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Abstract
Capsule endoscopy has revolutionized gastrointestinal (GI) diagnosis but is limited to imaging, often requiring invasive
procedures for subsequent therapy. This work presents a magnetically actuated robotic capsule endoscope (MARCE)
that integrates controllable magnetic navigation, real-time visualization, and targeted drug delivery via microneedle
patches to bridge the gap between diagnosis and therapy. The MARCE features a retractable micro-camera for
continuous monitoring of the GI tract, dual-layer hyaluronic acid microneedle patches enabling multi-point drug
administration, and an electrothermally triggered protective cover to prevent premature dissolution in GI fluids. Sized
similarly to conventional clinical capsules (11.8 mm in diameter and 21.5 mm in length), the MARCE demonstrates
controlled epinephrine release from its microneedle patches (up to 0.4 mg) and provides sufficient magnetic actuation
force (~0.58 N) and torque (~18.4 N mm) for intestine locomotion and penetration. Driven by a custom-developed
electromagnetic actuation system, the MARCE achieves precise 3D locomotion with an average positional error
<1.5 mm controlled microneedles penetration (with a peak force of 0.15 N), and successful drug delivery across
multiple lesions in ex-vivo porcine intestinal tissue. This integrated platform streamlines diagnostic-therapeutic
workflows, offering a minimally invasive solution for GI disorders such as bleeding, with potential to enhance patient
comfort and treatment precision.

Introduction
Gastrointestinal diseases, including gastrointestinal

inflammation, ulcers, bleeding, infections, and cancer, are
prevalent clinical diseases with high morbidity and con-
tribute to approximately 10% of deaths in the United
States1. Gastroenteroscopy enables direct visualization of
the gastrointestinal tract for accurate diagnosis.

Traditional diagnostic approaches involve inserting an
invasive endoscope through natural orifices (the mouth or
anus), which can cause patient discomfort and pain.
Moreover, examining the small intestine—on average 7
meters long and distant from natural orifices—remains
technically challenging2,3. In 1995, Swain et al. introduced
the concept of a capsule endoscope—a compact, swal-
lowable device capable of passively traversing the gastro-
intestinal tract while capturing images4. In 2000, the
capsule endoscope was first successfully used in clinical
trials and has since gained widespread acceptance due to
its ease of use and noninvasive nature5–7. However, cur-
rent capsule endoscopes are limited to imaging only. Any
needed treatment during examination requires additional
procedures with traditional endoscopes, making the
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diagnostic process more complex and increasing patient
discomfort8.
Research efforts have increasingly focused on integrat-

ing robotic technology into capsule endoscopes, trans-
forming passive diagnostic devices into robotic capsule
endoscopes (RCEs) with active therapeutic capabilities9.
Various functionalities have been explored, such as
emitting light of a specific wavelength for photodynamic
therapy10, releasing a surgical clip for intestinal hemos-
tasis11, inflating a silicone balloon to achieve hemostasis
for the intestine by tamponade effect12, self-expanding13

or self-orienting14,15 to penetrate soluble drug-loaded
needles, and injecting drugs through high-pressure
microjets16 have been studied. However, these systems
often lack active locomotion behaviors, limiting their
ability to perform targeted drug delivery at specific
lesions. When combined with magnetic actuation tech-
nology, RCEs can accomplish precise drug delivery. For
example, by utilizing magnetic force to expand17,18,
squeeze19, and vibrate20 a drug-loaded chamber to trigger
release, or by incorporating mechanical components such
as ratchet21, lead screw22, and crank connecting rod23 to
leverage magnetic torque for actuation. Despite these
advancements, the aforementioned RCEs offer only
therapeutic functions and do not include video diagnostic
capabilities.
For the treatment of intestinal bleeding, multi-point

drug injection is commonly employed24,25. However, the
use of traditional needles poses a safety risk of intestinal
wall perforation during drug administration. Soluble
drug-loaded microneedles offer a safer alternative for drug
delivery, enabling large-area multi-point drug delivery
through a single penetration procedure26. Among existing
studies on RCE for delivering soluble drug-loaded
microneedle patches, various mechanisms have been
explored, including pH-responsive release27,28, gastric
juice dissolution29, or electrothermal actuation30 to
deploy the patches within the gastrointestinal tract.
Nevertheless, these approaches lack the precision neces-
sary for targeted drug delivery to specific lesions. Fur-
thermore, although magnetically actuated RCE systems
have been proposed31,32, none currently integrate video
feedback, thereby failing to fulfill the clinical demand for
combined diagnostic and therapeutic functionalities.
Herein, we present a novel magnetically actuated

robotic capsule endoscope (MARCE) designed for in-situ
visualization and microneedle-mediated targeted drug
delivery within the gastrointestinal tract. MARCE is
equipped with a retractable micro-camera at its front end
for real-time imaging of the gastrointestinal tract, along
with two drug-loaded microneedle patches intended for
targeted drug delivery for gastrointestinal bleeding,
addressing the therapeutic limitation of traditional cap-
sule endoscopes. The microneedle patches are shielded by

a controlled-release protective cover that prevents expo-
sure to gastrointestinal fluids. Under the magnetic
actuation provided by a self-developed external electro-
magnetic actuation (EMA) system, MARCE can be pre-
cisely navigated to the target lesion. Upon arrival, the
protective cover is electrically triggered to detach, allow-
ing the microneedle patches to penetrate the lesion and
deliver drugs via magnetic actuation. This platform
streamlines workflows, reduces patient discomfort, and
demonstrates potential for advancing the treatment of
gastrointestinal diseases.

Results and discussion
Conceptual design of MARCE
MARCE is designed to integrate magnetic navigation,

visualized diagnosis, and targeted drug delivery within the
gastrointestinal tract, as illustrated in Fig. 1a. It primarily
consists of magnetized NdFeB magnets for controllable
locomotion, a retractable micro-camera enabling real-
time monitoring, dual-layer drug-loaded microneedle
patches protected by a soluble cover for multi-site tar-
geted delivery, and tethered wires for power supply, signal
transmission, and easy retrieval. Driven by an external
electromagnetic actuation (EMA) system, the MARCE
achieves precise 3D locomotion and orientation control
(e.g., yaw, pitch, and axial movement) via magnetic force
and torque, enabling accurate navigation to target lesions
(Fig. 1b). Upon arrival, the protective cover is released by
an electrothermal trigger, and magnetic actuation drives
the microneedle patches to penetrate the lesion, where the
hyaluronic acid microneedles gradually dissolve to release
drugs (e.g., epinephrine for hemostasis), enabling loca-
lized therapy (Fig. 1c). This design of MARCE offers
advantages of non-invasiveness, minimal patient dis-
comfort, precise mm-level targeting (average positional
error <1.5 mm), multi-point drug delivery, and a stream-
lined single-procedure diagnostic-therapeutic approach,
overcoming the limitations of traditional capsule endo-
scopes that lack therapeutic capabilities.

Assembly and characterization of MARCE
Figure 2a shows the MARCE, which has a diameter of

11.8 mm and a length of 21.5 mm—similar to existing
commercial capsule endoscopes (Table S1). Figures
2b–d and S1 present its cross-sectional schematic,
assembled components, exploded view, and design
drawing. Magnets A and B form a magnetic spring that
supports the 2-mm micro-camera at the front end, where
two microneedle patches are integrated. The protective
cover is pre-compressed using two helical springs and
held in place by 0.15-mm nichrome wires. All compo-
nents are enclosed in outer shells bonded with medical-
grade adhesive. The shells are 3D-printed from bio-
compatible photosensitive polymer E-shell 20033,34.
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To target multiple adjacent lesions35–37, two hyaluronic
acid-based dissolvable microneedle patches are stacked at
the front, separated by a perforated PDMS pad to protect
the second patch (Fig. 2e). Each patch is approximately
9mm in diameter and contains 30 conical microneedles
(Fig. 2f), each about 700 μm in height (Fig. 2g). During
delivery, the first patch and PDMS pad are removed together
from the second patch, followed by separating the second
microneedle patch from the holder, as shown in Fig. 2h.
A micro camera with a retractable mechanism is inte-

grated into the MARCE for in-situ observation without
interfering with microneedle patches during gastro-
intestinal mucosal puncture. The micro-camera (2 mm in

diameter and 5 mm in length), equipped with 4 LEDs and
a resolution of 400 × 400 pixels (Fig. S2), enables real-time
monitoring. The extension and retraction of the camera
due to the magnetic spring are shown in Video S1. The
camera, positioned dynamically by a magnetic spring,
avoids obstructing its own vision field and the penetration
of microneedle patches during deployment. The magnetic
spring uses the repulsion between two NdFeB magnets
(magnet A assembled within the capsule and magnet B
attached to the camera) to achieve a low elastic coefficient
of 7.29 mN/mm within a displacement range ds of
2.3–3.7 mm (Fig. 2i). Simulations and measurements
confirm the effectiveness of the magnetic force Fm in
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Fig. 1 Conceptual design of MARCE and EMA system. a Schematic illustration of MARCE for magnetic navigation, visualized diagnosis, and
targeted drug delivery under the actuation by the EMA system. b Schematic illustration of 3D magnetic locomotion and orientation control (e.g., yaw,
pitch, and axial movement) of the MARCE. c Schematic illustration of drug delivery mechanism via the dissolvable microneedle patch
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driving the retractable mechanism (Figs. 2j, k and S3A).
The hard magnetic hysteresis property of the NdFeB
magnets (Fig. 2l) ensures the stability of magnetic spring.
Notably, Magnet B is significantly smaller than Magnet A
(1/2516 of its volume), minimizing internal magnetic

interference. This design is ingenious, compact, and effi-
cient, utilizing existing magnetic components within the
MARCE.
Microneedle patches require a protective cover to pre-

vent damage or contamination from gastrointestinal fluids
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during MARCE transit to the lesion site. The protective
cover comprises a transparent acrylic lens bonded to a
base. The cover base is fabricated from a soluble material
with an insoluble outer coating, ensuring it dissolves only
after release when the inner surface contacts gastro-
intestinal fluid. Specifically, the cover base consists of 75%
polyethylene oxide (PEO) and 25% Soluplus mixture,
which are biocompatible and soluble28. The outer surface
is coated with polytetrafluoroethylene (PTFE), selected for
its low friction, chemical stability, and biocompat-
ibility38,39. The cross-sectional morphology of the PTFE-
coated cover base was observed using a scanning electron
microscope, as shown in Fig. 2m, revealing a uniform and
tightly adhered coating. Figure 2n, o shows the dissolution
behavior of the protective cover, with and without its
inner surface exposure to simulated intestinal fluid. The
forward-placed cover remained intact after 12 h in simu-
lated intestinal fluid, while the reverse-placed cover was
almost completely dissolved. This indicates that the pro-
tective cover can resist dissolution before release and
dissolve quickly after release.

Magnetically actuated locomotion performance of MARCE
An EMA system was custom-developed for the mag-

netic actuation of MARCE, as shown in Fig. 3a. This
system comprises three mutually orthogonal pairs of
Maxwell and Helmholtz coils aligned along the X, Y, and
Z axes (Fig. 3b). The Maxwell coils generate gradient
magnetic fields to propel MARCE movement via mag-
netic force, whereas the Helmholtz coils produce uniform
fields to induce torque for yaw and pitch control. Through
vector synthesis of these fields, the MARCE can be
directly actuated to move freely within a three-
dimensional space. The operator inputs desired locomo-
tion behaviors via a joystick. The system computes the
necessary current based on the input signal and delivers it
to the respective coils, generating the required magnetic
field to actuate the MARCE (Fig. 3c). To simplify the finite
element analysis of the magnetic actuation of MARCE
using the EMA system, the magnetic field distributions
generated by a pair of Maxwell coils and a pair of
Helmholtz coils were simulated (Figs. 3d–f and S3B, C).
The distance between the Maxwell coil pair d is
approximately

ffiffiffi

3
p

times the coil radius r, with input
current flowing in opposite directions. Both simulated and
measured magnetic forces acting on the MARCE along
the x-axis almost linearly increase with the input currents,
showing a similar trend (Figs. 3e and S4A). The distance
between the Helmholtz coil pair d is equal to their radius
r, and the input currents flow in the same direction. The
simulated and experimental magnetic torques acting on
the MARCE around the z-axis also exhibit a consistent
increasing trend with respect to the input currents
(Figs. 3g and S4B). The magnetic force and magnetic

torque acting on the MARCE are proportional to the
input current. When the maximum current of 10 A is
applied, the measured magnetic force and torque reach
0.58 N and 18.4 Nmm, respectively.
The locomotion of the MARCE, actuated by the EMA

system, was evaluated within a tubular model covered
with porcine intestinal tissue, as shown in Fig. 3h and
Video S2. The MARCE can achieve forward movement
driven by the magnetic force Fm, and can perform yawing
and pitching behaviors through the magnetic torque Tm.
To assess its maneuverability, tracks shaped like “R”, “C”,
and “E” were 3D printed, and the MARCE was guided
through these tracks by the magnetic field generated by
the EMA system, as shown in Fig. 3i and Video S3. It can
be observed that the MARCE successfully navigated
through the intestine phantom. Figure 3j shows the tra-
jectory error between the reference and actual trajectories
of the MARCE locomotion along the “R” “C” “E” tracks.
The average locomotion error across the entire trajectory
was approximately 0.45 mm. Therefore, it is concluded
that the MARCE proposed in this work can effectively and
controllably navigate within the gastrointestinal tract
under magnetic field control.

Drug delivery performance of MARCE
The protective cover of MARCE, preloaded with two

compressed springs, is controllably released via an
electrically triggered mechanism (Fig. 4a and Video S4).
The MARCE employs nichrome wires soldered to a
circuit board to mechanically secure cover-mounted
humps (Fig. 4b). Upon application of voltage, resistive
heating rapidly softens the humps until spring forces
overcome their structural integrity, thereby ejecting the
protective cover. Thermal activation experiments (n= 5,
37 ± 3 °C) demonstrated a voltage-dependent threshold,
with reliable triggering occurring between 0.8 and 5 V
(Fig. 4c). At voltages below 0.8 V, insufficient heating
prevented cover release, while higher voltages acceler-
ated activation. The optimal performance was achieved
at 2.2 V, where the response delay was merely 1.07 s,
requiring a minimum energy consumption of 3.1 J, which
was therefore established as the operational voltage.
Following cover ejection, MARCE precisely deploys
drug-loaded microneedle patches to gastrointestinal
lesions for targeted delivery. The thermal safety of
MARCE was evaluated to ensure minimal risk upon
opening of the protective cover, as shown in Fig. 4d–f.
After cover ejection, the nichrome wires soldered to the
circuit board remained encapsulated within MARCE,
avoiding direct contact with the intestines and ensuring
thermal safety. Temperature variations of the nichrome
wire were recorded using a 0.25-mm thermocouple and
showed rapid cooling to about 40 °C within 10 s in air
after heating (Fig. 4d). The temperature of the ejected
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protective cover was further measured via an embedded
thermocouple (Fig. 4e), showing a peak of 37.7 °C
(ambient: 36.7 °C) before stabilizing at 37.1 °C upon
contact with tissue (Fig. 4f). Across 10 trials, temperature
variations remain within 1.5 °C—well below biological
safety thresholds40. This confirms no risk of thermal
injury to gastrointestinal tissues.
The drug delivery performance of the microneedle

patch loaded with epinephrine into the small intestinal

tissue of swine was investigated, as shown in Fig. 4g–j.
Epinephrine is a drug commonly used for treating gas-
trointestinal bleeding24,37. The microneedle patch was
advanced and successfully penetrated the intestinal tissue,
remained in place for epinephrine release as the hya-
luronic acid matrix dissolved, and was subsequently
retracted, as shown in Fig. 4i. The amount of released
drug increased gradually with the dissolution time of the
microneedle patch, eventually reaching the total drug load
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of approximately 0.4 mg within 5 min, as shown in Fig. 4g.
Clinical studies typically administer 0.05 to 0.15 mg of
epinephrine for gastrointestinal bleeding24,38. The
microneedle patch can deliver up to 0.4 mg, meeting the
standard clinical dose and allowing flexibility for dosage
adjustments. Clinicians can, based on the patient’s actual
medication needs, instruct the patient to adjust their lying

direction. This allows the intestinal fluid to cover the
microneedle patch, causing it to dissolve and deactivate in
the intestinal fluid, thereby terminating the drug delivery
process. Additionally, the dissolution process of the
microneedle patch was monitored and showed complete
dissolution within 2 min, demonstrating a rapid drug
delivery capability (Figs. 4j and S5). The penetration force
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of microneedle patch was also investigated using a self-
developed mechanical testing system (Figs. 4h and S6). As
the microneedle patch penetrated the intestinal tissue, the
push force quickly increased to a peak of 0.15 N and then
dropped rapidly to nearly zero within 10 s, indirectly
indicating tissue penetration and microneedle dissolution.
Subsequently, a maximum adhesion force of 0.08 N was
observed during the retraction of the microneedle patch.

In-situ visualization and targeted drug delivery of MARCE
under magnetic actuation
The entire process of magnetic navigation, in-situ visual

observation, and targeted drug delivery of the MARCE
was systematically investigated in an intestine phantom,
as shown in Fig. 5a and Video S5. Under magnetic
actuation of EMA system, the MARCE navigated toward
the marked target (Fig. 5a-i). Upon approaching the target
lesion, the orientation of the MARCE was adjusted using
magnetic torque, and subsequently, the protective cover
was ejected via an electrical trigger (Fig. 5aⅡ-Ⅲ). Subse-
quently, the MARCE was fine-tuned to position the
microneedle patch accurately on the target lesion. The
first microneedle patch was advanced toward the lesion
with consistent pressure for a predetermined duration
using magnetic force of the MARCE (Fig. 5a-Ⅳ). After
successful delivery, the MARCE reversed direction to
detach the patch from the capsule body. If another nearby
lesion was detected, the second patch was administered
using the same procedure (Fig. 5a-Ⅴ). Finally, after com-
pleting the delivery, the MARCE was guided away from
the lesion area (Fig. 5a-Ⅵ). These results show that the
MARCE can effectively deliver microneedle patches to
specific sites within the intestinal phantom through
magnetic actuation.
The magnetic navigation behaviors, in-situ visualization,

and microneedles-based targeted drug delivery cap-
abilities of the MARCE were also evaluated in a segment
of porcine small intestine, as shown in Fig. 5b and Video
S6. The operator magnetically controlled the locomotion
of the MARCE based on real-time images captured by the
integrated micro-camera via a joystick. The MARCE
successfully delivered two microneedle patches to target
lesions in an ex vivo small intestine. The average position
errors between the patch centers and the lesion centers
for the first and second targets were 1.36 mm and
1.43 mm (Fig. 5c), respectively. Since most intestinal
bleeding lesions are smaller than 5mm35,36 and the
microneedle patches have a diameter of 9 mm, they can
effectively cover the target lesions. Histological analysis
confirmed that the microneedle patch successfully pene-
trated the mucosal layer under magnetic actuation, vali-
dating the feasibility of drug delivery (Fig. 5d).
Additionally, the locomotion resistance of the MARCE
under various intestinal conditions was measured (Fig. S7),

with a maximum force of 0.309 N under a locomotion
speed of 20 mm/s selected as reference (Fig. 5e). Since
MARCE can generate a magnetic driving force of 0.58 N,
it is expected to operate effectively across different
intestinal environments. A potential clinical challenge is
gastrointestinal fluid accumulation due to gravity, which
may reduce delivery effectiveness of microneedle patches
by covering the lesion. Adjusting the position of patient
(e.g., supine or lateral) can help access the target area and
maintain patch functionality.

Conclusions
We present a novel MARCE that integrates magnetic

navigation, real-time visualization, and microneedle-
mediated targeted drug delivery within the gastro-
intestinal tract, addressing the limitation of conventional
capsule endoscopes that lack therapeutic functionality.
The MARCE, driven by a self-developed electromagnetic
actuation (EMA) system, enables magnetically guided
locomotion within the gastrointestinal tract, allowing for
targeted delivery of drug-loaded microneedle patches to
specific lesions. Its design incorporates a retractable
micro-camera for continuous visual feedback and a pro-
tective cover that shields the microneedles from gastro-
intestinal fluids, thereby ensuring both diagnostic
accuracy and therapeutic efficacy. The MARCE (11.8 mm
diameter, 21.5 mm length) is dimensionally compatible
with clinically used capsule endoscopes. Ex vivo studies
demonstrate its capability to deliver microneedle patches
to target lesions with an average positional error of less
than 1.5 mm, while releasing drugs (e.g., epinephrine) in a
controlled manner. The EMA system provides precise
locomotion control, with measured magnetic force
(0.58 N) and torque (18.4 Nmm) sufficient to meet both
locomotion and intestine penetration requirements. This
work marks a key step toward minimally invasive plat-
forms combining diagnosis and therapy for gastro-
intestinal diseases, offering improved patient comfort and
treatment precision. Future clinical translation may
revolutionize management of gastrointestinal disorders
such as bleeding and inflammation.

Experimental
Materials preparation
Hyaluronic acid (Mw 240 kDa) was purchased from

Focusfreda Biotech Co., Ltd. (China). Epinephrine (Mw
183.2 Da) was supplied by Titan Scientific Co., Ltd.
(China), and methylene blue was supplied by Biohonor
Co., Ltd. (China). The PDMS was prepared using Sylgard
184 (Dow Corning, USA). Ultrapure type I water was
delivered by the PURELAB Classic system (ELGA Lab-
Water, UK). Potassium phosphate monobasic, NaOH
(sodium hydroxide), PEO (polyethylene oxide, Mv
300 kDa), PTFE dispersion (polytetrafluoroethylene, 60%
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wt), and aluminum dihydrogen phosphate were obtained
from Macklin Biochemical Co., Ltd. (China). Soluplus
(polyvinyl caprolactam-polyvinyl acetate-polyethylene
glycol graft copolymer) was provided by BASF. Master
molds were provided by Boston Micro Fabrication Co.,
Ltd. (China). Magnet A (N52 permanent magnet,
10.6 mm in both diameter and length, axially magnetized
and featuring a hemispherical head at one end) and
magnet B (N52 permanent magnet, 0.7 mm in diameter
and 0.4 mm in length, axially magnetized) were fabricated
by Jiaozuo Jicheng Magnetoelectric Co., Ltd., China. The
shell of the MARCE was made of the photosensitive
polymer E-shell 200 (EnvisionTEC, Germany) through 3D
printing. Porcine intestines were obtained from a local
slaughterhouse.

Fabrication of MARCE
Fabrication of microneedle patch
A hyaluronic acid-based dissolving microneedle patch

and a PDMS pad were fabricated using micro-molding
method. Fig. S8A illustrates the process: PDMS solution
was poured into a polyacrylic resin mold, cured at 80 °C
for 2 h, and used as a soft female mold. A 6% hyaluronic
acid solution containing the drug was poured into this
mold, vacuum-treated, and periodically replenished dur-
ing drying to prevent shrinkage. The final microneedle
patch was successfully fabricated in 30 h at room tem-
perature. The PDMS pad (Fig. S8B) was fabricated in a
similar process and subsequently plasma-treated to
increase adhesion. Double-sided tape with precisely con-
trolled adhesion force was used to attach the microneedle
patches to the PDMS pad and holder (Fig. S9).

Fabrication of protective cover
The protective cover consisted of a transparent acrylic

lens bonded to a base. The base was made by mixing 75%
PEO and 25% Soluplus using a screw extruder (Process
11, ThermoFisher Scientific, Germany) at 145 °C and
30 rpm. The fabrication process of the cover base is
shown in Fig. S10. A PDMS mold was firstly created by
pouring PDMS solution into a 3D-printed master mold,
curing it at 80 °C for 1 h (Fig. S10A). The mold was then
inverted and the base material was loaded through the
feed opening and pressed via injection molding (Fig.
S10B). After heating at 140 °C for 15 min and followed by
cooling, the soluble base was obtained. Its outer surface
was coated with an insoluble PTFE dispersion containing
aluminum dihydrogen phosphate.

Assembly of MARCE
The assembling components and exploded view of

MARCE prototype are shown in Fig. 2c and Fig. 2d.
Magnet A was employed to provide magnetic actuation.
Together, Magnet A and Magnet B formed a magnetic

spring system designed to support the micro camera. At
the front end of the MARCE, a micro camera (OV6946,
Anyview Co., Ltd., China) with a diameter of 2 mm was
integrated along with two microneedle patches. The
protective cover was pre-compressed using two helical
springs (1.45 mm in diameter and 3.18 mm in length, Lee
Spring Co., Ltd., USA) and secured in place by nichrome
wires with a diameter of 0.15 mm. The outer shells of all
components were bonded together using a medical-grade
adhesive (Loctite 435, Henkel Investment Co., Ltd.,
China)18.

Dissolution and thermal safety tests of protective cover
Dissolution test
The solubility of the protective cover was evaluated in a

simulated intestinal environment, which was prepared by
dissolving 0.68 g of monobasic potassium phosphate and
0.09 g of NaOH in 100mL of water. The protective cover
was placed in a petri dish in the forward and reverse
orientations. 25 mL of simulated intestinal fluid at 37 °C
was added to the petri dish, and the samples were incu-
bated in a temperature-controlled oven at 37 °C. Obser-
vations were conducted at 15 min, 1 h, and 12 h,
respectively.

Thermal safety test
Two thermocouples (diameter: 0.25 mm) were inserted

into the MARCE, one in direct contact with the nichrome
wire and the other positioned near the incision of the
protective cover (Fig. 4e). The temperature variations
were recorded using a data acquisition module (OM-
DAQ-USB-2401, Omega Engineering Inc., USA) during
the energization of the nichrome wire, which triggered the
release of the protective cover.

Mechanical testing
Retractable force of camera
A mechanical testing system was developed, as shown in

Fig. S6. It comprises a positioning stage that drives the
pusher vertically and a dynamometer to measure the
loading force. The MARCE, after removal of its protective
cover and microneedle patches, was assembled on the
sample platform. Subsequently, the retractable force of
the camera due to the magnetic spring generated by
Magnet A and Magnet B was measured using the
mechanical testing system.

Penetration force of microneedle patch
The penetration test was conducted using the

mechanical testing system, as illustrated in Figs. S6 and 4i.
The microneedle patch was moved toward the intestinal
tissue fixed on the sample platform, held in place for 10 s,
and then retracted. The loading and unloading speeds
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were set at 5 mm/s. The penetration force and loading
displacement were simultaneously recorded.

Magnetic force and torque on the MARCE
The magnetic force acting on the MARCE was tested

using a tensile dynamometer in the EMA system
(Fig. S4A). The magnetic torque acting on the MARCE
was tested using a torque transducer in our EMA system
(Fig. S4B).

Locomotion resistance of MARCE
The locomotion resistance of MARCE in the intestines

was measured using a tensile dynamometer connected via
a thin wire and pulled by a linear stage (Fig. S7). To reflect
different intestinal conditions, measurements were per-
formed with MARCE placed on intestinal tissues and
within collapsed intestines. A thin wire connected the
tensile dynamometer to the MARCE, and a linear stage
pulled the dynamometer at speeds of 5, 10, and 20mm/s.
Each test was repeated 5 times, and the maximum value
from each group was recorded.

Locomotion test of MARCE
The locomotion of the MARCE was driven by a self-

developed EMA system (Figs. 3a and S11). The EMA
system was controlled via a joystick connected to a
computer, which processed the input signal using Lab-
VIEW software and sent output signals through an I/O
device to digital servo amplifiers. Powered by DC sources,
these amplifiers drove electromagnetic coils to generate a
magnetic field. A camera monitored the magnetically
driven MARCE for real-time adjustments.

Drug release test
Epinephrine-loaded microneedle patches were applied

to seven segments of intestinal tissue, and removed after
5, 10, 15, 30, 60, 120, and 300 s, respectively. The tissues
were homogenized using a tissue grinder (SCIENTZ-24,
SCIENTZ, China), phosphate buffer (pH 7.3) was then
added and sonicated for 2 min. Sample absorbance was
measured at 279 nm using a UV-Vis-NIR spectro-
photometer (UV-3600i plus, SHIMADZU, Japan). Epi-
nephrine content was determined by comparing the
absorbance values to a standard calibration curve. After
300 s, the microneedle patches had fully dissolved, indi-
cating the total drug load. All experiments were per-
formed in triplicate.

Ex vivo test
Intestine phantom test
A transparent, curved intestinal phantom model was

constructed by 3D printing. Its inner surface was covered
with wet porcine intestinal tissue to mimic the small
intestine. Two red-dotted double-sided tapes were

attached to mark target lesion locations. The phantom
was placed within the EMA system, where the locomotion
of MARCE was tracked by a camera and controlled in real
time using magnetic fields generated by the EMA system.

Ex vivo intestine test
The ex vivo test was performed using a segment of swine

small intestine. Red ink was injected to mark the target
lesion locations. The intestine was placed within the
effective working area of the EMA system, and theMARCE
was placed in the small intestine. Driven by the magnetic
field, MARCE successively delivered the microneedle pat-
ches to two target lesions. The kinematic illustration of the
drug delivery process is presented in Fig. S12.

Finite element analysis
The magnetic field distributions of the EMA system for

the magnetic actuation of the MARCE were analyzed
using COMSOL Multiphysics (Version 6.2; COMSOL,
Sweden), as shown in Fig. S3. The analysis and calculation
employed the Magnetic Field physical module. The
remanent flux density model was employed for the mag-
net, while the relative permeability model was used for air
and coils. The recoil permeability and remanent flux
density of the magnets were set to 1.05 and 1.44T,
respectively. The relative permeability and permittivity of
air and coils were assigned a value of 1. The 3D tetra-
hedral mesh model included: a magnetic spring (Fig. S3A)
with a 60mm air domain and magnet domains (air grid
<1 mm, magnet A grid <0.2 mm, magnet B grid
<0.03 mm); and Maxwell/Helmholtz coil models (Fig.
S3B, C) with a 400 mm air domain, coils, and magnet
(external air grid < 14mm, internal air grid < 4 mm, coils
grid < 3mm, magnet grid < 2mm respectively).
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