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A Thermo-electromagnetically Actuated Microrobot for the Targeted
Transport of Therapeutic Agents
Gwangjun Go, Van Du Nguyen, Zhen Jin, Jong-Oh Park*, and Sukho Park*
Abstract: This work proposes the targeted transport of therapeutic agents using a thermo-electromagnetically actuated microrobot. This microrobot is fabricated via UV polymerization using 2D lithography and is composed of
an electromagnetically actuated layer (polyethyleneglycol diacrylate dispersed with iron(II,III) oxide and a thermoresponsive layer (N-isopropylacrylamide). The microrobot can self-fold, driven by temperature changes, and can
be steered using an electromagnetic actuation (EMA) system that provides external magnetic fields. In particular,
during the EMA, pulling and rolling motions are applied to the unfolded and folded shapes, respectively, of the
microrobot. As fundamental tests, the microrobot was characterized in terms of its magnetization curve, swelling
properties, travel velocity, and shape changing behavior. In addition, typical polystyrene bead manipulations such
as trapping, delivery, and release were performed using the microrobot. Finally, we performed an in vitro test for tumor therapy, in which the robot demonstrated the ability to trap, deliver, and release an anti-cancer drug (docetaxel)
encapsulated in microbeads of approximately 300 µ m in diameter with an appropriate drug concentration against a
mouse mammary tumor cell line (4T1). The outcomes of this research suggest that our thermo-electromagnetically
actuated microrobot is suitable for use in biomedical applications.
Keywords: Bilayer structure, electromagnetic field control, hybrid actuated microrobot, thermally responsive hydrogel.

1.

INTRODUCTION

Recently, various types of wireless microrobots have
been developed for use in bioengineering and healthcare
applications [1–3]. Compared to general surgical operations, because milli/micrometer-scale robots can approach
small and complex regions of the human body (such as
inside the eyeball, the blood and lymphatic capillaries,
the hepatic artery, and biological tissues and cells), they
can perform non-invasive or minimally invasive surgery.
For microrobots to be suitable for use in biomedical applications, after the microrobots fulfill their functions, such
as transport, diagnosis, and therapy, they should spontaneously degrade or be rescued from the target regions. In
addition, for the safety of normal tissues and cells, biocompatible materials must be used in microrobot fabrication.
As a representative means of microrobot locomotion,
electromagnetic actuation (EMA) has attracted consider-

able attention. Because EMA enables the wireless control
of microrobots, minimally invasive target manipulations
using microrobots are possible. Moreover, due to the fine
control that can be exerted over the magnetic field generated using EMA, the microrobots can freely move on
a 2D plane or in 3D space. By virtue of the advantages
of using an external electromagnetic field, many microrobots with diverse motions, such as pulling [4], rolling
[5, 6], gripping [7], swimming [8, 9], oscillating [10, 11],
and stick-slip [12] motions, have been reported for use in
biomedical applications.
More recently, new microrobots with hybrid actuation
have been developed for use in biomedical applications.
Here, hybrid actuation refers to EMA combined with the
use of an acoustic field [13], thermal response [14–19],
living organisms [20, 21], or chemical reactions [22, 23].
In particular, in the case of hybrid actuation achieved
through the combination of EMA and thermal actuation,
microrobots composed of magnetic and thermally respon-
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sive materials can be manipulated by an external magnetic field, and their shapes can be modified by external stimuli, such as infrared light, alternating magnetic
fields, and other heating methods. For example, it has
been demonstrated that drug-loaded microrobots [19] and
microgrippers [14, 16, 17] operating based on thermoelectromagnetic hybrid actuation can realize more diverse
and flexible motions than electromagnetically actuated
microrobots with rigid bodies. Tabatabaei et al. proposed the use of a drug-loaded microrobot composed of
thermally shrinkable N-isopropylacrylamide (NIPAAM)
hydrogels containing drugs and magnetic nanoparticles
(MNPs). This microrobot can realize magnetic actuation,
be position tracked using a magnetic resonance imaging
(MRI) system, and control drug release through shrinkage of the hydrogel by heating the MNPs using alternating magnetic fields. However, microrobots using nonbiodegradable hydrogel cannot be quickly rescued from
the biological environment because the microrobot should
stay in the area to release drugs over long periods. Thus,
such microbots can cause several side effects due to the
toxicity of the MNPs and foreign body reactions. Fusco
et al. proposed flytrap-like microrobots with a thermally
actuated hydrogel bilayer. Using thermal actuation, the
microrobot can trap MNPs containing therapeutic beads.
Therefore, the microrobot can be manipulated to a target
by magnetic actuation. However, once the MNPs containing beads are released from the microrobot, it cannot be manipulated any further by magnetic actuation.
In addition, previous hybrid actuated microrobots used
only a single electromagnetic actuated motion regardless
of their environment and the microrobot shape. Additionally, in previous studies of hybrid actuated microrobots,
the authors separately demonstrated thermal and electromagnetic actuation of the microrobot. These authors
also showed only therapeutic effects using the microrobot
without hybrid actuation. Therefore, no previous reports
involving in vitro tests have simultaneously demonstrated
the powerful performance provided by a hybrid (thermal
and electromagnetic)-actuated microrobot and a therapeutic effect following drug delivery.
In this paper, we verified the transportation of therapeutic agents and their therapeutic effect using the thermoelectromagnetically actuated microrobot. The microrobot,
which is composed of an electromagnetically actuated
layer and a thermally actuated layer, is fabricated via UV
polymerization. First, by means of the thermally actuated layer, the microrobot can be made to self-fold at the
desired location via external thermal activation; thus, it
can trap and release micro-objects carrying therapeutic
agents. Next, by means of the electromagnetically actuated layer, the microrobot can be guided to its target
by an EMA system. Depending on the shape of the microrobot, which changes with environmental temperature,
two different motions of the microrobot can be achieved,

such as a pulling motion and a rolling motion. To demonstrate the concept of the hybrid actuated microrobot, we
fabricated such a microrobot with a bilayer structure for
electromagnetic and thermal actuation. The fabricated microrobot was characterized in terms of its magnetization
curve, swelling ratio, travel velocity, and shape changing behavior. Using the microrobot, typical manipulations of a polystyrene bead (300 µ m), including trapping, delivery, and release, were performed. Finally, an
in vitro test for tumor therapy using the microrobot was
performed. Before the in vitro test, drug-carrying microbeads were fabricated using the optimum drug concentration and biocompatible materials. Subsequently, the
fabricated microbeads were delivered by the hybrid actuated microrobot to tumor cells, and the therapeutic effects
of the delivered microbeads were observed as morphological changes in the tumor cells.

2. THE CONCEPT UNDERLYING THE
TARGETED TRANSPORT OF THERAPEUTIC
AGENTS USING THE HYBRID ACTUATED
MICROROBOT
2.1. Thermal actuation of the microrobot
The microrobot has a bilayer structure comprising an
electromagnetically actuated layer and a thermally actuated layer (Fig. 1(a)). The electromagnetically actuated layer consists of biocompatible poly(ethylene glycol) diacrylate (PEGDA) [24] dispersed with iron(II,III)
oxide, and the thermally actuated layer is formed of a
thermally responsive NIPAAM hydrogel. In particular,
the NIPAAM hydrogel, as a biocompatible material, exhibits the valuable characteristics of a sharp phase transition and a large swelling ratio at 30-35◦ C; a temperature
in this range is known as the lower critical solution temperature (LCST) [25, 26]. Therefore, with a decrease (or
increase) in temperature, the hydrogel absorbs (or expels)
water molecules, and the volume of the hydrogel swells
(or shrinks). Thus, the bilayer structure opens at temperatures below the LCST, and the structure folds toward the
thermally actuated layer (NIPAAM hydrogel) at temperatures above the LCST. The microrobot, with eight bending arms that operate through the bending mechanism of
the bilayer structure, is designed and fabricated via two
UV polymerization processes using 2D lithography (Fig.
2). The detailed fabrication procedure of the microrobot is
explained in Section 3 (Materials and Methods). Through
its self-folding motion, the microrobot can trap or release
micro-objects carrying therapeutic agents (Fig. 1(b)). To
achieve this self-folding motion of the microrobot, we introduce a heating stage combined with a Peltier element,
and we modify the shape of the self-folding microrobot
using the heat generated by this heating stage.
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Fig. 1. Concept of the thermo-electromagnetically actuated microrobot for the targeted transport of therapeutic agents.
(a) The actuation principle of the microrobot, which is composed of electromagnetically and thermally actuated
layers. (b) The trapping and release of therapeutic agents by the microrobot, as controlled by changes in temperature. (c) Using a pulling motion, the microrobot is made to approach a reservoir of therapeutic agents. Then,
as the temperature is increased (T < TLCST ), the microrobot folds and traps the therapeutic agents. (d) Using a
rolling motion, the microrobot is made to deliver the therapeutic agents to the target region. As the temperature is
decreased (T > TLCST ), the microrobot opens, and the therapeutic agents are released to the target. T and TLCST
represent the surrounding temperature and the lower critical solution temperature of the microrobot, respectively.
(e) A free body diagram of the unfolded microrobot with pulling motion along the x-axis. Tθ , Fm , Ff ,p , Fd,p , Fs,p ,
and Wp are the oscillating magnetic torque, pulling magnetic force, kinetic frictional force, drag force, adhesive
force due to the van der Waals force and microrobot weight, respectively. (f) A free body diagram of the folded
microrobot with a rolling motion along the x-axis. Tα , Ff ,r , Fd,r , Fs,r , and Wr are the rotating magnetic torque,
rolling frictional force, drag force, adhesive force due to the van der Waals force and microrobot weight (including
the drug-loaded beads), respectively.

2.2. Electromagnetic actuation of the microrobot
The The microrobot can be steered by means of an
EMA system and can move freely on a 2D plane because
of the inclusion of iron(II,III) oxide, a magnetic mate-

rial, in the electromagnetically actuated layer of the microrobot. To realize the locomotion of the microrobot on
a 2D plane, we designed an EMA system consisting of
three stationary pairs of Helmholtz coils on the x, y, and
z axes and two stationary pairs of Maxwell coils on the x
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Fig. 2. Schematic diagram of the microrobot fabrication process. (a) An Fe-PEGDA solution was injected by capillary
force into the channel between two coverslips, which were separated by a distance of 50 µ m. (b) A photomask
with the pattern of the microrobot was placed over the channel, which was then irradiated with UV light to polymerize the Fe-PEGDA solution. (c) The silane-coated upper coverslip of the channel was removed, and the nonpolymerized solution in the channel was washed away by injecting additional deionized water. (d) A NIPAAM
solution was injected into the channel between the two coverslips, which were separated by a distance of 350 µ m.
(e) After the photomask was aligned over the channel, the NIPAAM solution was polymerized under UV exposure. (f) The silane-coated upper coverslip of the channel was then removed, and the non-polymerized solution
was washed away by injecting additional methyl alcohol and deionized water. (g) A CAD image and an optical
micrograph of the fabricated microrobot. The scale bar represents 1 mm.

and y axes (Fig. 4). First, the Helmholtz coils generate a
uniform magnetic field in the region of interest (ROI) to
align the microrobot in the desired direction [27]. Once
the microrobot is located in the uniform magnetic field
generated by the Helmholtz coils on the x, y, and z axes,
it is rotated and aligned in the direction of the generated
uniform magnetic field. Therefore, the following torque
(τ ) is generated to align the microrobot:

τ = V M × B,

(1)

where V and M denote the volume and magnetization of
the microrobot and B denotes the magnetic flux of the external magnetic field.
Second, the Maxwell coils generate a uniform-gradient
magnetic field in the ROI to propel the microrobot in the
aligned direction [27]. The magnetic force (F) on the microrobot from the uniform-gradient magnetic field is described as follows:
∇) B,
F = V (M ·∇

(2)

where ∇ is the gradient symbol. Using this principle of
microrobot locomotion, pulling and rolling motions can
be also achieved by controlling the magnetic fields generated by the EMA system, as studied in our previous works
[5, 28, 29].

Fig. 1(e) and (f) show free body diagrams of the microrobot with different morphologies and motions, respectively. First, in Fig. 1(e), a pulling motion can be applied to the microrobot by means of the uniform magnetic
field and the uniform gradient magnetic field that are generated by the Helmholtz and Maxwell coils, respectively.
In general, the pulling motion of the microrobot on a 2D
plane is affected by the frictional force between the microrobot and the bottom surface and by van der Waals forces
[11, 30]. Therefore, it is difficult for the magnetic force
(Fm ) generated by the gradient magnetic field to overcome
these forces acting on the microrobot [11]. To reduce the
effect of the friction force, an oscillating magnetic torque
(Tθ ) generated by the Helmholtz coils on the x and y axes
is applied to achieve the pulling motion of the microrobot.
Due to the microrobot oscillation, a kinetic frictional force
(Ff ,p ) acts on the microrobot instead of a static frictional
force. Therefore, the oscillating magnetic field allows the
microrobot to overcome the static frictional force acting
on it [11]. The oscillating magnetic field on the 2D plane
can be described as follows:
[
] [
]
Bx (t)
B0,p cos(θ + α cos(β t))
B=
=
, (3)
By (t)
B0,p sin(θ + α sin(β t))
where B0,p is the magnetic flux generated by the two pairs
of Helmholtz coils, and θ is the alignment angle of the mi-
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crorobot. Furthermore, α and β are the oscillating angle
and the angular velocity of the microrobot, respectively.
In the pulling motion, the resulting propulsion direction
of the microrobot is equivalent to the alignment angle (θ )
of the microrobot [11, 31].
Next, during the rolling motion of the microrobot on the
2D plane (Fig. 1(f)), the microrobot experiences smaller
frictional force (Ff ,r ) than the pulling motion. Therefore,
the rolling motion of the microrobot requires a smaller
magnetic field than does the pulling motion, and the microrobot can move more easily in this model [6]. The
rolling motion of the microrobot using the rotating magnetic torque (Tα ) is realized by the uniform magnetic field,
which is generated by the three pairs of Helmholtz coils,
producing a rotating magnetic field that can be described
as follows:

 

Bx (t)
B0,r cos θ cos wt
B =  By (t)  =  B0,r sin θ cos wt  ,
(4)
Bz (t)
B0,r sin wt
where B0,r and w denote the magnetic flux generated in
the Helmholtz coils and the rolling angular velocity of the
microrobot, respectively.
The two motions (pulling and rolling) of the microrobot
are selectively applied depending on the shape adopted by
the microrobot due to the temperature changes (Fig. 1(b)(f)). The unfolded shape of the microrobot at temperatures
below the LCST has a larger surface area than does the
shape formed by the microrobot at temperatures above the
LCST. Thus, at temperatures below the LCST, the rolling
motion of the unfolded microrobot is affected by a larger
drag force than is the pulling motion. Hence, the pulling
motion is used to control the unfolded microrobot. Once
the microrobot has folded to trap the micro-objects carrying the therapeutic drug of interest, the microrobot needs
to reach its target area as soon as possible to avoid the possibility that the encapsulated drugs may be released during
the microrobot’s motion. In addition, a folded microrobot
containing trapped therapeutic agents weighs more than
an unfolded microrobot (Wr > W p ). Therefore, for the
folded microrobot at temperatures above the LCST, the
rolling motion requires less energy and is more suitable
than the pulling motion.
2.3. Transport of therapeutic agents using the microrobot
Based on the working principle of the microrobot, the
transport process for therapeutic agents is as follows.
First, a pulling motion is applied to the unfolded microrobot (T < TLCST ) to move it into the reservoir of microobjects containing therapeutic agents. Then, the selffolding of the microrobot is activated by an external stimulus (T > TLCST ) to trap the micro-objects (Fig. 1(c)).
Next, the microrobot containing the trapped micro-objects
is moved into the target region using a rolling motion, and
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Fig. 3. (a) Schematic diagram of the fabrication of microbeads containing an anti-cancer drug. (b) Confocal microscopy images of the fabricated drugcontaining microbeads. The scale bar represents
250 µ m.

the microrobot is then made to unfold and open as the
temperature is decreased (T < TLCST ). Finally, the microobjects are released from the microrobot and delivered to
the target (Fig. 1(d)).
As a demonstration of the feasibility of drug delivery
using the microrobot, an in vitro drug delivery test was
performed. For the in vitro test, a mouse mammary tumor cell line (4T1) was used, and microbeads encapsulating an anti-cancer drug were fabricated using the single
emulsion method (Fig. 3(a)). The microbeads were composed of biocompatible PEGDA and poly(D,L-lactide-coglycolide) (PLGA), and docetaxel (DTX) was used as the
anti-cancer drug. The detailed cell culture and the fabrication process for the drug-loaded microbeads are presented
in Section 3 (Materials and Methods). Fig. 3(b) shows a
microscopy image of the fabricated PLGA-DTX nanoparticles encapsulated in spherical PEGDA microbeads of
homogeneous size with a mean diameter of 300 µ m
(Fig. 3(b) - White). The encapsulation of the PLGA-DTX
nanoparticles into the microbeads was confirmed by red
fluorescence images (Fig. 3(b) - Cy5.5 and Merged).
3.

MATERIALS AND METHODS

3.1. Materials
For microrobot fabrication, poly(ethylene glycol) diacrylate (average MW ≈ 700, PEGDA), 2-hydroxy-2methyl-propiophenone (97%, Darocur 1173), iron(II,III)
oxide (< 50 nm), N-isopropylacrylamide monomer (99%,
NIPAAM), N,N’-methylenebis-acrylamide (99.5%, BIS),
phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (97%,
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BAPO), trypan blue solution (0.4%), and Sigmacote
(silane) were purchased from Sigma-Aldrich (St. Louis,
MO). Methyl alcohol (99.8%) was provided by Duksan
Pure Chemical (Kyungkido, Korea).
Next, for drug-containing microbead fabrication, PEGDA, Darocur 1173, Span 80, hexadecane,
poly(D,L-lactide-co-glycolide) (MW ≈ 30,000 - 60,000,
PLGA), poly(vinyl alcohol) (MW ≈ 61, 000, PVA),
dichloromethane (99.5%, DCM), and Rhodamine B were
obtained from Sigma-Aldrich. Additionally, DTX was
supplied by Jinhe Bio-Technology (Shanghai, China).
3.2. Microrobot fabrication
3.2.1 Synthesis of base solutions for bilayers
To obtain the Fe-PEGDA solution, PEGDA and
Darocur 1173 at a mass ratio of 5.9:1 were dissolved
in 800 µ L of deionized water. After mixing at 2500 rpm
for 5 min, 10 wt% iron(II,III) oxide was added to the solution and dispersed using an ultrasonic agitator at 40 kHz
for 2 h.
To form the NIPAAM solution, 120 mg of NIPAAM,
2.2 mg of BIS cross-linker and 1.5 mg of BAPO photoinitiator were dissolved in 210 µ L of methyl alcohol and 150
µ L of deionized water. Then, for NIPAAM hydrogel visualization, 20 µ L of trypan blue solution was added and
mixed at 2500 rpm for 5 min.
3.2.2 Microrobot photo-patterning
The bilayer-structured microrobot was fabricated via
two UV polymerization processes using 2D lithography
(Fig. 2). The channels for the fabrication of the microrobot were prepared using two types of coverslips and
double-sided tapes (Fig. 2(a), (d)). The thicknesses of
each layer of the microrobot were determined by the different thicknesses of the double tapes (50 µ m and 300
µ m). Additionally, to prevent the loss of the desired layer
during the removal of non-polymerized residue, the upper coverslip, which was subjected to UV irradiation, was
given a non-adhesive surface through the application of a
silane coating.
First, the Fe-PEGDA solution was injected by capillary
force into the channel at a separation of 50 µ m. Once the
photomask with the microrobot pattern was placed on top
of the channel, the Fe-PEGDA solution was polymerized
by UV light (365 nm, 25 mW/cm2 ) for 6 s (Fig. 2(b)).
The silane-coated upper coverslip of the channel was then
removed, and the non-polymerized Fe-PEGDA solution
in the channel was washed away through the injection
of additional deionized water (Fig. 2(c)). Next, for the
UV polymerization of the NIPAAM solution, two double
tapes (300 µ m) and a silane-coated upper coverslip were
attached to the coverslip with the Fe-PEGDA layer. Similarly, the NIPAAM solution was introduced into the channel between the coverslips (Fig. 2(d)) and was exposed
to UV light for 13 s. After removing the upper coverslip

and washing away the non-polymerized NIPAAM solution using additional methyl alcohol and deionized water,
the pattern of the microrobot remained on the coverslip in
a bilayer structure (Fig. 2(f)). Finally, by immersing the
coverslip with the bilayered microrobot pattern in deionized water for 30 min, the microrobot itself was released
from the coverslip (Fig. 2(g)).
3.3. Fabrication of drug-containing microbeads
3.3.1 Fabrication of PLGA-DTX nanoparticles
PLGA-DTX nanoparticles were prepared using the single emulsion method [32]. In brief, PLGA and docetaxel
at a mass ratio of 10:1 were dissolved in 2 mL of DCM and
vigorously mixed for 15 min. Then, the PLGA-DTX solution was added to 40 mL of PVA 1% to form an oil/water
system under magnetic stirring. The oil/water (PLGADTX/PVA) system was emulsified via sonication (VC750,
Sonics & Materials, Newton, CT) in an ice bath to form
PLGA-DTX nanoparticles. After sonication, the system
was continuously stirred for a further 8 h to allow the solvent to evaporate. Finally, the nanoparticles were washed
three times with deionized water and were stored at 4 ◦ C.
To obtain fluorescence images, the fabricated nanoparticles, which contained carboxylic functional groups, were
covalently linked to streptavidin PerCP-Cyanine5.5 (eBioscience, San Diego, CA).
3.3.2 Fabrication of PLGA-DTX nanoparticles encapsulated in PEGDA microbeads
Drug-containing microbeads (PEGDA-PLGA-DTX) were
fabricated using the single emulsion method (Fig. 3a)
[24]. In detail, 850 µ L of PEGDA (1.12 g/mL) was mixed
with 150 µ L of Darocur (1.077 g/mL), 20 µ L of Rhodamine B (1 mg/mL), and PLGA-DTX nanoparticles under vigorous vortex mixing for 5 min. The oil-phase solution contained 5 mL of 15% Span 80 and 85% of hexadecane in a 10 mL beaker. Next, 150 µ L of the prepared PEGDA solution was poured into the oil-phase solution under stirring at 450 rpm. The solution was then
exposed to UV at 356 nm and 0.45 W for 5 s to yield
PEGDA-PLGA-DTX microbeads. Afterward, the microbeads were washed three times with deionized water
and passed through a 300-µ m stainless steel filter to obtain microbeads of the desired sizes.
3.4. Cytotoxicity assay of the PEGDA-PLGA-DTX
microbeads
The therapeutic effect of the PEGDA microbeads that contained PLGA-DTX nanoparticles, which were to be delivered by the fabricated microrobot, was evaluated via an
MTT assay [33]. In brief, 100 µ L of 4T1 cells (105 viable cells per mL) were cultured in a 96-well plate (SPL
Life Sciences) in Dulbecco’s Modified Eagle’s Medium
(DMEM, Lonza, Walkersville, MD) in a humidified incubator for 24 h, and the cells were allowed to attach to the
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bottoms of the wells. Afterward, the cells were treated
with different amounts of DTX encapsulated in PEGDAPLGA-DTX microbeads. After 24 h, the cells were
washed again with PBS and incubated with 0.5 mg/mL
MTT (Sigma-Aldrich) in DMEM for 3.5 h in the humidified incubator. The used medium was removed from each
well, and the wells were refilled with an equivalent volume of dimethyl sulfoxide (DMSO). Finally, the viability
of the cells was determined using a microplate reader set
to measure at 570 nm.
3.5. Cell culture
Mammary carcinoma cells (4T1) were obtained
from the American Type Culture Collection (Manassas, VA). The cells were cultured in DMEM containing
10% v/v FBS and 1% v/v antibiotic solution (GibcoBRL/Invitrogen, Carlsbad, CA). The cells were maintained in an incubator at 37◦ C and 5% CO2 , dissociated
in 0.5% trypsin-EDTA (Life Technologies, Grand Island,
NY), and then centrifuged at 1200 rpm for 3 min. The
resulting cell pellet was then suspended in DMEM [34].
3.6. Characterization of the electromagnetic actuation
and thermal response actuation of the microrobot
The microrobot was characterized in terms of its magnetic
and thermal response properties. The magnetic properties
of the microrobot were evaluated by recording the magnetic hysteresis loops of three microrobot samples, which
were measured using a vibrating sample magnetometer
(VSM, Lake Shore Cryotronics 7404, USA).
The swelling ratios of the Fe-PEGDA and the NIPAAM
hydrogel were investigated to characterize the thermal response properties of the microrobot. Disks of the FePEGDA and the NIPAAM hydrogel (5 mm in diameter
× 0.5 mm in thickness) were polymerized under UV irradiation and rinsed with deionized water. Five sample disks
were immersed in deionized water and then dried for 6 h
as the temperature was changed from 25◦ C to 60◦ C at 5◦ C
intervals using a temperature controller (HB-502L, HANBAEK, South Korea). After removing the deionized water
surrounding the samples, the weight of each disk was measured, and the mass swelling ratio (MSR) of the samples
was calculated as follows [35, 36]:
MSR =

Mw − Md
,
Md

(5)

where Mw and Md denote the swollen and dried weights of
the samples, respectively.
The electromagnetic actuation performance of the microrobot was characterized based on the travel velocity of
the microrobot. First, in the investigation of the pulling
motion of the microrobot, the angular velocity (β in (1))
and oscillating angle (α in (1)) of the oscillating magnetic
field were 0.5 rad/s and 90◦ , respectively. In addition, the
current applied to the Helmholtz coils was fixed at 8 A,
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and the current applied to the Maxwell coils was varied
from 4 A to 8 A. Next, to investigate the rolling motion
of the microrobot, a constant current (8 A) was applied to
the three pairs of Helmholtz coils, and the frequency (w
in (2)) of the rotating magnetic field was increased from 1
Hz to 13 Hz.
The temperature change of the working fluid (deionized
water) was measured to evaluate the thermal actuation performance of the microrobot. To transfer heat to the microrobot, a heating stage equipped with a Peltier element
(FALC1-03180T150, OEM, China) was used. Additionally, a fiber-optic temperature probe (NY2, PhotoControl,
Canada) was used to record the temperature of the deionized water. In the test, the deionized water was heated by
the heating stage (operating at a constant voltage of 2 V)
for approximately 60 s, and the water was then cooled to
room temperature over approximately 150 s.
3.7. Electromagnetic and thermal control for microrobot manipulation
The locomotion of the microrobot and the operation of
the heating stage were controlled under tele-operation using two joysticks and LabVIEW software (National Instruments, USA). One joystick was used for the locomotive direction control of the microrobot, and the other was
used for the current control of the electromagnetic coils.
The currents for the EMA system and the heating stage
were applied using five power supply units (three MX15
units and two 3001iX units, AMETEK, USA). For the position recognition of the microrobot, a Digital Single Lens
Reflex (DSLR) camera (EOS 600D, CANON, Japan) was
installed. In addition, a fiber-optic probe was mounted to
observe the temperature change of the working fluid.
3.8. Fabrication of the working chamber for the in
vitro test
The working chamber for a drug delivery test using the
microrobot was prepared as follows: First, a mold was
fabricated by attaching a dumbbell-type structure, which
was created using a 3D printer (Objet30 Pro, USA), to a
glass substrate. Then, a PDMS prepolymer was prepared
by mixing the PDMS precursor and the curing agent at
a ratio of 10:1; the prepolymer was then poured into the
mold. A PDMS block was fabricated by curing the PDMS
prepolymer at 80◦ C for 1 h and then cutting it into a 22
mm × 40 mm rectangle. Finally, the working chamber
was fabricated by attaching the PDMS block to a cover
slip (22 mm in width × 40 mm in length × 100 µ m in
thickness) using O2 plasma (Fig. 4). The fabricated working chamber was divided into two regions (the drug bead
reservoir and the target area).
3.9. Experimental setup for the in vitro test
An in vitro test was conducted to evaluate the feasibility of drug delivery using the thermo-electromagnetically
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Fig. 4. Experimental setup for the in vitro test using the
microrobot.

actuated microrobot. For the electromagnetic and thermal actuation of the microrobot, the working chamber in
which the microrobot was to be operated was positioned
in the ROI of the EMA system and placed on the heating
stage. For clear visualization of the microrobot and the
drug-containing microbeads, FluoroBriteTM DMEM (Life
Technologies) without phenol red was used as the working
fluid. To observe and record the locomotion and thermal
activation of the microrobot, a DSLR camera was installed
in an orthogonal orientation to the working chamber. A
light source was also placed beside the EMA system to enhance image quality. After the delivery of the drug-loaded
microbeads using the microrobot, the therapeutic effect of
the microbeads loaded with the anti-cancer drug docetaxel
was investigated using an optical microscope combined
with a live cell imaging instrument (Live Cell Instrument,
South Korea).
4. RESULTS AND DISCUSSION
4.1. Characterization of the microrobot
The thermo-electromagnetically actuated microrobot
was characterized using various fundamental tests to
probe the magnetic hysteresis loop, swelling properties,
travel velocity, and shape changing behavior of the microrobot as a function of the temperature changes induced by
the heating stage.
First, the magnetic properties of the microrobot were
obtained using a vibrating sample magnetometer (VSM),
in which external magnetic fields ranging from −1 T to 1
T were applied at room temperature to three microrobot
samples (Fig. 5(a)). These samples exhibited similar
magnetic hysteresis loops, with a saturation magnetization of 1.462-1.735 emu/g and a small coercivity of several milli-tesla. Based on these results, the loading level
of iron(II,III) oxide in the microrobot was estimated from
the expected and measured saturation magnetization values. Here, the expected saturation magnetization value
(1.208 emu/g) of the microrobot was determined based
on the specifications of the Fe-PEGDA layer of the microrobot, which contained 10 wt% iron(II,III) oxide, cor-

responding to a mass concentration of 1.51%; thus, the
expected value was calculated from this mass concentration (1.51%) and the magnetic saturation value (80 emu/g)
of pure iron(II,III) oxide. Consequently, it was confirmed
that the measured saturation magnetization value differed
slightly from the expected value, which may be attributed
to inaccuracies in the fabrication process, such as inaccuracies in the thicknesses of the bilayers and the sizes and
uniformity of the structures.
Second, the thermo-responsive swelling properties of
the Fe-PEGDA and NIPAAM hydrogel layers were analyzed (Fig. 5(b)). The swelling ratio of the NIPAAM
hydrogel was drastically decreased in a temperature range
of 30-35◦ C, and the hydrogel was fully collapsed above
35◦ C, corresponding to the LCST of a typical NIPAAM
hydrogel. Thus, the NIPAAM hydrogel was a suitable
layer material for achieving the thermal actuation of the
self-folding microrobot. In the case of the Fe-PEGDA,
the swelling ratio remained constant as the temperature
changed. Consequently, when the microrobot bilayer
structure comprising Fe-PEGDA and the NIPAAM hydrogel was subjected to NIPAAM hydrogel shrinkage at
temperatures above the LCST, the bilayer structure bent
toward the NIPAAM hydrogel.
Third, the electromagnetic actuation performance of the
microrobot was characterized in terms of the velocities
of the two motions (pulling and rolling) of the microrobot. The travel velocity of the microrobot that could be
achieved using the pulling motion varied from 0.338 mm/s
to 0.529 mm/s as the current applied to the Maxwell coils
was increased (Fig. 5(c) - Left). When the current applied
to the Maxwell coils was less than 4 A, the microrobot did
not move because of the frictional forces related to the microrobot’s weight and the van der Waals force. Next, the
travel velocity of the microrobot that could be achieved
using the rolling motion was measured as a function of
the frequency of the rotating magnetic field (Fig. 5(c) Right). The rolling speed of the microrobot increased linearly in a frequency range from 1 Hz to 7 Hz, and the
microrobot reached its maximum velocity of 5.007 mm/s
at 7 Hz. At frequencies above 7 Hz, the velocity of the
microrobot gradually decreased because the frequency of
the rotating magnetic field became higher than the step-out
frequency of the electromagnetically actuated microrobot
[37]. These results revealed that the achievable travel velocities of the microrobot on a 2D plane using pulling
and rolling motions depended on the current applied to
the Maxwell coils and the frequency of the rotating magnetic field produced by the Helmholtz coils, respectively.
The rolling motion of the microrobot yielded a velocity
that was faster by a factor of 10 than that yielded by the
pulling motion.
Fourth, we measured the change in the temperature of
the working fluid (deionized water) of the microrobot that
was induced by the heating stage (Fig. 5(d)). In this
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Fig. 5. Characterization of the microrobot. (a) Magnetization measurements of microrobot samples with iron(II,III) oxide powder. (b) Swelling ratios of the Fe-PEGDA and NIPAAM hydrogel layers. (c) Velocity measurements of
the microrobot while subjected to pulling and rolling motions, depending on the microrobot shape. (d) Temperature changes in response to the operation of the heating stage. (e) Optical images of the shape transition of the
microrobot occurring in response to the change in temperature. The scale bar represents 1 mm.

test, we considered that deionized water should be very
similar to the medium used in the in vitro test because
that medium comprised greater than 95% deionized water.
The temperature of the deionized water was increased to
a maximum of 39.55◦ C during the operation of the heating stage (60 s) and was decreased to room temperature
(25◦ C) during a cooling time of approximately 150 s. The
maximum temperature (39.55◦ C) of the deionized water
during the heating operation was higher than the LCST of
the NIPAAM hydrogel. Thus, when heating was applied
to the microrobot, its shape could be changed as a result
of the swelling and shrinkage of the NIPAAM hydrogel
layer. Moreover, the maximum temperature (39.55◦ C) remained lower than the trigger temperature (42-44◦ C) for
cellular heat shock proteins (HSPs), the release of which
indicates cellular protein deformation at high temperatures
[38, 39]. Therefore, when the heating stage was used in
the in vitro test for drug delivery, no cellular protein deformation was induced by the applied heat. In addition,
the temperature changes in the deionized water over five
heating and cooling cycles exhibited nearly identical patterns to those of the first heating and cooling cycle. Thus,
the thermal actuation of the microrobot achieved through
the operation of the heating stage was highly repeatable.
Finally, we observed the shape transition of the microrobot as a function of the temperature change controlled using the heating stage (Fig. 5(e)). The micro-

robot presented an unfolded shape at the initial temperature (25◦ C) and began to fold as the temperature was increased by the operation of the heating stage. The microrobot was approximately 50% folded at the LCST (35◦ C)
of the NIPAAM hydrogel and was fully folded and closed
at approximately 40◦ C. During the heating cycle, the microrobot exhibited a white color due to the collapse of
the polymer chains in the NIPAAM hydrogel [14]. As
the temperature was decreased, the NIPAAM hydrogel
of the microrobot became transparent due to the absorption of deionized water, and the microrobot unfolded and
opened. Based on these results, we expect that microobjects smaller than the microrobot can be trapped, delivered and released using the self-folding microrobot.
4.2. Microbead trapping, delivery, and release test using the microrobot
As a proof of concept, we demonstrated the trapping, delivery, and release of a polystyrene microbead (250 µ m)
using a thermo-electrically actuated microrobot controlled
under tele-operation (Fig. 6 and Supplementary Material
Video S1). First, the unfolded microrobot was guided to
the microbead using a pulling motion. As the microrobot
was positioned near the microbead and heated by the heating stage, the microrobot began to fold, trapping the microbead at approximately 39◦ C. The microrobot with the
trapped microbead was then freely moved along the de-
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Fig. 6. Microbead manipulation (trapping, delivery, and
release) using the microrobot under tele-operated
control. The scale bar represents 2 mm. The time
is indicated on each figure in the minutes:seconds
format. A video of the actuation is provided in
Supplementary Material Video S1.

sired path using a rolling motion. Here, to prevent unintended release of the microbead from the microrobot,
we maintained the working fluid at a constant temperature of 39◦ C during the delivery locomotion of the microrobot. Finally, as the working fluid was cooled, the microrobot began to unfold and open, releasing the trapped
microbead.
In addition, similar to the tele-operated test described
above, we performed an autonomous control test of the
microrobot, in which the microrobot carried and released
the microbead under real-time visual tracking (Supplementary Material Video S2). In this test, the microrobot
could autonomously track along 15 pre-defined points
(Fig. 7). As a result, through feedback control based on
position recognition, the thermo-electromagnetically actuated microrobot could not only trap the desired microbead
but also deliver (transport) and release the microbead to
the target area. In the future work, we expect that more
precise and accurate thermal and magnetic actuation of
the microrobot is possible by introducing tactile and haptic
sensors capable of capturing multiple properties instead of
teleoperation control using the joystick [40–42].
4.3. In vitro test: tumor therapy using the microrobot
As a potential biomedical application of the thermoelectromagnetically actuated microrobot, we conducted
an in vitro drug delivery test for cancer therapy (Fig. 8(a),
(b) and Supplementary Material Video S3). To deliver
drug-containing microbeads from a reservoir to a target
region, the microrobot was manipulated using the EMA
system; the delivery process for the drug-containing microbeads can be described as follows (Fig. 8(a) and Supplementary Material Video S3). First, the microrobot
was loaded into the working chamber and moved via a
pulling motion into the reservoir of drug-containing mi-

Fig. 7. Microbead manipulation using the microrobot under autonomous control using real-time visual
tracking. This figure shows the microbead transport performed by the microrobot along a preselected pattern. The entire manipulation process,
in which the microrobot traps, carries, and releases
the microbead, is shown in Supplementary Material Video S2. The scale bar represents 3 mm.
The time is indicated on each figure in the minutes:seconds format.

crobeads, where it trapped several microbeads (three to
five microbeads were trapped in a single trapping motion).
Then, the drug-containing microbeads were carried by the
rolling microrobot to the tumor cells and released. As a result, a total of 11 drug-containing microbeads were delivered through four repeated operations of the microrobot.
One of these four operations failed due to inaccurate positioning of the microrobot under tele-operated control.
The therapeutic effect of the drug-containing microbeads against the cancer cells was evaluated using live
cell imaging. Specifically, immediately after the drugcontaining microbeads were released from the microrobot
to the cancer cells, the morphologies of the cancer cells
and the microbeads were recorded; this time point was
designated as 0 h. The morphologies were recorded again
after 24 h (Fig. 8(b) and Supplementary Material Video
S3). As a control, the same procedure was repeated using
microbeads that were not loaded with the anti-cancer drug
(Fig. 8(d)). The drug-containing microbeads that were delivered by the microrobot exerted an obvious therapeutic
effect against the 4T1 cells, resulting in a drastic change
in the morphologies of the cells after 24 h (Fig. 8(b)). By
contrast, without the anti-cancer drug being present in the
microbeads, the microbeads and the microrobot exhibited
no cytotoxicity toward the cells and did not result in cell
death (Fig. 8(d)). The cytotoxicities measured as a function of various drug concentrations in the drug-containing
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Fig. 8. Results of an in vitro test using the thermoelectromagnetically actuated microrobot.
(a)
Transport of the drug beads from the reservoir to
the target region using the microrobot. The scale
bar represents 3 mm. The time is indicated on
each figure in the minutes:seconds format. (b) Optical micrographs of the cells and drug-containing
microbeads at 0 h and 24 h. The scale bar represents 300 µ m. (c) Cell viability as a function of
drug concentration. (d) The morphologies of the
microbeads without drug encapsulation and those
of the cells treated with the microbeads at 0 h and
24 h. The scale bar represents 300 µ m. A video of
the actuation is presented in Supplementary Material Video S3.

microbeads reveal that the viability of the 4T1 cells decreased as the drug concentration was increased from 10
ng/mL to 200 ng/mL (Fig. 8(c)). The drug concentration required to kill 50 ± 5% of the 4T1 cells was 100
ng/mL. These results confirmed the successful delivery of
the therapeutic agents (PEGDA-PLGA-DTX microbeads)
by the microrobot to the 4T1 cancer cells.
4.4. Discussion
In this work, we proposed the targeted transport of therapeutic agents using a thermo-electromagnetically actuated microrobot. Most of the existing researches focused
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on the characterization of the shape of microrobot by temperature change, but the magnetic actuation of the microrobot was not clearly characterized [14, 16, 17]. In addition, previous microrobots only showed a simple magnetic
actuating motion using a gradient magnetic field regardless of the environment and the shape of the microrobot.
On the other hand, we presented the characteristics of the
shape of the microrobot by the temperature change as well
as its magnetic actuating response through the velocity
and magnetization curve. Also, according to its shape
by temperature change, two motions such as pulling and
rolling motions were assigned to the microrobot so that
the microrobot can freely move by the two motions. Finally, unlike previous studies that only show the therapeutic effects of the microrobot without hybrid actuation, we
demonstrated in-vitro test to show the performance of the
hybrid (thermal and electromagnetic)-actuated microrobot
and a therapeutic effect following drug delivery.
Some drug leakage occurred during bead transportation
using the microrobot because some of the drug encapsulated in the beads released by diffusion. Thus, although
the drug-containing beads are protected by the folded microrobot, the released drug can pass through the hydrogel
body of the microrobot before reaching the target. In existing drug delivery systems using a passive targeting strategy [43, 44], drug-loaded beads circulate in the biological system and accumulate in the target via an enhanced
permeation and retention effect (EPR). However, the proposed microrobot with active locomotion can deliver the
therapeutic agents to the target without extended circulation time in the blood system. Therefore, the transport of
therapeutic agents using the magnetic actuated microrobot
can reduce premature drug leakage, increase the targeting
ability, and achieve a good therapeutic effect. In addition,
we performed an in vitro test to verify the delivery of the
therapeutic agents using the proposed microrobot and to
confirm the therapeutic effect (Fig. 7). In this test, the
transport of 11 drug-containing beads required approximately only 15 minutes. According to a test of the in vitro
controlled release of free DTX, only 1.25% of DTX is released within 15 minutes [45]. Additionally, we expect
that DTX encapsulated by PEGDA and PLGA is released
more slowly than free DTX. For this reason, premature
drug release during the transport of drug-containing beads
has little effect.
However, several shortcomings should be addressed before the microrobot is used in biomedical applications.
First, the microrobot, which is composed of a NIPAAM
hydrogel with an LCST of 35◦ C, will maintain its folding
shape at biological temperatures (approximately 36.5◦ C).
Thus, it would be difficult to utilize the thermal actuation function of the microrobot in a biological environment. As a solution to the problem of the low LCST
of the NIPAAM hydrogel, the LCST of this material
can be increased to greater than biological temperatures
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through copolymerization with other monomers. For
example, when acrylamide (AAm), hydroxymethylacrylamide (HMAAm), and dimethylacrylamide (DMAAm)
are combined with the NIPAAM monomer, the resulting NIPAAM copolymers have LCSTs (39-41◦ C) that
are higher than biological temperatures [19, 46]. Therefore, a microrobot composed of a hydrogel consisting
of NIPAAM copolymerized with other monomers (AAm,
HMAAm, and DMAAm) and Fe-PEGDA could maintain
its unfolded shape at biological temperatures. Such a microrobot could then be thermally actuated and folded in
the biological environment through the application of external stimuli [16, 17], such as near-infrared light and an
alternating magnetic field. In addition, we expected that
a microrobot with a trigger temperature above that of the
biological environment could usefully be applied in medical applications. First, the microrobot grips the therapeutic agents in a reservoir and is injected into the biological
environment. After the injection of the microrobot, the
microrobot maintains its folded shape through an external
stimulus and delivers the therapeutic agent to the target
region. When the temperature is decreased by removing
the applied external stimulus, the microrobot opens, and
the therapeutic agent is released at the target site. Second,
because of the relatively large size of the microrobot used
in this work, it would be difficult for this microrobot to
pass through a narrow capillary vessel. This microrobot
was fabricated as a prototype to test the feasibility of the
design for use in biomedical applications. In future work,
by applying improved MEMS technology in the microrobot fabrication process, we will scale down the size of
the microrobot for use in biomedical applications.
5. CONCLUSION
In summary, we present a method for the targeted transport of therapeutic agents using a hybrid actuated microrobot. The bilayer-structured microrobot can be made to
undergo self-folding by exploiting the thermal response
of a NIPAAM hydrogel, and targeted positioning can be
achieved through the electromagnetic actuation capability provided by Fe-PEGDA. Using these properties, the
microrobot can trap, deliver, and release microbeads. In
particular, pulling and rolling motions can be applied
by electromagnetic actuation to the microrobot while in
its unfolded and folded shapes, respectively. Through
fundamental experiments, the performance of the microrobot was evaluated in terms of its magnetization curve,
swelling ratio, travel velocity, and shape changing behavior. Due to its characteristics, polystyrene beads could
be manipulated using the microrobot. Finally, an in vitro
test for tumor therapy using the microrobot was demonstrated. Prior to the in vitro test, drug-encapsulating microbeads (PEGDA-PLGA-DTX) were fabricated. These
drug-carrying microbeads were then delivered to tumor

cells by the microrobot, and the delivered microbeads exhibited therapeutic effects on the tumor cells. This in vitro
test demonstrated that targeted drug delivery is achievable
using the microrobot. Through these experiments, we verified the proposed concept and demonstrated that the microrobot performed well under hybrid actuation. Consequently, we expect that this thermo-electromagnetically
actuated microrobot can also be used to transport other
therapeutic objects, such as specific drugs, stem cells and
immune cells to target regions. In addition, we envision
that the microrobot can be utilized in various biomedical
applications.
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