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Microrobots for targeted drug delivery in blood vessels have attracted increasing interest from
researchers. In this work, hydrogel-based capsule microrobots are used to wrap drugs and deliver drugs
in blood vessels. In order to prepare capsule microrobots of different sizes, a triaxial microfluidic chip is
designed and built, and the formation mechanism of three flow phases including the plug flow phase,
bullet flow phase and droplet phase during the preparation of capsule microrobots is studied. The
analysis and simulation results show that the size of the capsule microrobots can be controlled by the
flow rate ratio of two phases in the microfluidic chip, and when the flow rate of the outer phase is
20 times that of the inner phase in the microfluidic chip, irregular multicore capsule microrobots can be
prepared. On this basis, a three degree of freedom magnetic drive system is developed to drive the
capsule microrobots to reach the destination along the predetermined trajectory in the low Reynolds
number environment, and the magnetic field performance of the magnetic drive system is simulated and
analyzed. Finally, in order to verify the feasibility of targeted drug delivery of the capsule microrobots in
the blood vessel, the motion process of the capsule microrobots in the vascular microchannel is
simulated, and the relationship between the motion performance of the capsule microrobots and the
magnetic field is studied. The experimental results show that the capsule microrobots can reach a speed
of 800 um st at a low frequency of 0.4 Hz. At the same time, the capsule microrobots can reach a peak
speed of 3077 um st and can continuously climb over a 1000 pm high obstacle under a rotating
magnetic field of 2.4 Hz and 14.4 mT. Experiments show that the capsule microrobots have excellent drug
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1 Introduction

Cardiovascular diseases such as myocardial infarction, stroke,
blood clots, and peripheral artery disease are potentially life-
threatening diseases, and it is estimated that more than one-
third of people in the world die from cardiovascular disease."” In
the early stages, the typical treatment for cardiovascular disease
is intravenous. However, this approach is poorly targeted, and
the high dose injection and rapid spread of drugs can have toxic
side effects on other healthy cells and tissues, so newer and
better treatments are needed. Targeted delivery of drugs can
improve deficiencies in traditional therapies by delivering drugs
to specific sites, improving the therapeutic efficacy.**
Hydrogels are considered to be ideal carriers for targeted
drug delivery due to their good biocompatibility and gradual
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degradation in vivo.>” A large number of studies have shown
that the use of magnetic hydrogels can induce the on-demand
release of drugs at the right place and time with the best
concentration by precisely adjusting external stimuli, which can
not only reduce the enzymolysis of drugs and toxicity to other
tissues, but also extend the administration time. In addition, the
remote application of the external magnetic field has no limit on
the depth of tissue penetration, and there is almost no harm to
the human body. Therefore, magnetic response targeting and
controlled release of drugs in hydrogels have attracted much
attention as novel and effective drug delivery methods.®™ At
present, magnetic hydrogels with multiple response characteris-
tics such as pH response,'’ thermal response’>* and magnetic
response’ have been developed, as well as magnetic hydrogels
with various shapes, such as spiral,®> spherical’® and bionic."”
With the wide application of microrobots, microrobots based on
magnetic hydrogels have been developed effectively. However,
for practical applications of microrobots in biomedicine,
there are still many research studies to be performed in terms of
biocompatibility,’® cytotoxicity,” drug loading modes of
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microrobots*® and control of microrobots.”! Magnetic field driv-
ing modes of microrobots can be divided into three types: rotating
magnetic field,*® gradient magnetic field*® and oscillating mag-
netic field.* These magnetic actuation methods have been proven
to be safe and efficient, and it can drive the magnetic microrobots
to accurately reach the target position through controllable
actuation.”>”® Based on the aforementioned controllable actua-
tion of the microrobots and various model analyses for the
transport of druggable particles in the microvasculature,”® it
is possible to realize the targeted drug delivery of the capsule
microrobot in the blood vessel by magnetic actuation.
Compared with the random diffusion method of traditional
drug injection for cardiovascular disease treatment, the mani-
pulation of the capsule microrobots in a liquid environment
inside the vessel would be more flexible. However, the current
research on capsule microrobots mainly focuses on the drug
loading performance, drug release mode, and performance
studies on various single magnetic field systems.**”>* The fabri-
cation mechanism, repetitive fabrication, and size controllability
of the capsule microrobot with different shapes and sizes still
need to be studied in depth. In addition, the complexity, high
cost, and difficulty in manipulation of the microrobot actuating
device and actuating mode also need to be improved.****
Here, we conducted an in-depth study focusing on the above
issues. A three coaxial microfluidic chip is designed and con-
structed for this purpose. In depth, the fabrication mechanism,
size controllability, and reproducible fabrication of different
shaped and sized capsule microrobots in microfluidic chips are
studied, and the plug, bullet, and droplet flows occurring
during the formation of the capsule microrobots are simulated
and analyzed. To guarantee the operation of the capsule
microrobot, a facile, low-cost, and user-friendly three degrees
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of freedom magnetic driven system is built, and the performance
of the magnetic driven system is simulated and analyzed.
In order to verify the feasibility of targeted drug delivery of the
capsule microrobot in blood vessels, the motion process of the
capsule microrobot in the blood vessel microchannel is simu-
lated, the relationship between the motion performance of the
capsule microrobot and magnetic field is studied, and the
obstacle crossing ability of capsule microrobot under the control
of this system is analyzed. Finally, an experiment is conducted to
verify the above research. Compared with rigid capsule micro-
robots reported for drug transport in the gastrointestinal
tract,>>*® our capsule microrobots are easier to prepare, cost
less and due to the use of biocompatible materials, cause less
damage to human tissues due to the use of biocompatible
materials. Compared with capsule microrobots that use the
same materials for drug delivery,”*® our capsule microrobots
will have lower cost, higher responsive sensitivity, good motion
efficiency and maneuverability. Fig. 1 shows the schematic
diagram of the capsule microrobot achieving drug targeting in
blood vessels. After the capsule microrobot is prepared by a triaxial
microfluidic chip, it is injected intravenously with a syringe, and
targeted drug delivery is carried out in blood vessels through an
external magnetic field.

2 Experimental section
2.1 Materials

Deionized water is purified using a purifier. Mineral oil, span 80,
glacial acetic acid, and CaCl, are purchased from Shanghai
Sinopharm Group Chemical Reagent Co., Ltd. Fe;O, nanoparticle
is purchased from the Suzhou Beasley New Material Co., Ltd.

Mineral oil/span80/acetic acid

Drug
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Capsule microrobots

Motion direction of capsule
microrobots

Angular rolling velocity

_'?._ ;2 -
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Fig. 1 Schematic of targeted drug delivery by capsule microrobots in blood vessels.
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Sodium alginate is purchased from the Tianjin Fuchen Chemical
Factory and CaCO; is purchased from the Wuxi Yatai United
Chemical Co., Ltd. Indomethacin is purchased from Sinopharm
Chemical Reagent Co., LTD.

2.2 Preparation of microfluidic chips

The microfluidic chip uses capillary glass tubes as the main
material, and the glass tubes are nested within each other to form
several microchannels. The core of the device is a three-coaxial
structure, which can generate the core-shell droplet in one step.
Two glass tubes with an inner diameter of 0.2 mm, an outer
diameter of 0.3 mm and an inner diameter of 0.9 mm, an outer
diameter of 1.1 mm are pulled off by using a PC-100 multifunc-
tional tensioner, and sharp points are produced. The sharp points
are sanded until the aperture remained around 300 um for the
introduction of internal and medium phase solutions of micro-
fluidic chips. Another glass tube with an inner diameter of 1.8 mm
and an outer diameter of 2 mm is used for the introduction of the
external phase solution of the microfluidic chip without any
treatment. In the case of ensuring that the three glass tubes are
coaxial, they are fixed on the PMMA plastic sheet using adhesive.
The glass tube used for the external phase input needs to extend
10 mm compared to the plastic sheet to facilitate solution collec-
tion. Finally, an adhesive is used to bond the pipette head to the
three glass tube input ends for easy connection of the flow pump.

2.3 Construction of the magnetic drive system

In order to realize the transportation of the capsule microrobot,
a coil system with three degrees of freedom (two X-axis coils,
two Y-axis coils, and two Z-axis coils with a diameter of
0.35 mm) is established. The drive hardware of the coil system
consists of the system controller motherboard and a coil drive
board and a DC power supply (Fig. 2(a)). The main controller
uses a STM32F103ZET6 control chip, mainly using PWM, IO,
software timer, UART module and other system resources. The
bottom layer of the system is designed and communicated by
FreeRTOS, an embedded real-time operating system. The output
of PWM will be interrupted by the software timer in the main
controller to generate a control signal, and then the IR2104 will
control the on-off of the MOS tube IRF3205 to drive the electro-
magnetic coil. The camera on the top of the coil can collect the
real-time motion image of the capsule microrobots and send it
back to the main controller screen. Artificial control of capsule
microrobots speed and direction will be allowed by screen
mapping. The current of the three axial coils is provided by an
external adjustable power supply, and the current magnitude,
direction and frequency can be precisely controlled by control-
ling the PWM duty cycle. The components of the magnetic field
on each axis can be adjusted by an electric current and generate
spatially uniform magnetic fields as needed.

2.4 Design of propulsion experiment for capsule microrobots

To characterize the movement behavior of the capsule microrobots
in the blood vessel, the capsule microrobots are dispersed in a
plastic container (30 mm x 30 mm Xx 20 mm) made of PMMA,
which is placed in the center of the platform. The container is
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(a Controller STM32F1

Fig. 2 (a) Schematic of magnetic drive system connection. (b) Schematic
of simulated transport by the capsule microrobots.

carved with simulated vascular microchannels at the bottom and
filled with CaCl, solution (Fig. 2(b)). The main controller and coil
are used to apply a suitable rotating magnetic field, and the OV7725
camera continuously records the movement. After extracting the
image, the movement speed of the capsule microrobots can be
accurately calculated according to the distance it moves in a certain
time. In addition, in order to simulate, as much as possible, the
obstruction encountered by the movement of the capsule micro-
robots in the blood vessel, an epoxy adhesive is used to set up a
raised barrier at the bottom of the container. And based on the
analysis of the advance process of capsule microrobots, the ability
to accurately locate and overcome obstacles is tested.

3 Results and discussion
3.1 Preparation process of capsule microrobots

Calcium alginate hydrogel is widely used in the field of drug
encapsulation and tissue engineering due to its spherical
shape, small size, and low cost. The magnetic hydrogel based
on calcium alginate not only has good biocompatibility, but
also can respond to the changes in the external magnetic field.
From the perspective of application scenarios, it is the most
suitable for drug targeting.
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Fig. 3 Schematic of the preparation process of capsule microrobots.

Fig. 3 shows the preparation process of capsule microrobots
(see Video S1, ESIT). Three syringe pumps and syringes are used
in the experiment. Indomethacin drug solution (0.3%(w/v)) is
injected into the microchannel of the core layer, mixed solu-
tions containing sodium alginate solution (1%(w/v)), CaCOs
solution (0.5%(w/v)) and magnetic particles (2.5%(w/v)) are
injected into the microchannel of the middle layer, and mixed
solutions containing Span 80 (5%(v/v)), mineral oil (5%(v/v))
and glacial acetic acid (1%(v/v)) are injected into the gel phase
of the shell layer. At the outlet of the microchannels in the
inner core layer and the middle layer, the dispersed phase
solution will break and form droplets due to the action of
surface tension and shear force (relatively, the inner side is the
dispersed phase and the outer side is the continuous phase).
The surface tension determines the formation of droplets, and the
shear force determines the fracture of the dispersed phase solution.
The magnitude of the shear force is determined by the ratio Ry of
the flow rate of the continuous phase (Q.) and the flow rate of the
dispersed phase Qg, and R, also determines the size and shape of
the droplets. In the microfluidic chip, the plug flow phase, bullet
flow phase and droplet phase can be formed in the microchannel
by adjusting the ratio of two-phase flow velocity. The dynamic
simulation of the two-phase flow of fluid in the pipe (only at the
junction of the intermediate and outer layers, with the same
interface principle) was performed using COMSOL multiphysics
software (Fig. 4(a)). The fluid dynamics field in the microchannel is

(a) (b)

W Plug Flow

Bullet Flow

Droplet Flow

Fig. 4 (a) Simulated diagrams of three flow phases: plug phase, bullet phase
and droplet phase in the microfluidic chip. (b) Experimental diagrams of three
flow phases: plug phase, bullet phase and droplet phase in the microfluidic chip.
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solved by the incompressible N-S equation.

P p(v- V) =V [pl (T + (V)] H (1)

Vv=0 (2)

Where p is the density of the fluid, v is the flow velocity field,
p is the pressure of the fluid, I is the unit diagonal matrix, # is
the dynamic viscosity, and Fy is the surface tension. The phase
field interface uses the following equation:

%¢+v Vo =V- (Mw) 3)
Ofext
0

where ¢ is the phase field variable, / is the mixed energy density, y
is the mobility (y = y?, y is the migration adjustment coefficient), &
is the capillary density, ¢ is the phase field cofactor, and f is the
external free energy. The density and viscosity properties of a fluid
are controlled by the following equation:

V¢ = min (max( {@] , 0), 1) (5)

p=pct(pa— pIVe (6)
1= pie + (pa — p)Vef )

where p. and pq, f. and up are the density and viscosity of the
continuous and dispersed phase fluids respectively.

When R is large, a droplet is formed, and when R is small, a
plug flow is formed. Fig. 4a(i) shows when the Q4 constant and Q.
increase from zero, because the flow rate of the continuous phase
at this time is not enough to completely break the binding of the
viscous force on the dispersed phase solution, and the rapid gel of
sodium alginate solution and Ca*, the microchannel will be
completely blocked. When Q. continues to increase, the inner
solution begins to show fracture and the blockage appears
broken, but at this point, it is still a plug flow (Fig. 4a(ii)). When

0 == 29p+ (¢ - Do+ (5 ) (@)
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Q. increases to a certain value (Q. > Qq), the blockage disappears
and forms bullet-shaped droplets (Fig. 4a(iii)). When Q. continues
to increase, the fracture situation intensifies, ultimately forming
spherical droplets in the periodic competition between the vis-
cous force and surface tension (Fig. 4a(iv)). Fig. 4(b) shows the
experimental results. When Q. = 0, the microfluidic chip is
blocked (Fig. 4b(i)). When Q. = 0.5Qq4, the blockage broke
(Fig. 4b(ii)). When Q. = Qq, a bullet-shaped capsule microrobot
is generated in the microfluidic chip. When Q. = 1.5Qq, a spherical
capsule microrobot is generated within the microfluidic chip. The
simulation diagram corresponds to the experimental result dia-
gram one by one, with a high degree of consistency.

The four processes of droplet generation in the microchannel
are simulated in Fig. 5a(i-iv) (droplet will generate capsule
microrobots after the gel reaction), and at the same time, a series
of studies on the influence of the flow rate ratio Ry of the two-
phase solution on the shape and size of the droplets are con-
ducted. In the experiment, Qq is maintained at 0.2 mL min~?,
when 0 mL min~! < Q. < 0.15mL min ™' (0 < Ry <0.75), due to
the rapid gel reaction of the outermost layer, a stable plug flow
will be formed, and this process will cause blockage in the device.
When 0.15 mLmin™' < Q. < 0.32mLmin "' (0.75 < Rq < 1.65),
the blockage appears to break, and monodisperse bullet-shaped
capsules are formed after the gel. When 0.32 mL min~' < Q. <
2 mL min~' (1.65 < Ry < 10), the flow rate increased and the
shear force increased, forming spherical capsule microrobots
under the action of surface tension. However, it is worth noting
that when the flow rate of the external phase increases to a certain
value, the droplets are rapidly generated before the gel reaction

F— L4 -o- Capsule microrobot radius
5004 .
— Fitting curve
450 °
Plug Flow
4009 Bullet Flow

Droplet Flow

300
250+
o ©0
200
150 TT T T T 1
0 6 8 10

Fig. 5 (a) Simulation diagram of the formation process of spherical
droplets. (b) The relationship curves of three flow phases and the size of
capsule microrobot with different R,

This journal is © The Royal Society of Chemistry 2023
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begins, and it is easy for two capsules to adhere to each other.
Fig. 5(b) depicts the relationship between the flow rate ratio and
the capsule radius and the fitting curve of the spherical capsule
microrobots (Rgq = 669.1472 — 92.7771x + 4.8577x%), which shows
that the size of the spherical capsule microrobots can be realized
by the adjustment of the flow rate as required.Fig. 6 shows the
capsule microrobots actually prepared using themicrofluidic chip.
Fig. 6(i) and (ii) respectively show the capsule microrobots pre-
pared when Q, is 2 mL min~" and 4 mL min . It can be seen that
when the continuous phase flow rate exceeds a certain value, the
shape of the capsule microrobots will gradually change from
spherical to irregular multi-core shape. Fig. 6(iii) shows the
capsule microrobots with a diameter of 460 pm (flow rate of
0.01 mL min~" for the core layer, 0.1 mL min~ " for the middle
layer, and 1 mL min " for the shell layer). Fig. 6(iv) is the structure
diagram of the capsule microrobots. In addition, comparisons
were made with reported microfluidic devices and preparation
techniques, which are listed in Table 1. From previous studies in
Table tbl:examplel, it can be seen that although the T-shaped
microfluidic device adopted by W. Chen et al. (2021)*° could be
generated at a low cost, the hydrogel microspheres prepared were
large in size, low in surface quality, and employed a more complex
soft lithography process. K. Enck et al. (2020)*° could prepare
hydrogel microspheres of a smaller size and higher surface
quality, but they used the laser cutting process, resulting in a
higher cost. Z. Chen et al. (2022)*° used a similar method to the
one used in this experiment, but it used mechanical processing
technology, making the operation more complex. E. Um et al.
(2008)** and M.-H. Wu et al. (2010)** were able to prepare smaller
hydrogel microspheres using a double T-shaped microfluidic
device, but the soft lithography process used made the operation
more complex and costly. Similarly Y. Morimoto et al. (2009)** and
Q. Zhang et al. (2019)** and H. Shieh et al. (2021)*> have used
different microfluidic devices, but all had high costs and complex
manufacturing processes. The results show that the triaxial
microfluidic chip designed by us can meet the requirements of
high surface quality and low cost, and greatly reduce the complex-
ity of the manufacturing process. The dimensional accuracy can

500um
Fig. 6 (i) Monodisperse spherical capsule microrobots. (i) Irregular multi-

core shaped capsule microrobots. (iii) Capsule microrobots with a dia-
meter of 460 um. (iv) Schematic of the capsule microrobots structure.
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Table 1 Performance comparison of different microfluidic devices based on the preparation of hydrogel microspheres with different sizes

Microfluidic devices Study Dimensional accuracy Surface quality Manufacturing technology Cost
T-shape W. Chen et al. (2021) 7.5-20 mm Low Soft lithography Low
K. Enck et al. (2020) 80-100 um High Laser cutting High
Double coaxial Z. Chen et al. (2022) 100-350 pm High Machining Low
Double T-shaped E. Um et al. (2008) 40-100 pm High Soft lithography High
M.-H. Wu et al.(2010) 150-370 pm Low Soft lithography High
Axial symmetry Y. Morimoto et al. (2009) 59-207 pm High Stereo lithography High
Q. Zhang et al. (2019) 44-93 pm High Soft lithography High
Combination shape H. Shieh et al.(2021) 92-195 pm High Soft lithography High

be achieved by adjusting the size of the glass tube in the micro-
fluidic equipment. The chip we designed can prepare drug-loaded
capsule microrobots with good surface quality and high internal
uniformity. The size and shape of the capsule microrobot can be
adjusted by adjusting the ratio of the two-phase flow rates and can
be prepared in bulk by this microfluidic chip.

3.2 Performance of the magnetic actuation system

The developed magnetic drive system outputs the control
voltage through the coil drive board (Fig. 7(a). The coil drive
circuit consists of MOSFET, IR2104 and other switch compo-
nents, which greatly reduces the complexity and cost of the
drive system. The system uses a charged cylindrical coil to
generate a magnetic field, and different magnetic fields can be
applied by controlling the voltage. The constructed coil device
is shown in Fig. 7(b). The magnetic drive system uses Sine PWM
to generate a controllable sinusoidal voltage (Fig. 7(c)), and the
amplitude of the sinusoidal voltage can be adjusted by adjust-
ing the duty cycle of the square wave. Fig. 7(d) and (e) show the
sinusoidal voltage of 0.4 Hz and 111 Hz output by the magnetic
drive system. The frequency of sinusoidal voltage can be con-
tinuously adjusted from 0 to 111 Hz with an oscilloscope. At the
same time, the peak sinusoidal voltage output by the magnetic
drive system can be controlled by an external DC power supply.

In order to ensure the uniformity of the magnetic field in the
device, the magnetic field distribution is simulated using
COMSOL MultiPhysics software based on the established mag-
netic drive system. In Fig. 8(a-d), the magnetic flux density
surface maps of three pairs of orthogonal coils under a certain
voltage are given respectively. When the voltages of 12 V
(Fig. 8(a)), 24 V (Fig. 8(b)) and 36 V (Fig. 8(c)) are applied, the
three pairs of coils can produce magnetic fluxes of about 9 m7,
15 mT and 20 mT along the X, Y and Z directions, respectively.
And when the voltage of 24 V (Fig. 8(d)) is applied to the two
pairs of coils along the X and Z directions, a magnetic flux
of about 25 mT along the 45° direction will be generated on the
X-Z plane. In addition, the magnetic induction line in the
simulation diagram shows a high uniformity of magnetic field
intensity in the central region. To further verify the uniformity
of the magnetic field, we used a Gauss meter to measure the
magnetic field intensity in the central region under different
voltages. The measurement results showed that at 12 V voltage,
the coil can generate a magnetic field intensity of 8.2 mT;
at 24 V voltage, the coil can generate a magnetic field intensity
of 14.4 mT; and at a voltage of 36 V, the coil can generate a

6100 | J Mater. Chem. B, 2023, 11, 6095-6105
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Fig. 7 (a) Schematic of the coil drive plate. (b) Schematic diagram of the
coil device. (c) Schematic of the Sine PWM. (d) A sine wave at 0.4 Hz
microcapsules. (e) A sine wave at 111Hz microcapsules.

magnetic field intensity of 15.8 mT. After multiple measurements,
the high uniformity of the magnetic field in the central region was
confirmed, and the variation in the magnetic field intensity in the
area wrapped by the coil was less than 3%. Because the coil is
controlled by voltage, excessive heat loss will be generated when
power is applied for a long time or the current is too large, which
may be the main reason for the large difference between the
measured value and the theoretical value. Therefore, it is neces-
sary to limit the voltage, current and power-on time in the
experiment.

In addition, we compare the reported systems in Table 2,
where the orthogonal coil drive system established by C. Chen
et al. (2019),*® despite its low system complexity and cost,
required constant changes in routing algorithms. S. Yu et al
(2019)*” and Q. Fu et al. (2018)*® used the three-axis Helmholtz

This journal is © The Royal Society of Chemistry 2023
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(@)

Fig. 8 (a) Magnetic field simulation results of the coil pairs in the Y
direction (12 V). (b) Magnetic field simulation results of the coil pairs in
the X direction(24 V). (c) Magnetic field simulation results of the coil pairs in
the Z direction (36 V). (d) Magnetic field simulation results of the coil pair
in the X-Z direction (24 V).

coil as the driving system, which had high system operability
and low system complexity, but the system cost is expensive. M.
P. Kummer et al. (2010)*® and S Schuerle et al. (2013)*° and ]
Nam et al. (2018)*° all adopted multiple -degree of freedom drive
systems, which required a plethora of coils. Moreover, due to the
complex coupling behavior between magnetic fields, modeling
and analysis are often required, so the feasibility of this system is
relatively low. The results indicate that our system based on
embedded development has lower complexity compared to the
magnetic drive systems reported in Table 2. The use of keys for
remote-control makes the system more operable. And the com-
ponents we use greatly reduce system costs.

3.3 Magnetic actuation and motion control of capsule
microrobots

In human blood vessels, although the Reynolds number near the
peak of the aortic root or cardiac systole is often greater than 2100,
most of them are in a low Reynolds number environment under
normal conditions. Meanwhile, on the micron scale, low environ-
ments typically dominate. Therefore, when the blood flow in the
blood vessel is assumed to be at a low Reynolds number, the
viscous force will dominate the targeted delivery of drugs, and
the inertial force can be ignored. This means that if a continuous
force is applied to the capsule microrobots through an external

Table 2 A comparison of the feasibility of magnetic drive systems
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magnetic field, it will be driven forward continuously on the
plane. It also means that the speed and direction of the capsule
microrobots can be changed simply by changing the magnitude,
direction and frequency of the magnetic field force. Since the
spherical capsule microrobots are driven by a rotating magnetic
field, when the magnetic field direction after the magnetization of
the magnetic medium is aligned with the external magnetic field,
the rotating magnetic field will drive the capsule microrobots to
roll. The magnetic induction intensity B in capsule microrobots
can be obtained by the following equation:

B = pio(H + M) (8)
M=y xH 9)

where p, is the vacuum permeability, H is the external magnetic
field strength, M is the magnetic field strength generated by the
magnetization of the medium by H, and is the magnetic
susceptibility. Magnetic objects in the rotating magnetic field
are not only affected by the magnetic force but also by the
magnetic torque. The magnetic force tends to make the object
move along the large magnetic field gradient, and the magnetic
torque tends to align the magnetization direction of the object
with the direction of the external magnetic field. The magnetic
force Fy,, and magnetic torque m of capsule microrobots can be
determined by the following equation:

Fn = m(M'v)B [10)
T = V,uMB (11)

where V,, is the volume of the capsule microrobots. Since the
magnetic field in the coil wrapped area is a uniform field, the
magnetic torque 7,, will dominate and the magnetic force F,,
will be ignored.

According to the driving principle of capsule microrobots,
Fig. 9(a) shows the experimental situation where a single
capsule microrobot can be freely propelled along different
trajectory directions under the control of a rotating magnetic
field (see Video S2, ESIT). The ellipse in the figure represents
the rotation direction of the rotating magnetic field, the black
arrow represents the movement direction of the capsule micro-
robot, and the red arrow represents the movement trajectory of
the capsule microrobot. The direction, size and frequency of
the rotating magnetic field are all controlled by manually
adjusting the duty cycle size and interruption time of the
PWM wave. By adjusting the magnetic field, the capsule micro-
robots are able to roll flexibly in the operating area. In addition,
when the direction of the rotating magnetic field changes

Coil type Study System complexity System costs System operability Magnetic field type
Air core type C. Chen et al. (2019) Low Low Low Oscillating

S. Yu et al. (2019) Low High High rotating

Q. Fu et al. (2018) Low High High rotating
Iron core type M. P. Kummer et al. High High Low Nonlinear

S. Schuerl et al. (2013) High High Low Nonlinear

J. Nam et al. (2018) High High Low Combinatorial

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 (a and b) Time-shifted images of capsule microrobots in CaCl, solution under a controlled rotating magnetic field. (a) Trapezoidal trajectory. (b)

Circular trajectory.

according to the tangent of the unit circle, as shown in Fig. 9(b),
the capsule microrobots can be driven on a circle-like track
(rotation frequency 0.2 Hz, rotation angular speed 1.26 rad s %)
(see video S3, ESIt). In order to realize the propulsion of
capsule microrobots in this way, it is necessary to control the
magnetic field components of the three axes in the magnetic
actuation system, as follows:

B, = ABocos(21fit) (12)
By = /,B, cos(2nft) (13)
B, = B, sin(2nfit) (14)
WA =1 (15)
tan0 = f—i (16)

where A, and /, are the magnetic field adjustment coefficients
in the X and Y directions, respectively. The values can be finely
adjusted by adjusting the duty cycle of the PWM wave, which is
mainly used to control the rotation direction of the rotating
magnetic field in the x-y plane. The angle is determined by 6,
and f; is the frequency of the rotating magnetic field. Based on
this control method, arbitrary rolling and smooth steering of
capsule microrobots on a plane are achieved. The experimental
results show that the capsule microrobots can operate freely
under the developed magnetic drive system, and the response
delay time is almost 0.0 s.

3.4 Motion performance of capsule microrobots

Speed and targeting accuracy of capsule microrobots will be key
factors for patients to receive effective treatment. To better
simulate the motion performance of the capsule microrobots in
blood vessels, the kinetic properties at different frequencies,
field strengths and motion regimes are investigated. The cap-
sule microrobots are dispersed in a square container full of
CacCl, solution, and the smooth PMMA plate is bonded by the

6102 | J Mater. Chem. B, 2023, 11, 6095-6105

epoxy resin to form the monolithic pattern of the container,
which is driven under a rotating magnetic field (H(t) = Hg
[/ cos(wrt)e, + 1, cos(wrt)ey, + sin(wgt)e,]) in the X-Y plane. Hy is
the size of the rotating magnetic field, wr is the angular
frequency of the rotating magnetic field. The magnetic torque
Tm = Ho(m X Hg) the capsule microrobots to roll at an average
angular velocity w. Fig. 10 shows the force of the capsule
microrobots moving along the smooth plane driven by the
x-z rotating magnetic field. The rotational motion of capsule
microrobots not only generates the friction force forward F, but
also the resistance force backward F4 and the liquid resistance
moment 1.

When approaching the bottom plane, the increase of the
viscosity of the capsule microrobots on the solid surface will
lead to the increase of the friction force, and the liquid
resistance moment will be balanced by the magnetic torque
7,,. The unbalanced resistance in the forward direction is the
fundamental cause of the rolling of the capsule microrobots on
the substrate. And when the angular velocity w(2nf) is lower
than the out-of-step angular velocity ws(2nf;), the capsule
microrobots will rotate synchronously with the magnetic field
and reach the peak at wg. When o is higher than the out-of-step
angular velocity ws, the capsule microrobots will no longer

Y

S
Container base

Fig. 10 Force analysis of capsule microrobots on a smooth surface.

This journal is © The Royal Society of Chemistry 2023
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synchronize with the rotating magnetic field due to the sharp
increase in the viscous drag moment. Fig. 11(a) shows the
variation trend of the motion velocity of capsule microrobots
under different magnetic field intensities and frequencies.
When a certain magnetic field intensity is applied, the advance
speed of the capsule microrobots will increase linearly with
the increase of frequency. When the magnetic field strength
is 8.2 mT (supply voltage 12 V), the out of step frequency of the
capsule microrobots is 2 Hz (12.57 rad s~ ') and reaches the
maximum rolling speed of 2353 um s~ '. When the magnetic
field strength is 14.4 mT (24 V), the out of step frequency of the
capsule microrobots is 2.4 Hz (15.08 rad s~ ') and reaches the
maximum rolling speed of 3077 um s~ '. When the magnetic
field strength is 16.3 mT (36 V), the out of step frequency of the
capsule microrobots is 2.6 Hz (16.34 rad s~ ') and reaches the
maximum rolling speed of 3418 um s~ '. With the further
increase of frequency (v > wy), the rolling speed of the capsule
microrobots begin to decrease and the phenomenon of jitter
appeared. It is worth noting that with the doubling of the input
voltage of the coil, the intensity of the magnetic field and the
out-of-step frequency of the capsule microrobots did not double,
but tended to slow down with the increase of the voltage
(Fig. 11(b)). The reason may be that the diameter of the coil

~
N

3500
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0 30007 = 14.4mT
= 25009 - 15.8mT
o
= 2000+
1S
‘5 1500+
=
8 1000+
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~ - Magnetic field strength
£ — Quadratic polynomial fitt
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c
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=
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0 10 20 30
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Fig. 11 (a) The relationship between the moving speed v and the driving
frequency f of the capsule microrotor under a rotating magnetic field in
the x—z plane. (b) The relationship between the strength of the magnetic
field generated by a coil and the voltage in a control system at room
temperature.
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Fig. 12 (a) The shape and size of the obstacle. (b) Force analysis of
capsule microrobots during obstacle crossing (base friction F¢, slope
friction F,, and fluid pressure Fp).

affects the size of the magnetic field produced by the coil, which
limits the threshold of the coil current and causes the coil to
overheat. These results show that the capsule microrobot has a
very high moving speed in a low Reynolds number environment,
and can reach a moving speed of 800 um s~ ' at a low frequency
of 0.4 Hz, and the speed can be continuously adjusted by
controlling the frequency of the magnetic field. In addition,
the strength of the magnetic field can be adjusted by voltage to
accommodate liquid environments with different resistances.
Meanwhile to further simulate the actual motion state of
capsule microrobots in blood vessels, the laser sculpting tech-
nique and epoxy adhesive are used to construct simulated
transport channels and obstacles on the basis of the vessel.
The overall channel is M type, 2 mm wide and 90°-180° bends
are set in the middle, continuous barrier height of 1000 pm and
30°-45° slope (Fig. 12(a)). From the force analysis during the
barrier-crossing process of the capsule microrobots (Fig. 12(b)),
it is known that rotation during its advancing process results in
an uneven flow of fluid, which in turn leads to an increase in
the pressure difference between the upper and lower pressure
of the capsule microrobots during its movement. Therefore,
under the joint action of the base friction Fy, the slope friction
Fg, and the fluid pressure Fj,, the capsule microrobots success-
fully crossed the obstacle. Fig. 13 and Fig. 14 respectively show
the time-shift images of the capsule microrobots passing
through the microchannel (see Video S4, ESIt) and successfully
climbing over obstacles (see Video S5, ESIt) by rolling under the
magnetic field of 14 m7 and 2.4 Hz. In addition, as shown in
Fig. 15, we also studied the influence of the magnetic powder
content on the motion behavior of the capsule microrobots.
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Fig. 13 Time-shifted images of capsule microrobots targeting delivery in simulated vascular microchannels.
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Fig. 14 Time-shifted images of capsule microrobots crossing obstacles.
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Fig. 15 Motion performance of capsule microrobots with different mag-
netic particle contents.

As can be seen from the figure, with the increase of the magnetic
powder content, the maximum forward speed, the fastest climb-
ing speed and out-of-step frequency of the capsule microrobots all
increased, but the increasing trend gradually slowed down. It is
speculated that the magnetic powder content in the capsule
microrobots of the current size has reached saturation. Therefore,
controlling the magnetic powder content will effectively improve
the motion behavior of the capsule microrobots. The experi-
mental results show that the capsule microrobots can reach the
destination accurately along the predetermined trajectory in the
low Reynolds number environment, and has the ability to climb
over a single large obstacle and continuously over multiple
obstacles.

6104 | J Mater. Chem. B, 2023, 11, 6095-6105

4 Conclusions

In this study, a hydrogel-based capsule microrobot is prepared
from a three-coaxial microfluidic chip, with adjustable size
ranging from 230 pm to 530 pm and driven by a developed
three degree of freedom magnetic drive system. The formation
mechanism of three phases: plug phase, bullet phase and
droplet phase, which occur in the preparation of capsule
microrobots is modeled and analyzed. The results show that
the size and shape of the capsule microrobots can be easily
controlled by adjusting the flow rate ratio of two phases in the
microfluidic chip, and the prepared capsule microrobots
have good surface quality and sensitive magnetic response.
In addition, the developed three degrees of freedom magneti-
cally driven system can produce an effective driving magnetic
field. The simulation and analysis results show that the system
can generate a uniform flux density in the operating area of
30 mm x 30 mm x 20 mm, and the magnetic field frequency is
continuously adjustable from 0 to 111 Hz. Moreover, the coil
drive circuit in the system is composed of MOSFET, IR2104 and
other switch components, which greatly reduces the complexity
and cost of the drive system. In order to verify the feasibility of
targeted drug delivery of the capsule microrobot in the blood
vessel, the motion process of the capsule microrobots in the
blood vessel microchannel is simulated, the relationship
between the motion performance of the capsule microrobots
and the magnetic field is studied, and the dynamic perfor-
mance of the capsule microrobot during the movement process
is analyzed. The experimental results show that in the simu-
lated vascular microchannel, the capsule microrobot can reach
the destination along the predetermined trajectory, and has a
high speed of 3077 um s~ and can continuously climb over a
high 1000 um 30°-45° slope obstacle under a magnetic field of
2.4 Hz and 14.4 m7. The capsule microrobots have the char-
acteristics of easy preparation, low cost, sensitive response,
and precise positioning, which is expected to become a new
tool for intravascular drug targeting and expand the application
of microrobots in the biomedical field. Future work will use
the above methods for automatic navigation and drug delivery
of capsule microrobots.
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