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A Convoy of Magnetic Millirobots Transports Endoscopic
Instruments for Minimally-Invasive Surgery

Moonkwang Jeong, Xiangzhou Tan, Felix Fischer, and Tian Qiu*

Small-scale robots offer significant potential in minimally invasive medical
procedures. Due to the nature of soft biological tissues, however, robots are
exposed to complex environments with various challenges in locomotion,
which is essential to overcome for useful medical tasks. A single mini-robot
often provides insufficient force on slippery biological surfaces to carry
medical instruments, such as a fluid catheter or an electrical wire. Here, for
the first time, a team of millirobots (TrainBot) is reported to generate around
two times higher actuating force than a TrainBot unit by forming a convoy to
collaboratively carry long and heavy cargos. The feet of each unit are
optimized to increase the propulsive force around three times so that it can
effectively crawl on slippery biological surfaces. A human-scale permanent
magnetic set-up is developed to wirelessly actuate and control the TrainBot to
transport heavy and lengthy loads through narrow biological lumens, such as
the intestine and the bile duct. The first electrocauterization performed by the
TrainBot is demonstrated to relieve a biliary obstruction and open a tunnel for
fluid drainage and drug delivery. The developed technology sheds light on the
collaborative strategy of small-scale robots for future minimally invasive

sensing, and microsurgery.'*| However, a
single robot at small scale often gener-
ates insufficient force to perform useful
minimally-invasive surgical procedures, for
instance, to deploy a long and thin catheter
for drainage or drug delivery, or to resect
soft tissues and open up a stricture. Mini-
mally invasive medical procedures often re-
quire a long tube for fluid transportation,
for example, the drainage of biological flu-
ids and the administration of drugs; or an
electric electrode connected with wires for
electrocautery procedures. These tubes or
wires are often in the size range of 2-13 mm
in diameter and over half a meter long,
which are too long and too heavy to be car-
ried by a TrainBot unit. To the best of our
knowledge, it has not been shown that a
team of millimeter-scale wireless robots can
cooperate and transport an endoscopic in-
strument to perform a minimally invasive

surgical procedures.

1. Introduction

Small-scale robots have shown their great potential for biomed-
ical applications, for example, for targeted drug delivery,

surgical task.

Robots designed and developed in dif-
ferent sizes from nano- to centimeter-
scale for surgical tasks have been reported

including a nano-scale robot that can penetrate the vitreous body
of the eye for drug delivery,* a tadpole-likel®! and a snake-like
magnetic micrometer-scale robots swarm!®! that can swim in a
fluid, a millimeter-scale soft catheter for endovascular surgery!”!
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and for minimally invasive bioprinting,!®! a centimeter-scale teth-
ered robot for navigating in a silicone-based phantom!®! and a
porcine colon (ex vivo).['% Recent advances have shown small-
scale robots that can overcome many challenges existing in real
biological environments. For example, in the human body, robots
need to crawl on a slippery surface of soft tissue covered by
mucus.'" It is a much more challenging task, as the friction is
notlarge enough to support the forward motion and it often leads
to a slip motion!'*!*] that restricts the overall actuating force of
the small-scale robots. Previous studies show that surface chem-
istry increases friction!'3! and multiple legs help a robot to main-
tain its position.!'*1>1¢] In addition to that, crawling is a widely
adopted mechanism for millimeter-scale wireless robots to loco-
mote on biological tissues,['*178] on a hard substratel'®l and in a
microchannel filled with silicone 0il.2%l However, optimization of
the robots’ legs or feet has not been performed to generate higher
actuating force as well as a grouping of the single robots. Second,
biological soft tissues covered with a layer of interfacial fluid of-
ten exhibit slippery surfaces because the layer acts as a lubricant,
which is a major obstacle to tissue adhesion.['?] For instance, the
mucus layer in rats is observed up to 940 um in thickness.[?!]
Moreover, it has not been reported that a team of millirobots can
work synergistically to transport endoscopic instruments. Here,
in this paper, we develop a convoy of millirobots (TrainBot) with
optimized feet design to firmly anchor to the slippery biological
surface and provide an individual driving force with distributed
contact points on the surface, thus the team of robots offers a
larger overall forward propulsive force and a lower chance of be-
ing stuck at the slippery terrain. Lastly, it is difficult to generate
sufficient magnetic field strength for the wireless actuation of
the robots, while maintaining a large enough space to accommo-
date a human patient, as the magnetic field decays significantly
over distance.[??l Manipulation of small-scale robots is often per-
formed using electromagnetic coil set-ups,461319.2023-28] which
have high controllability but very limited working space.[?>3% In
contrast, permanent magnet arrays!'’-313* have larger accessible
volumes but are more difficult to design and control.[172930.35] Re.
cently, we reported an actuation set-up for the wireless actuation
of a single robot using an oscillating magnetic field to walk on
a slippery surface.l'’] In this work, we improved the magnetic
actuation set-up based on an array of three permanent magnets.
Our magnetic actuation setup does not require a complex control
mechanism and can simultaneously actuate multiple robots in a
relatively gradient-free large working volume. This capability en-
ables precise control of crawling using a rotating magnetic field
within a volume that could potentially accommodate a human
patient in the future.

Cholangiocarcinoma is one of the malignant tumors originat-
ing from the bile duct, with unacceptable high morbidity and
mortality.**] Bile duct obstruction is a common symptom for
those patients with cholangiocarcinoma, affecting approximately
30-50% of patients.”38] The obstruction in the bile duct blocks
the transportation of the bile juice from the liver to the gallblad-
der and the small intestine, which could lead to serious com-
plications, such as jaundice, cholangitis, multiple organ failure,
etc. Endoscopic retrograde cholangiopancreatography (ERCP) is
considered one of the first-line procedures for the diagnosis of
a biliary obstruction.**! A commercial clinical duodenoscope is
normally used during the ERCP procedures. The duodenoscope
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for single-use has 11.3-13.7 mm outer diameters and 1240 mm
working length with a working channel of 4.2 mm in diameter.[*?!
It is inserted through the upper digestive tract to the duodenum,
and then into the bile duct through the Ampulla of Vater (as illus-
trated in Figure 1a). However, the procedure is very difficult, if not
impossible, relying on the current endoscopic instrumentation to
reach the upper bile ducts. The main difficulty of the procedure is
the sharp physiological angle between the bile duct and the duo-
denum. Retrogradely pushing a flexible instrument, for example,
a catheter or an electric wire, through the bile duct is not feasi-
ble and may lead to the danger of tissue perforation.l*!*?] There-
fore, it will be of great benefit to the surgical procedure, if an
instrument can actively move instead of being passively pushed
through the bile duct.

Here, for the first time, we report a convoy of wirelessly driven
magnetic millirobots (TrainBot) that can transport endoscopic in-
struments, such as a cannula or an electrocautery tool, for mini-
mally invasive surgical procedures. Each TrainBot unitis 1.6 X 2
x 3.1 mm? in size, and a convoy of three TrainBot units can effec-
tively carry an endoscopic instrument that is 250 mm in length
and 70 mg in weight to crawl on the slippery and rough biologi-
cal surfaces of the intestine and the bile duct. The TrainBot unit’s
feet are optimized to anchor to the slippery interfaces to enable
effective locomotion and to follow complex trajectories. We show
that each TrainBot unit is actuated simultaneously by a rotating
magnetic field, and generates higher propulsive force due to the
increase of the feet-surface contact area. The convoy of the units
is able to controllably navigate in an ex vivo porcine bile duct, and
transport an electrocautery tool to perform the first electrocautery
surgery by the TrainBot. Our work sheds light on using a team
of millirobots to collaboratively transport an endoscopic instru-
ment through biological lumens for minimally invasive surgical
procedures.

2. Results and Discussion

2.1. TrainBot for Endoscopic Surgery in the Bile Duct

Figure 1a illustrates the endoscopic procedure enabled by the
TrainBot, that is, a group of TrainBot units connected via a flex-
ible instrument. An endoscope passes through the upper Gas-
trointestinal (GI) tract and reaches the duodenum. The TrainBot
is then inserted by pushing it through the endoscope’s tool chan-
nel into the bile duct via the Ampulla of Vater. Once inserted into
the bile duct, three units are simultaneously actuated by an exter-
nal rotating magnetic field. The TrainBot crawls forward and, in
the meantime, transports the long surgical instrument, for exam-
ple, an electric wire, to the target location, that is, a blockage at the
upper bile duct. The electrocautery device is activated to resect the
blocked soft tissue to create an opening for the subsequent pro-
cess. After the retrieval of the electrocautery instrument, Train-
Bot carries another instrument, for example, a catheter, again to
the target location for biliary juice drainage or local drug deliv-
ery. Figure 1b shows the enlarged view of the second TrainBot
unit and Figure 1c shows the rotational magnetic field (B) for
the actuation and the corresponding moving direction (v). The
magnetic field B is generated by an array of permanent magnets,
which consists of a pair of static magnets and a rotating magnet
(see details in the Section below and Figure 2).
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Figure 1. Schematic illustration of a TrainBot carrying a surgical instrument through the bile duct for an endoscopic procedure. a) Insertion of the
TrainBot via the tool channel of an endoscope, which reaches the duodenum through the upper Gastrointestinal (Gl) tract. In this case, the TrainBot
consists of three units articulated on a surgical instrument and carries the instrument toward the obstruction. An electrocautery tool is transported to
open up the obstruction, then a catheter is transported for fluid drainage and drug delivery. b) Enlarged view of a single TrainBot unit. c) External rotating
magnetic field B which drives and controls the TrainBot.
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Figure 2. The crawling of a TrainBot unit wirelessly driven by a magnetic actuation set-up. a) Schematic of the magnetic actuation set-up, which consists
of three magnets (two static and one rotating magnet). Three independent parameters (a, §, and @) control the locomotion of the TrainBot unit. The
center point of the workspace, where three center lines of each magnet are crossing, is defined as (0, 0, 0). TrainBot unit consists of three parts: an
actuator, a coupler, and feet. b,c) Simulation and experimental results of the crawling in a time series (@ = 90°—270°, shown as front-view and top-view,
respectively). All scale bars are 1 mm.

Adv. Sci. 2024, 2308382 2308382 (3 of 11) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

A ‘0 ‘Tr8ES61T

woxy

ZPIA £q T8EYOETOT SAPE/TO0T 0 1/10p/w0d" Kapim,

csdny) suonipuo)) pue sud, 9yl 39S *[§Z0T/SO/P1] uo Kreiqr aurjuQ £3iA ‘wn.

pue-suLia)/woo Ky

ASULDIT suowwo)) danear) d[qeatjdde ayy Aq PauILA0S a1e SA[ANIR YO 35N JO sa[NT Jof AIeIqr autuQ A3[IAN UO (Suony



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

Center
point

www.advancedscience.com

B ¢
B =—p,
5 2=
"]
c
5
5 09
o
E
g
=
-5 T )
0 180 360

Rotational angle, a (°)

100’/\/
50
°
B
< 0
-50 T )
0 180 360

Rotational angle, a (°)

Figure 3. Modeling and characterization of the driving magnetic field and TrainBot unit’'s motion. a) Schematic of the magnetic actuation set-up (modeled
as ideal dipoles) with a distance of w and h of 259.75 and 190.5 mm (center-to-center distance), respectively. During a full rotational cycle (0° < & <
360°), the superimposed magnetic field at the center point is analytically solved, and the magnitudes in three directions are shown in (b). Dots indicate
experimental results and solid lines indicate analytical solutions. c,d) Analytical solution for the azimuth (f) and elevation () angle of the external
magnetic field B during a full cycle. e) The moving path of the lifting spike of the TrainBot unit is plotted in isometric view at & = 180°, while a spike on

the other side is anchored on the ground.

2.2. Magnetic Actuation and Crawling of a Single TrainBot Unit

A TrainBot unit is actuated wirelessly with a customized mag-
netic actuation set-up, as shown in Figure 2a. The set-up con-
sists of a pair of two static magnets and one rotating magnet and
generates a rotating magnetic field on the surface of a virtual
cone over a full period (details in Figure 3). The space among
the three magnets is defined as the accessible volume (details in
Figure S1, Supporting Information), which is @ 50 cm x 28 cm,
large enough to accommodate a human patient in a prone posi-
tion. The central volume in the space is defined as the working
space, where the TrainBot can be actuated, which is ~45 x 45 x 45
mm? in size (where the substrate is shown in Figure 2a). The de-
tailed design of a TrainBot unit is shown in the enlarged view. It
comprises three components: two actuators (colored in red), one
coupler (yellow), and two feet with spikes (green). Two cylindri-
cal permanent magnets (actuators) are attached on each side of
a coupler with the magnetic moments aligned in the axial direc-
tion. Two non-magnetic feet, fabricated using Molybdenum due
to good biocompatibility and high Young’s modulus, are attached
to the two sides of the actuators. Each side is equipped with four
spikes to anchor to biological surfaces in all directions for navi-
gation in the complex geometry of the bile duct. A through-hole
is designed in the coupler for the insertion of the instrument and
the connection of multiple units (as shown in Figure 1a). The ac-
tuators and coupler are non-biocompatible but feet are biocom-
patible. One possible way for TrainBot to be biocompatible is a
thin-layer coating using a biocompatible polymer excluding the
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feet for better anchoring. However, the TrainBot is designed to be
retrieved after a surgical procedure.

The motion of the TrainBot unit is controlled by the magnetic
field B, defined by three independent parameters: «, §, and ¢
(Figure 2a). By changing the angle « of the rotating magnet, the
unit moves either forward or backward. The angle f controls the
crawling direction of the robot. The angle ¢ is defined as the pose
angle of the robot, which is determined by the distance between
the TrainBot unit and the rotating magnet.

The crawling of a TrainBot unit is shown in a sequence in
Figure 2b,c (also see Video S1, Supporting Information). Half of
the full cycle of the crawling (a = 90° to 270°) is split into steps ev-
ery 30° to illustrate the motion. The experimental results, shown
on the right side, align perfectly with the simulation in both the
front view and the top view, respectively. The rotation of the Train-
Bot unit follows the external rotating magnetic field. During a full
cycle, one foot anchors to a substrate while lifting the other foot,
and the TrainBot unit rotates its body with the rotating magnetic
field that results in a stride length either forward or backward.
The direction of the unit's magnetic moment is marked as the
blue arrow on the right side in the simulation results. The maxi-
mum angle ¢ . is defined as the TrainBot unit’s maximal pose
angle when o = 180° as shown in the fourth image. ¢ .. can be
adjusted by reconfiguring the magnetic actuation setup. In the
shown experimental setting, the static magnetic field has a flux
density of 4.7 mT and the rotating field has a maximal magni-
tude of 3.6 mT. Thus, it results in a maximal pose angle of 37°,
derived using Equations (1-4). In the second half of the cycle, the
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TrainBot unit alternates the two feet for anchoring and moving
to take another step, which is characterized in detail in the next
section.

A superimposed magnetic field leads to the crawling of the
TrainBot unit. The magnetic field is modeled as an ideal mag-
netic dipole, which generates a magnetic field at a given point.[*}]

_ Z_O 3t (t n13) m )

™ ||
where r is the vector from the center of the magnetic dipole to
the measurement location (the center point of the set-up), m is
the magnetic dipole moment and y, is the vacuum permeability.
The pair of static magnets dominates B, and the rotating magnet
dominates B, and B,. The magnetic fields in all axes are derived
as follows

m
B, = —Z;h; sina 2
HoMM
By zwl G)
Moty
: =T cosa 4)

where h and w stand for the distance from the center of static
magnets and the rotating magnet to the measurement location
(center point in Figure 3a), respectively. m, and m, are the mag-
netic dipole moments of the static and the rotating magnet, re-
spectively, which are calculated based on the remanence and the
volume of the magnets specified in the datasheets (see details
in Experimental Section). « is the rotation angle of the rotating
magnet. The magnetic field B during a cycle is measured and
simulated at the center point shown in Figure 3a. As shown in
Figure 3b and Video S2 (Supporting Information), the measured
results fit the analytical solutions very well. In the analytical solu-
tion, h and w are fixed at 190.5 and 259.75 mm (center-to-center
distance), respectively. It shows that the static magnet pair gov-
erns the field on the y-axis and the rotating magnet governs that
on the x- and z-axis. The magnetic flux density in the x-axis is
lower than the z-axis as measuring points at the angle of a = 90°
and 270° are the sides of a dipole magnet. The magnetic field
vector rotates on the surface of a virtual elliptical cone shape. The
shape is not a full circle in the y—z plane due to the magnetic field
distribution of a permanent magnet. The numerical simulation
result of the magnetic flux density in the xy-, yz-, and xz-plane at
the center point is visualized in Figure S2a—c (Supporting Infor-
mation), respectively. The red arrows indicate the magnetic field
direction at a = 180°. All contour lines share the same legend
shown in Figure S2¢ (Supporting Information). Numerical sim-
ulation also shows good agreement with the experimental results
(Figure S2d, Supporting Information).

The analytical solution of the magnetic field is applied to model
the dynamics of the TrainBot unit using 6 and ¢, which stand for
azimuth and elevation angle, respectively (Figure 3c). Figure 3d
shows the analytical solutions of the angles during a full cycle.
The angle 6 changes from 67° to 112° and ¢ changes from —39° to
39° and the maximum difference of each angle was measured as
45° and 78°, respectively. It implies that the TrainBot unit raises
its foot with a larger displacement than the in-plane displacement
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(stride length), which could help the TrainBot to escape from
dragging by a mucus layer. Figure 3e shows the corresponding
moving path of a TrainBot unit and each arrow indicates the mov-
ing direction of the foot. The numerical simulation results of the
magnetic gradient in x-, y-, and z-direction at the center point are
shown in Figure S2e-g (Supporting Information), respectively.
The magnetic gradient in all directions shows “0.06 T/m during
a full cycle.

2.3. Characterization of the Crawling

The stride length of the TrainBot unit depends on the angle ¢,
as shown in Figure 4a, which can be varied by changing the
height of the rotating magnet h and the distance between the
static magnet pair 2w, following Equation (2—4). In the experi-
ment, for simple operation, the distance between the two static
magnets (center-to-center distance) is kept constant at 519.5 mm,
and only the height of the rotating magnet is changed. The ex-
perimental result shows excellent agreement with the analytical
solution, as plotted in Figure 4b,c. It shows that the magnetic flux
density B, decreases from 4.1 to 1.9 mT when the rotating mag-
net moves from 182 to 238 mm. Accordingly, the TrainBot unit’s
maximal pose angle (¢,,,,) decreases from 41° to 22°.

Figure 4d illustrates the stride length of a TrainBot unit over a
full cycle. Figure 4e shows that the measurements are in good
agreement with the analytical solution. A longer stride length
is observed with a larger pose angle, due to a higher magnetic
field strength B,. This result is consistent with the observation of
the stride lengths, as each stride measures 2.5 mm at 41°, which
is 160% and 220% larger than that of 31° and 22°, respectively.
Figure 4f shows the frequency response of the TrainBot unit. As
the rotational frequency increases from 0.17 to 1.7 Hz, the Train-
Bot unit’s forward velocity increases from 0.4 to 4.2 mm s~! lin-
early for all three maximal pose angles. At all frequencies, a Train-
Bot unit with a pose angle at 41° moves 1.6 and 2.2 times faster
than that at 31° and 22°, respectively.

2.4. TrainBot Units’ Feet Design and Characterization

The magnetic actuation set-up enables the TrainBot unit’s rota-
tional motion, butin order to move forward on a slippery surface,
the unit needs to exert a sufficient pushing force against the sub-
strate, that is, the static foot should be firmly anchored to the sur-
face without slipping. For this reason, special spikes (%10 um at
the apex) are designed on the feet to help the TrainBot unit main-
tain its position by anchoring into the soft biological substrate.
Figure 5a shows the design of a foot. The foot has four spikes
with the design parameters I}, [, I; and 8. For optimization of
the foot, in Figure 5b, the spike angle 6 is varied for three dif-
ferent foot designs (6 = 15°, 30°, and 45°), while the other three
parameters were kept constant (I, = 0.5 mm, /, = 0.8 mm and I,
=1 mm).

Figure 5c presents a schematic of the setup to measure the
pulling force of the TrainBot unit. The force was measured when
the TrainBot unit was actuated on a soft hydrogel phantom sur-
face by the external magnetic field. As shown in Figure 5d, the
TrainBot unit without feet generates the smallest force (0.27 mN).
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Figure 4. Characterization of a TrainBot unit’s locomotion. a) Schematic front view of the magnetic actuation set-up and TrainBot unit’s maximal pose
angle @, ,..,. b) Magnetic flux density in the z-direction at different positions of the rotating magnet. c) TrainBot unit’s pose angles at different locations of
the rotating magnet. d) Schematic top view of a TrainBot unit’s full locomotion cycle. e) Stride lengths at different maximal pose angles. f) Comparison

of the crawling speed at different actuation frequencies.

When a TrainBot unit has a larger spike (5 = 45°), the robot ex-
hibits ~3.4 times higher force (0.93 mN) than a robot without feet
at the same magnetic torque. Intuitively, a sharp apex can pene-
trate the slippery but soft substrate to facilitate a firm anchoring
point, and thus it increases the forward propulsive force. How-
ever, it is surprising that the width of the spike has an opposite
impact on the propulsive force, that is, a wider spike results in a
larger propulsive force, as measured in the experiments.

To understand this phenomenon, the penetration depth of the
spike into the soft substrate was imaged microscopically to show
the side view of the TrainBot unit with different spike angles. As
shown in Figure 5e, we observed a gap between the TrainBot unit
and the substrate (marked in red) with the spike angles at 15° and
30°, which does not appear with the spike angle at 45°. Moreover,
we observed that two spikes are in contact with the substrate,
but only one spike penetrates the surface. The same observation
is found in the geometrical simulation of the TrainBot units, as
shown in the second row of Figure 5e. An enlarged figure illus-
trates the penetrating depth (d) and area (A) of a spike. During
the actuation, a foot anchors to a substrate while lifting the other
foot. The force induced by the hydrogel phantom while lifting
a foot is characterized by a simplified dynamic condition, which
results in a lifting force of ~0.1 mN (Figure S3, Supporting Infor-
mation). In dynamic conditions, however, the anchored spike ro-
tates while maintaining its position along with the magnetic gra-
dient and body weight, and the maximum magnetic torque (=10
mN-mm) generates a lifting force of #3 mN, which is way larger
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than the lifting force needed for the foot of the robot. Figure 5f
shows both the simulation and experimental results. The simula-
tion result shows that the maximal penetrating depth (0.84 mm)
is achieved with a spike angle of 41°, which aligns well with the
experimental data where the spike with an angle of 45° offers the
deepest penetration. The experimental result of the penetrating
depth shows good agreement in trend with an average error of
14% lower than the measurements. The main reason is that the
deformation of the soft substrate was not considered in the sim-
ulation. The direct measurement of the spike area under the sur-
face is inaccurate by experiments, as the spike penetrating the
surface is not visible. However, simulation results suggest that
the largest penetrating area (0.27 mm?) is achieved with a spike
angle of 41°. Considering a finite pressure limit of the biologi-
cal materials without mechanical fracture, a larger penetrating
area of the spike, that is, a larger contact area between the Train-
Bot unit and the substrate, leads to a higher maximal propulsive
force that can be tolerated by the tissue without fracture. There-
fore, the theory explains that 45° is the optimal spike angle for
the TrainBot unit’s feet design that offers the highest propulsive
force.

2.5. Control of a TrainBot Unit
The magnetic actuation set-up has one rotational DoF (Degree

of Freedom), which is useful to control the TrainBot. Figure 6
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Figure 5. Characterization and modeling of the feet design. a) Design parameters of the feet. A spike angle 6 of 15° is shown as an example (/; = 0.5 mm,
I, = 0.8 mm and I3 = 1 mm). b) Three different foot designs (5 = 15° in turquoise, 30° in yellow, and 45° in green) and images of the fabricated feet
are shown in Figure S4 (Supporting Information). c) Schematic of the pulling force measurement set-up. A TrainBot unit is attached to a force sensor
by a wire and actuated on a hydrogel phantom. d) Force generated by a TrainBot unit with different feet designs, compared to a robot without feet.
e) Comparison of penetration depth for three feet designs on a hydrogel phantom. The first and second rows show the experimental and simulation
results, respectively. Enlarged view of a foot penetrating the hydrogel phantom (d: penetrating depth, A: penetrating area). The scale bar is 1 mm. f)
Experimental- and simulation results of the penetration depth for different feet designs. The penetrating area is obtained by simulation.

and Video S1 (Supporting Information) show the actuation of the Our magnetic actuation set-up enables the TrainBot unit to
TrainBot unit on a horizontal plane, on a vertical surface, and on  move not only on a horizontal surface but also on a vertical and
an upside-down surface. Figure 6a shows a letter “S” drawn by ~ an upside-down surface since the unit can be fixed on a surface
a TrainBot unit. The unit was actuated by the rotating magnetto by the magnetic gradient force against gravity (the direction la-
move forward. For steering, the angle f was manually controlled  beled in Figure 6. A higher magnetic gradient is required to keep

to follow a predesigned trajectory. the TrainBot unit on a vertical surface or an upside-down surface.
a = b =
End
. /“ £ il e
7 Start y -
i B=0° |
o . Start
\ |
A peso Optical trace
]
C? End
End | <
=I0R J ! %,
g . P i ®G
A I l G
—f———% Ky | Start = _
®G milli-scale micro-scale

Figure 6. Crawling of the TrainBot unit with the optimized feet a) on a horizontal surface to follow a complex trajectory, b) on a vertical surface against
gravity, c) upside-down on the bottom of a surface. d) Photo of the milli- and micro-scale TrainBot on a coin. e) Micro-scale TrainBot crawls to follow a
complex trajectory on a horizontal surface. The symbols labeled with the “G” indicate the gravity direction. All scale bars are T mm.
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Figure 7. TrainBot for endoscopic electrocauterization. a) Schematic of the TrainBot. Three TrainBot units are connected by a wire and confined with
stoppers. b) Picture of the TrainBot. The scale bar is 1 mm. c) Force generated by different numbers of TrainBot units. d) TrainBot crawling on an
intestine surface over a circular fold (%2 mm in height, Video S3, Supporting Information). e) Schematic showing the experimental set-up for an ex vivo
electrocautery experiment. An endoscope is inserted from the other end of the porcine bile duct to observe the motion of the TrainBot. The endoscope
is positioned behind the blockage for observation. f) Endoscopic view of the TrainBot crawling in the bile duct to carry an electrical wire. g) Endoscopic
view of the TrainBot performing an electrocauterization to resect the blocked tissue and make an opening.

The minimum magnetic gradient for the current robot (20 mg in
weight) on the vertical and the upside-down surfaces are 0.35 and
0.6 T m™!, respectively. The permanent magnetic actuation set-
up can be adapted (details in Figure S5, Supporting Information)
to perform the task, that is, to be placed vertically to actuate the
TrainBot unit on the vertical surface and to be inverted for the
upside-down crawling, which shows the versatility of the actua-
tion set-up.

Following the same magnetic actuation scheme, the TrainBot
unit can also be scaled down to an even smaller scale. As shown
in Figure 6d, the micro-scale TrainBot consists of three micro-
robots that are made by laser cutting superparamagnetic material
and connecting them by a customized polymeric wire (Figure S6,
Supporting Information). Each microrobot has dimensions of
0.40 X 0.2 x 0.18 mm?, and a group of three microrobots forms
a convoy that is 4 mm in length. It shows fully controllable mo-
tion similar to the TrainBot unit and the in-plane control to follow
complex trajectory is also shown in Figure 6e. It suggests that the
reported robot actuation and control mechanism is general and

Adv. Sci. 2024, 2308382 2308382 (8 of 11)

can be readily down-scaled to the sub-millimeter range to enable
new minimally invasive procedures.

2.6. Biomedical Application of TrainBot

In real medical applications, single millirobots often provide a
limited force that is too small to perform useful surgical tasks
and exhibit a high risk of being stuck in the slippery terrain in
vivo. We present a new concept by grouping multiple millirobots
(TrainBot) in a group to assist one another in effectively crawling
on slippery biological surfaces and carrying a long and heavy en-
doscopic instrument. The schematic design and the real picture
of the TrainBot are shown in Figure 7a,b. Three TrainBot units
are connected by a wire through the central hole of each coupler,
and separated with each other by stoppers. The stoppers keep the
distance between individual units and also transmit the actuation
force by the individual unit to push (or pull) the endoscopic in-
strument for insertion (or retrieval). Kinematically, the minimum
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distance between the TrainBot units is 3 mm. To secure working
distance and proper motion, each unit is assembled at a distance
of 5 mm.

The group of TrainBot units generates a higher propulsive
force than a single unit. As shown in Figure 7c, the maximal
propulsive force is 1.6 times higher with two units in a group,
and 1.8 times higher with three units in a group. The resultant
forces do not scale proportional to the number of units due to
the phase lag among different units actuated by the magnetic
field distributed over the distance. Numerical simulation shows
the maximum phase lag between Trainbot units is 24° (details
in Figure S7, Supporting Information). Therefore, the maximum
force is not proportional to the number of TrainBot units. There
are diminishing returns for each additional robot because they
cannot be too close to each other. However, the asynchronous
phase of robots may result in a more continuous forward force,
which means more Trainbot units could generate a higher mean
pulling force, as the units work sequentially.

It is observed in the experiments using ex vivo porcine intes-
tine and bile duct that the group of three TrainBot units shows
stable locomotion and a high capability to overcome obstacles.
Figure 7d shows an image sequence of the TrainBot crawling over
afold on the intestinal surface (%2 mm height, see Video S3, Sup-
porting Information). At the time point t,, the 1% unit failed to
anchor on the tissue due to the height of the fold, but the 2nd
and 3rd units were able to keep the anchoring and continue to
pull the electrical wire, as shown in the time frame t,. Following
the same method, the 2nd and 3rd units were able to crawl over
the fold (at the time frames ¢, and ).

An important feature of the TrainBot is that it can carry a load
that is much heavier and longer than the TrainBot unit itself. For
example, we demonstrate an electrical wire (250 mm in length,
~150 times of the TrainBot unit; and 70 mg in weight, 3.5 times
of the TrainBot unit) can be carried to the target location for elec-
trocautery. Figure 7e shows the schematic of the set-up for the
electrocautery experiment. A commercial endoscope records the
video from the back side of the obstacle. The TrainBot is inserted
into the bile duct, which has a slippery surface and is covered with
slippery mucus. The TrainBot can effectively crawl in the bile duct
and carry an electrical wire, as shown in Figure 7f. The common
bile duct where the TrainBot is designed to actuate is the longest
and thickest segment of the bile duct.**] The spikes on the foot
of a TrainBot can be optimized to minimize the damage to the
biological tissues, as the mucosa layer thickness varies on differ-
ent organs, for example, the mucus thickness ranges from 10 to
750 pm in small and large intestines in humans.[*!#~40] Electric
current is applied through the wire and the cauterization is car-
ried out at the exposed metallic tip (Figure 7g). By controlling the
orientation of TrainBot, the tissue that blocks the ductis gradually
resected. By repeating the resection procedure, a large enough
opening (marked using the red dashed line at t,) was achieved.
Afterward, the electric wire is retrieved by reversing the motion of
the TrainBot, and a soft catheter is transported by another Train-
Bot passing through the opening for fluid drainage or local drug
delivery (shown in a human-scale transparent bile duct phantom
in Figure S8, Supporting Information). The experiment demon-
strates the first electrocautery procedure performed by a group of
TrainBot units. It shows that multiple units can cooperate to carry
surgical instruments that are much longer and heavier than a

Adv. Sci. 2024, 2308382 2308382 (9 of 11)

www.advancedscience.com

single TrainBot unit. The active locomotion of the TrainBot units
enables the dragging of the instruments along a narrow biologi-
cal lumen, which outperforms the traditional pushing method of
endoscopic instruments by offering higher dexterity and better
safety for navigating complex physiological structures.

3. Conclusion

In this work, we report the TrainBot — a group of cooperative
TrainBot units that form a convoy to crawl on biological tissue
surfaces and carry long endoscopic instruments. By optimizing
the anchoring feet’s spike angle, an increase of the propulsive
force on a slippery surface of factor three could be achieved. A
human-scale magnetic set-up is developed to wirelessly actuate
and control the robots, which not only allows the precise con-
trol of in-plane locomotion but also enables the crawling of the
TrainBot unit on vertical and upside-down surfaces. The Train-
Bot effectively crawls in the ex vivo intestine and bile duct and
carries endoscopic instruments to successfully perform an elec-
trocautery procedure. The new cooperative strategy of using dis-
tributed multiple TrainBot units enables the transportation of an
instrument that is much longer and heavier than a single Train-
Bot unit, which may lead to new endoscopic procedures for useful
medical applications.

4. Experimental Section

Design and Fabrication of the TrainBot:  As shown in Figure 2a, a Train-
Bot unit is comprised of three components: two actuators, a coupler, and
two feet with spikes. The TrainBot unit was designed in SOLIDWORKS
2021 (Dassault Systemes, France). The actuator is a cylindrical permanent
magnet magnetized along the longitudinal direction (NdFeB-N45, 1 mm
outer diameter, 1 mm in height, Supermagnete, Germany). The coupler
is made of mu-metal (>99% purity, 1 mm thick) fabricated by femtosec-
ond laser cutting (MPS FLEXIBLE, ROFINBAASEL Lasertech, Germany).
The foot is made of Molybdenum (>99% purity, 50 um thick) with four
spikes (=10 pm at the apex), fabricated by femtosecond laser cutting (MPS
FLEXIBLE). The fabricated components are shown in Figure S4 (Support-
ing Information). These components were assembled using an adhesive
(Loctite 401, Henkel, Germany). Two actuators are attached on each side
of the coupler, and then the feet with spikes are attached to both ends of
the actuators. Multiple TrainBot units are connected by an electrical wire
(OD 0.35 mm) through the central hole of each coupler. Each TrainBot unit
was secured by the stoppers using epoxy glue (UHU PLUS, UHU GmbH,
Germany) on the wire to prevent magnetic attraction between TrainBot
units (Figure 7b). The sub-millimeter scale TrainBot (Figure S7, Support-
ing Information) was made by laser cutting mu-metal material to a block
of 0.4 x 0.20 x 0.18 mm3 with a central hole of 0.1 mm in diameter. A
central wire was customized by laser cutting a thin polymer film (50 um
thick) and assembled through the central hole of three mu-metal blocks
under a stereoscope (OZP 552, KERN & SOHN GmbH, Germany).

Permanent Magnetic Actuation Set-up: The TrainBot is actuated with
a customized magnetic actuation set-up shown in Figure 2a. The set-up
comprises three permanent magnets: a pair of static magnets and a ro-
tating magnet. The static magnets (NdFeB-N45, 110.6 x 89 x 19.5 mm?,
Supermagnete) were fixed with a gap of 519.5 mm (center to center dis-
tance) that generates a static magnetic field along the y-axis. The rotat-
ing magnet (NdFeB-N40, 50.8 x 50.8 x 50.8 mm?>, Supermagnete) was
placed at the center of the two static magnets in the y-direction at a dis-
tance of w, and the distance h in the z-direction can be adjusted in the
range of ~110-250 mm (details in Figure S1b, Supporting Information).
To characterize the superimposed magnetic field, the magnetic moment
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of each magnet was calculated by m = MV. Here, M is the magnetization
per unit volume, and V is the volume of the magnet.[*’] The magnetiza-
tion is calculated using M = B, /iy, where B, is the remanence and y is
the vacuum permeability.l*3] The median remanence values specified in
the datasheets of the magnets,[*°] that is, 1.345 T for N45 (static magnet)
and 1.275 T for N40 (rotating magnet), were used in the calculation, which
results in the m, and m, of 205.4 A m? and 133.0 A m?, respectively. It gen-
erates a rotating magnetic field by controlling the angle a using a stepper
motor (23HS30-2804Sm, OMC Co. Ltd., China) and a microcontroller (Ar-
duino UNO, ltaly). The set-up achieves 5-6 mT depending on the angle
ain an accessible volume of @ 50 x 28 cm?. The resulting magnetic flux
density was measured by a magnetometer (Hall Probe C with F3A Mag-
netic Field Transducers, SENIS, Switzerland) with a motorized scanning
system (SF600, GAMPT, Germany). Numerical simulation of the magnetic
flux density was performed using the AC/DC Module in COMSOL Multi-
physics (v5.6, COMSOL AB, Stockholm, Sweden).

The magnetic actuation set-up achieves two DoF as control inputs by
controlling angle @ and g (Figure 2a). The TrainBot unit’s translational mo-
tion was controlled by varying the angle a, and its rotational motion, that
is, the unit's moving direction, was controlled by rotating the magnetic
actuation set-up around the z-axis to the angle g.

Preparation of Animal Tissues: To mimic real clinical conditions, ex
vivo experiments were performed with fresh animal tissues, including
fresh porcine intestines, porcine stomachs, porcine bile ducts, and chicken
breasts. These tissues were all obtained from a local butcher. The porcine
intestines were dissected from the upper part of the jejunum. The porcine
stomachs were dissected from the body part. The bile ducts were obtained
from porta hepatis. Both ends of the bile duct were sutured and fixed by
a structure to keep the internal shape using a customized 3D printed part
(Clear Resin, Form3L, Formlabs, USA). A small piece of chicken breast was
dissected and sutured in the bile duct to mimic biliary stenosis. The ani-
mal tissues were stored at 4 °C and used for experiments within 24 h after
the sacrifice of the animal.

Electrocautery Test Using TrainBot: A TrainBot assembled using an elec-
trical wire (OD 0.35 mm) is connected to an electrocautery device (HF-
Generator 2260, Richard Wolf GmbH, Germany). For the electrocautery
test, a monopolar was used while being grounded on the animal tissue
kept wet using a saline solution (0.9%). A rigid endoscope (8703.523,
Richard Wolf GmbH) connected to a camera (5 521 902 and ENDOCAM
Flex HD, Richard Wolf GmbH) was positioned behind the blockage shown
in Figure 7e to observe the crawling and resection in a bile duct.

Human-Scale Bile Duct Phantom: The bile duct phantom was built
using the SOLIDWORKS 2021 (Dassault Systemes) and Meshmixer (Au-
todesk Meshmixer v3.5, CA, USA). The biliary duct structure was printed
using a soft photopolymer (Elastic 50A Resin) on a 3D printer (Form3L,
Formlabs).[°!

Characterization of the Crawling Motion: The TrainBot unit was tested
on a hydrogel phantom and animal tissues to characterize its crawling
capability. The hydrogel phantom was prepared using gelatin from porcine
skin (3.4 wt.%, G1890, Sigma-Aldrich, Germany). The gelatin powder was
dissolved in deionized water at 65 °C for 1 h and then cooled down to
be stored at 4 °C before testing. All experiments were carried out at room
temperature (22 °C).

The locomotion was imaged using a Canon EOS RP (Canon, Japan)
and a high-speed camera (Kron Technologies, Canada) with a 60 mm lens
(Canon). The video was analyzed using an image analysis tool (Image),
1.53t, National Institutes of Health, USA).

Simulation of the TrainBot unit’s crawling was performed in SOLID-
WORKS 2021 (Dassault Systemes) using a module of motion study. The
motion path was analyzed with analytical solutions.

Force Measurement Set-up: TrainBot units with three different spike
angles (Figure 5b) as well as without feet were tested on a hydrogel phan-
tom. Force measurements were performed using a force sensor (403A-
5mN, Aurora Scientific Inc, Canada) attached through the coupler by a
thread (Guetermann GmbH, Germany). Each type of TrainBot unit was
measured at least five times, and its peak value was used to calculate an
average value. The acquired data was postprocessed using customized
codes in MATLAB 2021b (MathWorks Inc., MA, USA).
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Lifsing Force Measurement Set-up: Three different designs of foot
(Figure 5b) were tested on a hydrogel phantom. Each foot design was at-
tached to the Force sensor (403A-5mN) using the thread (Guetermann
GmbH). One spike was placed in the phantom and pulled out in the verti-
cal direction (Figure S3, Supporting Information). Measurement was per-
formed at least five times for each foot design, and the data was post-
processed using customized codes in MATLAB 2021b (MathWorks Inc.).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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