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Abstract— Many biomedical applications, such as targeted
drug delivery or cell manipulation, are well suited for the
deployment of microrobots, untethered devices that are capable
of carrying out tasks at the microscale. One biocompatible
means of driving microrobots relies on magnetic actuation. In
particular, microrobots driven using rotating fields rather than
magnetic field gradients are especially practical for real-word
applications. Many biological applications involve enclosed envi-
ronments, such as blood vessels, in which surfaces are abundant,
therefore, surface rolling is a particularly pertinent method of
transportation. In this paper we demonstrate manipulation and
transportation of cells using two types of magnetically driven
rolling microrobots. We find that the microrobots are able to
manipulate the cells by physically pushing or by first adhering
to the cells and then carrying them. Microrobots spinning at
high rates also can transport cells via the induced fluid flows.

I. INTRODUCTION

Microrobots have been envisioned to be useful tools in
biomedical applications such as targeted drug delivery or
cell manipulation [1]. Most microrobots constructed so far
involve the use of toxic chemicals or light-based actuation
mechanisms that are unable penetrate inside the body. Mag-
netic robots have been the subject of sustained interest in the
biomedical field due to their ability to be steered in biological
samples without harming cells or tissues[2]. Typically, these
microrobots are driven by magnetic gradients which create
a magnetic force on the microrobot. However, at the small
scales relevant for microrobotics, it is generally harder to
drive microrobots using magnetic gradients compared to
rotating magnetic fields [2], [3], which makes a microrobot
that can propel by magnetic torques an intriguing alternative.

One type of microrobot that is designed to move under
rotating magnetic fields is a helical microrobot, which pro-
pels in a similar way as a bacterial flagella [2]. Another type
of microrobot that is also propelled by rotating magnetic
fields is a magnetic rolling microrobot, which is generally
rolled on a solid surface [4], [5], [6], [7], [8], [9], [10].
Because these microrobots move at boundaries where fluid
flow is reduced, they have been shown to move effectively
even in the presence of fluid flows [11], [12], [13], [14].
Rolling microrobots are also able to manipulate or transport
cells [15], [4], making them promising candidates for other
biomedical applications.

In this work, we use silica based microrobots in an
environment densely populated by cells in which we move
the microrobots by magnetic rolling (see Fig. 1). The mi-
crorobots can be moved to specific cells and can manipulate
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Fig. 1. Schematic representation of the experimental setup.

Fig. 2. Magnetic setup demonstrating the electromagnetic coils

the cells by pushing. The Microrobots sometimes adhere to
the cells, enabling the microrobot to carry the cells from
one area to another. In addition, we also show that buoyant
microrobots can be rolled at the top surface of an enclosed
chamber as well as at an air-liquid interface. This could be
useful in applications in enclosed systems such as blood
vessels, or at air-liquid interfaces which is relevant in the
pulmonary system [16], for example.



II. MOTIVATION AND RELATED WORK

In general, the field of cell biology could benefit greatly
from a versatile, selective, and quick mode of cellular manip-
ulation and cargo delivery for a variety of applications and
basic research[17], [18]. From an engineering standpoint, the
manipulation and relocation of cells could lead to the devel-
opment of artificial organ systems and high-fidelity cell sort-
ing, driving advancements in biotechnology and medicine.
Additionally, biologists could selectively position and rotate
cells to study advanced microscopy, intercellular communi-
cation pathways, differences in molecular recognition, and
targeted, selective delivery of interesting biomolecules [19],
[20], [21]. Given these advanced, potentially transformative
applications, methods of manipulating single cells are of in-
tense interest to biologists and roboticists alike. While optical
and magnetic tweezers are incredibly effective systems to
manipulate micro and nanoscale objects, their force output
is low [22], [23], [24]. They are also exceedingly expensive
and difficult to assemble, and manipulating single cells
directly with optical tweezers typically damages and kills
them [25]. Practically, these systems have been augmented
such that the surfaces are functionalized with biochemicals
which have targeted functionalities. For instance, colloids
driven by magnetic transporters have been functionalized
with antibodies to test binding affinity with inflammatory
proteins [26]. In a similar fashion, optical traps have been
used to test T cell receptor affinity [27]. In both cases,
the microrobots have an integrated mechanochemical action
which is used to assess cellular activity.

To overcome these issues, many teams are focusing on
perfecting methods for manipulating and interfacing with
single mammalian cells without causing damage or changing
the cell’s morphology or chemistry. Dai et al. have shown
that microbubbles can be generated and controlled optother-
mally, allowing them to quickly and efficiently manipulate a
variety of microscale objects[28]. Wang et al. have demon-
strated complex, even intracellular manipulation of cells
via magnetic manipulation of microbeads[29] with a com-
plex magnetic tweezer setup. Others have attempted to use
acoustically-actuated robots for biomedical applications[30],
[31] although motion is typically limited or requires high
acoustic powers that could damage cells and generate unde-
sirable bulk acoustic streaming and pressure nodes.

In contrast, magnetically driven microrobots provide the
advantage of using a biocompatible driving mechanism with
a large penetration depth. Therefore, they are attractive
candidates for cellular transportation or manipulation. Our
system utilizes rolling microrobots which can be rolled on
surfaces and interfaces using a 3D electromagnetic coil setup
(see Fig. 2), making them especially suitable for biological
environments. Specifically, we envision that they could be
beneficial in applications requiring maneuvering in blood
vessels, such as removal of obstructions, or in cellular
manipulation or delivery, such as cell sorting or biological
experiments as described above.

Substrate

Fig. 3. Schematic of glancing angle deposition for the microrobots. Nickel
vapor was deposited at a 70 degree angle for these microrobots
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Fig. 4. (a) SEM images of the hollow spherical microrobots and (b) of
the solid silica microrobots, both coated with a nickel layer.

ITII. MATERIALS AND METHODS
A. Fabrication of microrobots

The microrobots were made using 45-85 wm diameter
hollow silica spheres with a thin TiOs coating (Cospheric)
and 20 um diameter silica spheres with amine functionality
(Nanocs, Cat. No. Si20u-AM-1). The spheres were coated
with nickel by e-beam deposition to make them magnetic
(see Fig. 3). Both the hollow and the solid silica spheres
were coated with 100 nm of nickel, although the deposition
was performed at a 70 degree glancing angle in the case
of the silica spheres (see Fig. 3) which generally reduced
the surface area that was coated. Fig. 4 shows SEM images
of the coated microrobots. Note that the magnetic moment
of the spheres that have only a partial Ni coating tends to
point in a direction tangent to the coated surface, whereas
the spheres that are half-coated in Ni produce a magnetic
moment that points normal to the surface, as can be seen
from the alignment of the microrobots when a magnetic field
is applied (see Video 1).

B. Mammalian cells

Mammalian cells served as model cells for manipulation
by the microrobots. Human breast cancer cells (MCF-7) and
Hepatocellular Carcinoma cells (HepG2) cells were gifted
by Richard West (Associate Scientist at Flow Cytometry
Core Facility). Cells were cultured in Dulbecco’s Modified
Essential Medium (DMEM, Gibco, BenchStable, USA) me-
dia with 5% CO5 and maintained at 37 °C in an incubator.
All experiments were performed after third passage of cells.
Cells were washed with Dulbecco’s phosphate buffer (DPBS,
Gibco, BenchStable, USA) and trypsinized to detach cells



from the culture dish. All experiments were carried out with
these single cells. The microrobots were mixed with cells and
their movement and manipulation of the cells was recorded.

Experiments in which the cytocompatibility of the micro-
robots was measured were performed by mixing the micro-
robots with the cells prior to incubation. For the incubation
with the cracked hollow silica microrobots, the microrobots
were broken by using a pipette tip to push them against the
side of the vial.

Quantitative cell death was assessed by Trypan blue vi-
ability assay. The cells were collected in the media and
after trypsinization. Then, the cells were centrifuged and
suspended in phosphate buffered saline (PBS). The cells
were then stained using 0.4% trypan blue and counted
by a cell counter (Nexcelom Cellometer Vision Trio Cell
Profiler). Cells (before trypsinization) were observed under
a microscope for morphology analysis, followed by Trypan
blue staining to quantitatively assess cell viability after 24
hours.

C. Experimental Setup

A 3D magnetic field system (see Fig. 2) was used to apply
rotating magnetic fields in the xz, or yz planes for magnetic
rolling. The system consists of four electromagnets arranged
orthogonally in the xy plane and a pair of Helmholtz coils
positioned beneath and above the viewing plane for applying
z fields. Magnetic field strengths of approximately 5 mT
were used in the experiments. The magnetic field strengths
from each of the coils was controlled using custom matlab
or python code which produced digital signals that were
used to modulate the current sent to each of the coils. To
apply rotating magnetic fields, discrete sinusoidal signals
were sent to each coil, with a 90 degrees phase difference
between the two pairs of orthogonal electromagnets that
corresponded to the desired rotation axis. For example, to
apply a rotating field in the xz plane, the x-axis current was
set as Acos (27 ft) and the z-axis as Asin (27 ft), with A
the magnitude and f the frequency.

Experiments were conducted on an Axiovert 200 inverted
microscope with a Amscope MU903-65 camera. The mi-
crorobots were observed either on a glass slide or within an
enclosed chamber (Grace Bio-Labs SecureSeal Hybridization
Chamber).

IV. RESULTS AND DISCUSSION

The microrobots could be rolled by applying rotating
magnetic fields either in the xz or yz planes, which resulted
in the translation of the microrobots in the y or x directions,
respectively. Microrobots could be moved both on the solid
substrate as well as at the air-liquid interface (see Video 1
and Video 2 and Fig. 6). The direction of motion at the air-
liquid interface is the same as that on the solid surface for
a given rotating field orientation, which can be explained by
the larger drag on the bottom of the microrobot compared to
that at the top in both cases. Buoyant microrobots were also
rolled on the top surface of a sealed chamber, which results
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Fig. 5. (a) Microrobot speed versus frequency of 20 pum diameter silica
solid spheres rolling on the glass substrate and ~70 pm diameter TiO2
hollow spheres on the substrate and at the air-liquid interface. Error bars
correspond to standard deviations of multiple trials.

in the microrobot translating in the opposite direction (see
Video 4).

The speed of the microrobots could be tuned by varying
the magnetic field rotation frequency, . Figure (6) shows the
measured speed of the solid silica and hollow microrobots
(both on the glass substrate and at the air-liquid interface)
as a function of rotating magnetic field frequency. As can
be seen from the plot, the microrobot speed increased with
frequency approximately linearly, as expected for a rolling
object in which the speed is approximately equal to 27 Rf,
with R being the microrobot radius and f the rotation
frequency. Note that, due to slip, the actual speed of a rolling
microrobot in a fluid is reduced. From figure (4), one can
see that the speed of the microrobots is considerably less
than 27 R f, signifying that slip is significant. Interestingly,
the hollow spheres moved faster at a given frequency at the
air-liquid interface than on the solid substrate, indicating that
they experienced less slip at the interface.

Above a threshold frequency, the microrobot was unable
to maintain synchronicity with the magnetic field and its
speed decreased. The threshold frequency at which this
occurs depends on the relative degree of magnetic torque
compared to the amount of rotational drag. We found that this
threshold frequency depended on the size of the microrobot
and the amount of nickel coating on its surface, but generally
occurred above about 10 Hz.

The buoyant hollow microrobots were able to move at
speeds of up to about 300 pm/s at the air-liquid interface
and about 125 um/s on the glass substrate, while the smaller
silica microrobots attained speeds of around 75 pm/s on
the substrate (see Fig. 5). Due to the adhesive and physical
interaction with the cells, the maximum microrobot speeds
were typically reduced in environments containing cells.

At relatively high densities, the microrobots sometimes
formed aggregates due to attractive magnetic dipole inter-
actions. Video 3 shows an example of chains and clumps
of microrobots which tumble end over end when a rotating
field is applied. The chains tend to tumble rather than roll,
due to their magnetic moment residing along their long axis
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Fig. 6. A sequence of images showing a silica rolling microrobot pushing
HepG2 cells. The cells that are manipulated by the microrobot are circled
for visual aid.
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Fig. 7. Image sequence showing a pair of hollow rolling microrobots
carrying MCF-7 cells.

and therefore aligning with the applied magnetic field. This
behavior is similar to that previously observed for chains and
clusters of paramagnetic spheres [32], [33].

Hollow microrobots would sometimes crack, resulting
in them sinking to the bottom substrate. We used these
microrobots to manipulate cells by rolling them to the cells
and either pushing the cells or, in some cases, carrying the
cells (see Videos 6-9 and Fig. 7). We found that single
microrobots generally could push but often were unable to
carry the cells (see Videos 5-8 and 10 for examples and
exceptions), while larger clumps of microrobots were more
likely to “pick up” cells by rolling into the cells and carrying
the cells with them (see Video 6 and 7). Although both the
solid silica and the hollow microrobots tended to adhere
to the cells, the hollow microrobots were more effective
at carrying the cells, possibly due to their larger size or
different surface properties. We conjecture that the origin of
the adhesion between the cells and the microrobots is due to
an electrostatic attractive force or Van der Waals attraction.
We found that spinning the large hollow microrobots at high
frequency in the xy plane sometimes resulted in the cells
detaching from the microrobots (see Video 9).

Microrobots that were rolled at high frequencies created
flows in the fluid which resulted in the advective motion of
the cells (see Video 8). These flows tend to carry cells that
were behind the microrobot forward while pushing those in
front of it farther away, similar to what one would expect
from the flow field produced by a neutral squirmer. Such
manipulation using fluid flow created by a rolling microrobot
is similar to previous work in which a rotating rod created
a vortex that trapped protein crystals near the rod, allowing
them to be moved with the rod [34]. This is reminiscent of
our observation, in which the flow fields created by a hollow
microrobot rolling at high frequency caused the cells in near
proximity to the microrobot to move with the microrobot, as
shown in video 8.

A. Cytocompatibility

We also tested the cytocompatibility of the microrobots
with the cells. The cytocompatibility of the rolling mi-
crorobots was assessed in both HepG2 and MCF-7 cells.
Cells were incubated for 24 hours with silica, hollow TiOo
coated silica, as well as cracked hollow TiOs coated silica
microrobots that were broken before adding them to the
culture medium. Fig. 8) shows brightfield images of the
cells after incubation along with a control in which no
microrobots were added. As can be seen in the images,
cells preferentially attached to the microrobots, therefore
providing another method for loading the cells onto the
microrobots for transport and delivery. We also find that cell
morphology and growth patterns were intact for both types
of cells, indicating that the microrobots are not toxic to the
cells. Trypan blue staining was performed to quantitatively
assess cell viability. The results show that the microrobots
are not toxic to the cells (see Fig. 9). We also tested the
viability of the cells after manipulation by the microrobots.
Figure 10 shows images of MCF-7 cells before and after
manipulation, as well as Trypan blue staining results which
show that the cells are still viable after manipulation.

V. CONCLUSION AND FUTURE WORK

We have demonstrated manipulation of cells by means of
magnetically rolling microrobots, which shows promise as
a robust means of motility in biological applications, such
as in blood vessels. Aside from manipulation, our results
show that the microrobots can be effectively navigated in
an environment populated with cells, which is relevant to
many biological systems. In the future, it could be interest-
ing to explore microrobots with varying surface properties
and determine what effect this has on the adhesion of the
microrobots to the cells. Also, using these microrobots for
cell manipulation or delivery in more realistic environments,
as well as at air-liquid interfaces where relatively little work
has been done, would be another avenue of exploration of
interest.

This technique opens up a variety of opportunities for
biologists and roboticists alike, allowing for quick microscale
assembly and manipulation with high precision. We plan to
use this technique for a variety of biological and robotics
studies, from interrogations of interesting biological phenom-
ena, to dynamic control of multiple robots via a computer-
controlled magnetic field. We imagine this robot and suc-
cessive nanoscale robots being utilized as cheaper, simpler
replacements for intense, field-driven tweezing that could
extend the capabilities of many studies and make them more
accessible to researchers without the need for expensive,
hard-to-use equipment.
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Fig. 8. Images of cultured MCF-7 and HepG2 cancer cells after 24 hours with (from left to right) no microrobots, silica microrobots, hollow TiO2
coated silica microrobots, and cracked hollow TiO2 coated silica microrobots. As can also be seen from the images, the cells preferentially attach to the
microrobots during their growth.
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Fig. 9. Images of cultured MCF-7 and HepG2 cancer cells after 24 hours with (from left to right) no microrobots, silica microrobots, hollow TiOg coated
silica microrobots, and cracked hollow TiO2 coated silica microrobots. HepG2 and MCF-7 cells were observed under the microscope and trypan blue

staining was performed to assess cell viability. Dead cells were shown in blue circles and live cells attached to MRs are shown in red circles. CV: Cell
Viability.

) Untreated

After Manipulation

Fig. 10. MCF-7 cells were observed under the microscope after manipulation. The cell morphology of the cells which were manipulated by the microrobots
was normal and indistinguishable from untreated cells. Trypan blue viability assay showed 93% viability after manipulation. Dead cells are shown in blue
circles. CV: Cell Viability.
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