), Fig. 4(e), or at 
some angle in between them. Pulling in the axial direction 
requires the most effort to separate a pair of magnets attached. 
Due to the large angular velocity of the robot rotating around 
the axial direction, the changes in the y and z directions of the 
robot are persistent. If a force is applied in one of these two 
directions, it is easy to encounter a situation where work is 
done in the direction of the magnetic interaction, causing the 
disassembly to fail. The x-direction is a perfect direction, but 
for robots swimming in low Reynolds numbers, the propulsion 
matrices of two robots with the same characteristic shape can 
be linearly superimposed [23], resulting in a more powerful 
propulsion matrix. So, it is difficult to generate the desired 
disassembly force in the direction in which the spiral is 
advancing.  

Considering the use of torque, the torque around the x-axis 
coincides with the direction of the torque generated by the 
magnetic field driving the robot, and it is still difficult to 
achieve a higher cut-off frequency. However, around the y and 
z directions, the solution assembly is easy to achieve. Taking a 
moment around the z-axis as an example, for the case of Fig. 
4(d), there is no complete work against the magnetic force. In 
the case of Fig. 4(e), it is entirely perpendicular to the direction 
of the magnetic interaction. Therefore, a relatively large 
torque needs to be applied in the direction perpendicular to the 
axial direction of the helical robot to complete the 
disassembly. 

The specific implementation method is to make the 
magnetic field apply a large rate of angular change in the 
direction perpendicular to the robot axis so that at any instant, 
the magnetic induction intensity will additionally lead the total 
magnetic moment of the robot by a large angle, generating a 
larger moment according to the equation T = m × μ0 H. In the 
process of conducting this moment inside the connecting body, 
a trend of separating two local magnetic moments is formed. 
Because this trend does not complete in the opposite direction 
of the magnetic interaction, the required work will be 
relatively less, thus easier to disassemble.  

The selected robot is a 1.75-turn (pitch) helical robot, as 
shown in Fig. 5(a), and the magnetic field controlling its 
motion is a rotating magnetic field based on the homogeneous 
induction intensity of a three-dimensional electromagnetic 
Helmholtz coil (Fig. 5(b)). At the same time, to ensure that the 
robot is in the low Reynolds number range when applying 
most rotation frequencies, a 70% glycerin solution was 
injected into the swimming pool to increase the fluid viscosity 
to 22.5 mPas (the experimental environment temperature was 
20 °C). 

III. EXPERIMENTAL RESULTS 

A. Bi-star Systems 

In order to verify the method of adjusting the distance 
between helical robots with the double-star orbit, the main 
experiment uses two couples of helical robots with different 

distances x1 and x2 (x1 ≥ x2). Apply a high-frequency rotating 

field to the pair of helixes with a distance of x1 while applying 
a low-frequency rotating field to those with a distance of x2.  

 

 

Figure 5.  (a) The helical robot (scale bar is 20 μm) and (b) the 

electromagnetic control system used in the experiment. 

 

Figure 6.  Image sequences of helical robots (a) circle and approach each 

other and (b) stay in situ (scale bar is 50 μm).  

A uniform magnetic field with a magnetic induction of 8 
mT was applied to both high (10 Hz) and low (0.1 Hz) 
frequency situations. The robots circle and slowly approach 
each other under the high-frequency field and stay in situ 
under the low-frequency field. Comparing the time of 0 s in 
Fig. 6(a) and (b), it is clearly shown that the initial distance 
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between the two robots at low frequency is smaller than that at 
high frequency. Besides, Fig. 6(b) also shows that the two 
robots do not approach each other at a low driving frequency, 
indicating that the mutual attraction of the binary star system 
is not due to magnetic interaction. 

B. Assembly Around an Arc Orbit and Disassembly 

 

Figure 7.  Image sequences of assembly of helical robots along arc orbits.  

Fig. 7 shows the assembly of two parallel and head-aligned 
helical robots around arc trajectories. It passed a quarter arc 
trajectory before the assembly was finished, with the most 
prominent arc among all cases of assembly around arc 
trajectories. By accomplishing this case, the feasibility of 
assembly along arc orbits was proved.  

 

Figure 8.  Image sequences of disassembly of helical robots.  

The results also demonstrate that the assembly along the 
orbit can be completed even with a small radius of curvature of 
the trajectory, keeping the helical robots swimming steadily.  

At the time presented by Fig. 8(c) (t = 3s), a large angular 
velocity, whose value is π/2 rad/s, with a direction 
perpendicular to the plane of view, was applied to the 

magnetic induction. Moreover, in Fig. 8(e) (t = 6s), the 
assembly is disassembled. 

IV. CONCLUSION 

We have shown that rendezvous and docking are effective 
ways to assemble helical microrobots around arc orbits in a 
uniform rotating magnetic field with the assistance of a fluidic 
field. Assembly of microrobots has an enhanced 
cargo/functional element loading capability. It can boost 
driving efficiency, hence lowering the requirements on the 
imaging resolution of motion tracking and the forces for 
driving.  

By applying an angular velocity in an additional direction 
to the rotating magnetic field, a relatively labor-saving 
disassembly process partially perpendicular to the direction of 
the magnetic interaction of the connection point was realized. 
In addition, the distance adjustment between the two rotating 
helical robots was realized by using the fine turbulent flow in 
the operating environment slightly out of the low Reynolds 
number range, which provided another method for distance 
adjustment of adjacent robots suspended in liquid with 
distances greater than the magnetic interaction range. Besides 
lower costs for imaging and driving equipment, the robustness 
of assembled microrobots is also higher than swarms.  
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