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Abstract 

Manipulation of microorganisms with intrinsic motility is a challenging yet important task for 

many biological and biomedical applications. Currently, such a task has only been 

accomplished using optical tweezers, while at the risk of averse heating and photodamage of 

the biological samples. Here we proposed a new micro-robotic approach for fluidic trapping 

and two-dimensional transportation of motile microorganisms near a solid surface in fluids. 

We demonstrated selective trapping and transportation of individual freely swimming multi-

flagellated bacteria over a distance of 30 µm (10 bodylength of the particle) on a surface, 

using the rotational flows locally induced by a rotating magnetic micro-particle. Only a weak 

uniform magnetic field (< 3 mT) was applied to actuate the micro-particle. The micro-particle 

can translate on a glass substrate by rotation at a speed of up to 100 µm/s, while providing a 

fluidic force of a few to tens of pico-Newtons. 
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Introduction 

Optical tweezers has been a common tool for trapping and manipulation of motile 

microorganisms such as flagellated bacteria1-3. Limitations of this technique include the 

possible photodamage induced by high intensity laser4 and the cost and complexity of the 

optical setup5. Magnetic tweezers is a possible alternative, but requires additional magnetic 

labeling6-8. The other existing techniques, including dielectrophoresis9-11, electrostatics12, 

acoustic trapping13, magnetic trapping14 and microfluidics15-17, provide static trapping 

possibilities, but their capability of selective trapping and manipulation of a swimming 

microorganism has not been demonstrated yet. On the other hand, recent developments in 

untethered mobile micro-robotics18,19 have proven their use for precise and local manipulation 

of microspheres20,21, non-motile living cells22-24 and cell-laden micro-gels25, but trapping and 

manipulation of microorganisms with swimming motility have not been achieved yet using 

such micro-robotic techniques. 

Inspired by our previous work on micro-robotic microparticle manipulation26, we propose a 

mobile micro-robotic approach to selectively trap and transport individual microorganisms 

swimming close to a planar surface at low Reynolds number (Re < 10-2) without any contact 

using local rotational fluid flows induced by fast-rotating spherical Neodymium-Iron-Boron 

(NdFeB) micro-particles. A shear-induced force pointing toward the center of the rotational 

flow field provides the trapping force. Selective, non-contact trapping and transportation is 

made possible given the rapid decay of flow intensity from the center of the locally induced 

flow field. Adverse effects on swimming microorganisms are eliminated as only 

hydrodynamic forces are involved. A weak uniform magnetic field (< 3.5 mT) is applied to 

rotate the magnetic micro-particles. Moreover, no special surface or spatial pattern is 

necessary to perform the trapping and transportation, which enables a versatile approach. 
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Therefore, it is possible to incorporate the proposed approach with any existing microfluidic 

system directly. Finally, for swimming microorganism trapping and manipulation 

demonstrations, a highly motile (mean speed of around 26 µm/s) multi-flagellated 

bacteria27,28, Serratia marcescens, are used as example swimming microorganisms. 

 

Methods and Materials 

Rotational-Flow-based Micro-Robotic Object Manipulation Method. When a spherical 

magnetic micro-particle rotates inside a viscous fluid near a solid surface with rotation axis 

perpendicular to the surface (termed as spinning), a rotational flow field is locally induced 

around the particle. At low Re, the rotational flows are circumferential with concentric 

streamlines centered on the rotation axis of the particle. A numerical simulation of a sphere 

spinning at 100 Hz, corresponding to a rotation speed of 6000 rpm, near a solid boundary in 

water has been carried out in COMSOL. The simulation result is given in Fig. 1a, which 

shows the circular streamlines of the induced flows and the rapid decay of flow velocity from 

the sphere. An object exposed in such rotational flow field would experience drag force 

exerted by the surrounding fluid, which acts to push the object to follow the streamline at the 

hydrodynamic center of the object. In addition, any object with geometric anisotropy will be 

oriented by the flow to minimize the viscous surface stress. For a motile microorganism such 

as a bacterium, it is minimally affected by the induced rotational flow when it is far from the 

rotating particle. However, when it is in the vicinity of the particle, it is possible that it can be 

re-oriented to align the long axis of its cell body as well as the flagella with the streamlines if 

the flows are strong enough so that the viscous drag overwhelms bacterium's propulsion from 
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flagella. After reorientation, the bacterium is trapped inside the rotational flow and orbits the 

rotating particle. Such process is depicted in Fig. 1b.  

To enable dynamic position control of the locally induced flows for object transportation 

and manipulation, the actuation method reported in our previous work that takes advantage of 

the geometric isotropy of the spherical particle is adopted: Instead of keeping the rotation axis 

of the particle perpendicular to the surface, we tilt it by a small angle. Then the rotation can be 

decomposed into two orthogonal components: one perpendicular to the surface - ωs, as 

previously introduced, to generate rotational flows, and the other parallel to the surface - ωr, 

which turns particle's rotation into linear translation of its position on the surface via frictional 

forces. Therefore, the position of the induced rotational flows is instantly determined by 

controlling the translational motion of the particle in real-time, as described in Fig. 1c. By 

changing both the rotation frequency and the tilt angle, we can adjust the intensity of the 

induced rotational flows as well as the translational speed in a coupled manner. The flow 

fields induced by pure particle spinning (θ = 90˚) will be changed by the flow fields 

introduced by the particle rolling and the resulting translational motion of the particle. Due to 

the linearity of low Reynolds-number flows, the flow field during transportation can be 

treated as a linear superposition of the flows induced by ωs, ωr, and the translational motion of 

the particle. At large tilt-angles, the spinning component is more dominant. For example, at θ 

= 75˚, ωr /ωs = cosθ /sinθ  = 0.27. Further, the translational speed resulting from ωr, due to 

significant slippage, is much less than when there is no slippage, and hence the flows induced 

by such translational motion is far less significant than those induced by rotational motion of 

the particle, especially at high rotation speeds. To visualize the flow field during 

transportation, a simulation shown in Fig. 1d is carried out. The flows are majorly circulating 
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the rotating particle, while there exist out-of-plane velocity components arising from the 

rolling component of rotation. However, these components are relatively insignificant 

compared to the circulating flows especially at r ≈ 1.5a, as shown by the normalized out-of-

plane velocity components. Therefore, the flows induced by the spinning component 

dominate in the flow field, which enables stable trapping of microorganisms during 

translation. 

 Potential hydrodynamic damage by the induced rotational flows to microorganisms with 

cell walls, such as bacteria, is minimal due to the high tensile strength of the cell walls29. For 

cells without walls, such as animal cells, the potential damage needs to be investigated with 

care. The shear rate of the induced rotational flow can be approximated as26: 𝛾 = −2.43𝜔(𝑎/

𝑟)!.!", where ω is the rotation speed, a is the radius of the magnetic particle, and r is the 

distance from the particle center. The maximum shear rate that occurs at r = a for a spherical 

particle spinning at 110 Hz is estimated to be 1680 s-1, and the corresponding shear stress in 

water would be 1.68 Pa. However, one should notice that the shear rate decreases 

exponentially with distance. For example, at r = 1.5a, where cells are more likely to stay in 

the dynamic trap, the shear rate and shear stress drop rapidly to 418 s-1 and 0.4 Pa, 

respectively. No damage to animal cells has been reported at such shear rate and stress values 

under laminar flow conditions30. In addition, the above shear stress estimation was made on a 

static object. In practice, the trapped cells always orbit around the rotating particle along with 

the induced flows, and thus the shear stress they experience would further diminish, making it 

even less possible for any damage to occur. Therefore, the proposed method is expected to 

cause no adverse effects on the targeted biological samples such as motile microorganisms. 
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Cell growth. Serratia marcescens (ATCC 274, American Type Culture Collection, Manassas, 

VA) was cultured to exponential growth phase in liquid nutrient broth (25 g Difco LB Miller 

Broth and 1 L deionized (DI) water, pH 7.0) by incubating on a shaker at 37◦C for about 3.5 - 

4 hours. The liquid culture was diluted 1:10 in motility medium (0.01 M KH2PO4, 0.067M 

NaCl, 10-4 M EDTA, 0.01M glucose, pH = 7.0) before experiments.  

 

Sample preparation. Magnetic particles with a diameter of 4±1 µm were obtained via 

filtering the spherical Neodymium-Iron-Boron powder (MQP-S-11-9-20001-070, 

Magnequench International, Inc.) through membrane filters with pore size 5 µm 

(K50CP04700, Osmonics, Inc.) and 3 µm (K30CP02500, Osmonics, Inc.) sequentially. The 

residues on the 3-µm membrane filter were then collected for bacteria trapping and transport 

experiments. The experiments were performed in a 5 mm x 5 mm x 2 mm chamber 

constructed from a polydimethylsiloxane square frame sandwiched between two glass 

coverslips. Magnetic particles were magnetized in-situ with a permanent magnet providing a 

magnetizing field of 1 T. 

 

Magnetic coil system. Uniform rotating magnetic fields were generated using an 

electromagnetic coil system consisting of three sets of electromagnets for in-plane and out-of-

plane fields respectively (see Supplementary Figure. S1). Two pairs of iron-cored 

electromagnets that were perpendicular to each other were used to generate in-plane fields, 

while the out-of-plane field was generated by a third vertically placed solenoid. The coil 

system was built onto a microscope stage insert so that it could be placed into an inverted 

microscope (Axio Observer, Carl Zeiss) rigidly. Currents through the coils were generated by 
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motor drivers (Syren 10, Dimension Engineering LLC) controlled with an Arduino Uno R3 

microcontroller board to enable high frequency micro-particle rotation control. A desktop 

computer with customized user interface program communicated with the microcontroller to 

achieve real-time adjustment of magnetic field parameters. The magnetic field strength was 

calibrated using a gauss meter probe (Model 410, Lake Shore Cryotronics, Inc.). Magnetic 

fields up to 3.5 mT could be generated by the given coil system. 

 

Results and Discussion 

The proposed approach is experimentally verified by rotating an NdFeB micro-particle with 

4-µm diameter at 110 Hz with a tilt angle of 75◦ from the surface in aquatic media using a 

uniform magnetic field of 2 mT. A diluted population of flagellated bacteria, Serratia 

marcescens, is added to the media. The experimental demonstration of transportation of the 

bacterium close to a glass substrate is shown in Fig. 2. When a freely swimming bacterium 

approaches the micro-particle resting on the surface, the rotational magnetic field is turned on 

to initiate rotation of the particle and hence the induced rotational flows (Fig. 2b). The 

bacterium is reoriented and trapped immediately if the intensity of the flow is large enough. 

The trapped bacterium is carried with the rotating particle as it translates on the surface in 

two-dimensions (2D) (Fig. 2c-e), and hence can be transported to any location in 2D precisely 

in the given workspace. To release the bacterium, the rotation of the particle is simply turned 

off and the bacterium can retrieve its original motility (Fig. 2f-h). During trapping and 

transportation, the trapped bacterium is observed to remain close to the rotating particle, with 

a distance less than 0.5 body-length of the particle. When released, the trapped bacterium 

could be expected to appear on any position within that distance. Therefore, the position 
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tolerance can be determined as 1 body-length from the particle center, which is 4 µm in this 

work. This could be improved by introducing feedback control to the current setup and 

automating the process26 as a future work. 

Successful trapping of motile microorganisms such as bacteria requires that the fluidic drag 

exerted on the cell body for reorientation dominates the microorganism's own propulsive 

force. A numerical simulation is thus carried out to examine the influences of various 

parameters on the fluidic force experienced by a flagellated bacterium. In the simulation, the 

bacterium's cell body is modeled as a 2-µm-in-length cylinder with a diameter of around 500 

nm located near a 5-µm-in-diameter spinning sphere on a surface at a distance of 0.5 radius of 

the sphere to its center. The following parameters are tested, including rotation frequency of 

the spherical particle, initial orientation of the bacterium, swimming speed of the bacterium, 

and its vertical position in the induced rotational flows. The results are shown in Fig. 3. The 

propulsive force generated by bacteria's flagella is estimated to be about 0.57 pN31, so a ten 

times larger fluidic force, which is about 5.7 pN, should be sufficient to reorient the cell body. 

To achieve such a force, a rotation frequency of 90 Hz is necessary when the bacterium is 

located on the equatorial plane of the rotating particle at a distance of one particle radius, with 

its body's long axis tangential to local streamlines. 

The induced rotational flow field travels instantly with the rotating particle, and hence we 

have also characterized the translational speed of the rotating particle. Figure 4a shows the 

case when the particle's rotation axis is parallel to the surface, resulting in pure translation 

without the rotational flows for trapping. It has been observed that the particle’s translational 

speed increases almost linearly along with rotation frequency up to around 100 Hz, and then 

saturates. Such saturation may result from the increasing hydrodynamic friction and lift force, 
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but further investigation for the cause would be necessary and is a future work. The maximum 

translational speed can reach up to 100 µm/s, which significantly surpasses the reported 

swimming speed of flagellated bacteria at 15-30 µm/s. The relationship between translational 

speed and tilt angle is revealed in Fig. 4b. The measured data are fitted into a cosine function 

of y = a1cos(θ + a2). The variables a1 and a2 are found to be 80.19 and -9.565, respectively, 

with an R-square value of 0.9739. At a tilt angle of 75◦, the translational speed is maintained 

at 32 µm/s, which is about the same as the maximum swimming speed of bacteria. The 

equivalent spinning frequency for inducing the sufficient trapping rotational flows is 106 Hz 

with a full rotation frequency of 110 Hz. 

Dynamic trapping implemented by the proposed method is different from that of the optical 

tweezers. Motile microorganisms trapped in the rotational flows will first realign their bodies 

to minimize the viscous stress applied from the surrounding flows, which reduces the chance 

for them to escape randomly from the flows. The trapping forces majorly arise from the 

shearing of the rotational flows, which is complicated in this case.  A rough estimation of the 

forces has been discussed as26 𝐹! = 𝐶𝑎!𝑣!"# 𝛾 !.!, where C is a constant determined by fluid 

properties and vrel is the speed of the trapped microorganism relative to the surrounding flows. 

One should notice that 𝛾 is a nonlinear function of the radial position r of the trapped object, 

from which a relation between Ft and r can be obtained. However, considering the nonlinear 

nature of such relationship, a stiffness constant similar to that of the optical tweezers may not 

be easily achievable. An accurate analysis of the trapped force and the corresponding trapping 

stiffness requires further and detailed investigation on the complex hydrodynamics, which is a 

future work. 
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The proposed trapping method relies on low-Re (Re  ≪  1) hydrodynamics. The proposed 

method is expected to be valid as long as Re  ≪  1 is satisfied. Considering that Re is inversely 

proportional to the viscosity of fluid, any increase in the viscosity is in favor of the method as 

it further reduces Re. One possible downside of increasing viscosity is that actuating the 

magnetic micro-particle in a more viscous fluid requires higher magnetic torque input, which 

could limit the maximum rotation speed a micro-particle can reach. 

 

Conclusions 

Our proposed approach has shown the capability of dynamic trapping and 2D transportation 

of individual swimming microorganisms precisely without the necessity of any additional 

labeling on the biological samples or special surfaces or patterns. While such capability is also 

possible by using optical tweezers, our approach eliminates the risk of heating or 

photodamaging the biological samples, and is achievable using a much simpler and very 

versatile setup. While this study showed the rotational flow based local trapping and 

manipulation of Serratia marcescens bacteria, any swimming microorganism such as 

spermatozoids, bacteria and algae swimming close to a surface could be also trapped and 

transported in 2D selectively using the proposed method for possible future biological motile 

cell study and bioengineering applications. One possible future path for further development 

of our approach is to measure trapping forces exerted on individual motile microorganisms32 

by quantitative estimation of the hydrodynamic forces in the induced rotational flows.  
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List of Figure Captions: 

 

Figure 1. Induced rotational flow fields by rotation of the magnetic micro-particle. (a) 

Simulation result of a 5-µm diameter spherical micro-particle spinning at 100 Hz on a flat 

surface in water. The plot is from a top-view of the cross-section taken at the equatorial plane 

of the micro-particle. Red concentric circles represent the streamlines. Color map shows the 

flow velocity distribution. (b) Schematic of the trapping of a nearby bacterium by the 

rotational flow induced by the rotation ω of the spherical micro-particle near a flat surface. 

Any bacterium that is far away is minimally affected by the induced flow. A bacterium that is 

close enough to the spinning particle is first reoriented by the flow to align its body’s long 

axis with the local streamline (i), and then get trapped (ii) and orbits around the particle. (c) 

Schematic of mechanism for enabling the mobility of induced rotational flow field. Instead of 

being perpendicular to the surface as shown in (b), the rotation axis of the particle is tilted 

from z-axis. If the tilt angle is defined as θ, then the original rotation can be decomposed into 

two components: ωs = ω sinθ  to generate rotational flows for bacteria trapping, and ωr = 

ω cosθ  to cause translation of the particle with a mean speed of v and carry along the bacteria 

with it due to the induced rotational flows on the surface. (d) Simulation result of a 5-µm 

diameter spherical micro-particle rotating at 100 Hz with a tilt-angle of θ = 75˚ and a 

translational speed of 0.06ωra in –y direction on a flat surface in water. The plot is from a top-

view of the cross-section taken at the equatorial plane of the micro-particle. The arrows 

indicate the in-plane flow velocity at selective positions, while the color map shows the 

distribution of out-of-plane flow velocity normalized by the magnitude of in-plane flow 

velocity at the same position. 
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Figure 2. Trapping and transportation of living motile bacterium. A 2 mT magnetic field 

was applied to rotate a 4-µm-in-diameter magnetic micro-particle with θ = 75◦. The largest 

dark circle indicates the instant positions of the particle at given snapshots, while the small 

dot with a halo in the yellow circle shows the instant positions of the bacterium being 

manipulated. The bacterium was trapped and transported over a distance of 50 µm (12.5 

bodylength of the particle) across the view. 

 

Figure 3. Microfluidic force on a bacterium’s cell body. Numerical simulations were 

performed to examine influences of various parameters on the microfluidic forces experienced 

by a bacterium cell body due to the induced rotational flows. The rotating magnetic micro-

particle was modeled as a sphere spinning at 100 Hz on a flat surface, and the bacterium cell 

body was modeled as a 2 µm long cylinder with a 500 nm diameter. In each simulation, only 

one parameter was varied while others were all kept constant. (a) The microfluidic force 

increased linearly with the rotation frequency of the particle. For successful trapping, a fluidic 

force of ≥5.7pN was computed to be necessary, which corresponds to a rotation frequency of 

at least around 90 Hz. (b) The fluidic force decreases linearly with the relative velocity of the 

cell body to the background rotational flows. A negative sign of body velocity indicates that 

the body velocity is in the opposite direction of the background flow. (c) The fluidic force 

reached it maximum when the long axis of the cell body was perpendicular to the direction of 

the background flows (±90◦), and was at its was minimum when the long axis was align with 

the background flows (0◦). (d) The fluidic force reached its maximum when the cell body was 

on the equatorial plane of the spinning particle. The force decreased significantly as the cell 

Page 15 of 21 Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t



body deviated vertically from that plane. On the surface, the cell body only experienced a 

fluidic force that was 1/3rd of its maximum value. 

 

Figure 4. Translational speed of the rotating micro-particle. A magnetic micro-particle of 

4-µm diameter was used in experiments. (a) θ = 0◦, only translational motion without 

inducing the rotational flows for trapping. In this case, the translational speed increased 

almost linearly with the rotation frequency up to 100 Hz, and then saturated. (b) Rotation 

frequency was kept at 110 Hz, while θ varied. Translational speed decreased as θ increased. 

Error-bars show the standard deviation of measurements over three sets of data. 
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Figure 1 
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Figure 2	
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Figure 3 
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Figure 4 

	
   	
  

Page 20 of 21Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t



The table of contents entry  
 
Non-contact, selective and dynamic trapping and transportation of motile microorganisms 
using locally induced flows with minimal damage. 
 
	
  

	
  

Page 21 of 21 Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t


