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Abstract

Existing capsule robots designed to deliver drugs typically release them into the gastrointestinal lumen,

where transport into the tissue depends on passive di!usion across physiological barriers such as the

epithelial layer. This limits delivery e”ciency. Needle-based delivery can bypass these barriers but

requires compact actuation mechanisms that generate multi-newton forces while supporting unteth-

ered operation and magnetic steering. Here we present a programmable millimeter-scale capsule robot

for needle-based drug delivery enabled by thermally triggered magnetic springs (TTMS). Each TTMS

consists of a preloaded magnetic spring and a temperature-responsive locking structure whose trigger

temperature can be programmed during fabrication. This enables multi-step sequential actuation using

a single global thermal stimulus. The milli-scale capsule robot, featuring multiple TTMS, performs

controlled needle ejection, fluid injection, and needle retraction. Contactless triggering is achieved

through inductive heating and magnetic steering using an external magnet. Experiments demonstrate

programmable thermal response and su”cient force for penetration of soft tissue mimics and ex vivo.
Controlled locomotion is demonstrated in complex three-dimensional ex vivo environments. Together,

these results establish TTMS as a promising actuation strategy for multifunctional capsule robots

and demonstrate a programmable capsule robot capable of inductively triggered needle-based drug

delivery.

Keywords: drug delivery, needle injection, capsule robot, magnetic actuation, temperature-dependent
sti!ness

Introduction

The invasiveness of conventional endoscopic pro-
cedures for diagnosing and treating gastroin-
testinal (GI) disorders causes patient discomfort,
increases the risk of tissue injury, and requires gen-
eral anesthesia [1]. These limitations have moti-
vated the development of ingestible capsule robots
that provide untethered access to the GI tract
with substantially reduced invasiveness compared
to conventional interventions [2–4].

Early capsule robots relied on passive trans-
port driven by natural peristalsis to perform imag-
ing and environmental sensing tasks with limited
controllability [5–10]. The introduction of external
magnetic actuation has since enabled contactless

steering of diagnostic capsules [11–14]. Building
on these advances, recent research has increasingly
shifted toward therapeutic functionality, including
targeted drug delivery [15, 16], biopsy [17, 18], and
microbiota sampling [19–21].

Among therapeutic applications, targeted
drug delivery is of particular interest because
it can increase therapeutic e!cacy while reduc-
ing systemic exposure and o”-target accumulation
[22]. Magnetically actuated capsule robots can
deliver payloads to a target location within the
gastrointestinal tract in a controlled manner [23–
28]. Soft and hydrogel-based designs extend this
capability by enabling robot-level shape adapta-
tion to biological environments [29–31]. However,
most approaches rely on passive di”usion of the
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loaded drug across physiological barriers such as
the mucus or epithelial layer, whose natural func-
tion is to protect underlying tissue from toxins
and bacteria [32]. This limits delivery e!ciency
and restricts the classes of drugs that can be
administered orally [33].

Injection-based drug delivery can physically
bypass physiological barriers and deliver therapeu-
tics directly into underlying tissue [34]. However,
integrating injection mechanisms in capsule robots
requires actuation mechanism capable of gen-
erating su!cient and controllable forces within
a millimeter-scale untethered system compatible
with magnetic navigation. Experimental studies
report tissue puncture forces typically on the order
of 1N, with median values around 1.2N and values
extending into the multi-newton range depend-
ing on needle geometry and tissue properties [35].
Passive actuation mechanisms utilizing preloaded
mechanical springs triggered by environmental
changes, such as pH variations in the surrounding
medium, can generate su!cient forces to inject a
loaded drug [36–38]. However, passively triggered
mechanisms provide limited spatial control and
carry the risk of premature actuation, restricting
clinical applicability.

Magnetically triggered actuation mechanisms
have been proposed to improve controllabil-
ity, but existing approaches face fundamental
trade-o”s. Systems with integrated reed sen-
sors can be triggered by weak magnetic fields
(e.g., 0.5mT), which enables remote control but
restricts magnetic steering [39]. Alternatively,
magnetic fields can be used directly to generate
forces within the capsule. However, the actuation
forces required for tissue puncture necessitate sig-
nificantly larger magnetic fields (e.g., →200mT)
[40]. One approach to increase the achievable
actuation force is the use of impact-based mech-
anisms generating pulsed rather than continuous
puncture forces [41, 42], though these have not
been demonstrated for drug delivery. However,
whether using continuous or pulsed actuation, the
maximum puncture force is limited by the perfor-
mance of external actuation systems, especially in
clinical-scale workspaces [43]. Consequently, there
remains a need for an actuation strategy that
can locally generate multi-newton forces while
preserving magnetic steering and controllable trig-
gering.

In this work, we present a programmable
millimeter-scale capsule robot for needle-based
drug delivery, enabled by thermally triggered
magnetic springs (TTMS) (Fig. 1a). A compari-
son with representative capsule robots equipped
with needles is provided in Supplementary

Table 1. TTMS are compact actuation mecha-
nisms that combine preloaded magnetic springs
with temperature-responsive locking structures
(Fig. 1b). When a design-specific trigger temper-
ature is reached, the locking structure releases
the magnetic spring, converting stored poten-
tial energy into pushing or pulling forces inde-
pendent of external magnetic fields. The trigger
temperature can be programmed during fabrica-
tion by adjusting the curing conditions of the
locking structure, allowing geometrically identi-
cal TTMS to activate at di”erent temperatures.
This enables the design of programmable actu-
ation sequences that are triggered by a single
global thermal stimulus. In our system, this ther-
mal stimulus is provided through inductive heat-
ing, which causes the capsule robot to perform
a controlled multi-step actuation sequence that
ejects a needle, releases a liquid payload, and
subsequently retracts the needle. Decoupled from
actuation or triggering, the capsule robot can be
magnetically steered through constrained three-
dimensional environments. Together, these capa-
bilities enable a programmable capsule robot that
combines magnetic navigation with inductively
controlled needle-based drug delivery within the
gastrointestinal tract.

Results

Programmable Thermally Triggered
Magnetic Springs

In this work, programmable thermally triggered
magnetic springs (TTMS) are introduced as a
local actuation mechanism capable of generating
forces of multiple newtons in milli-sized capsule
robots (Fig 1b). In the context of needle-based
drug delivery, forces in the range of 1–3 N are
required to puncture soft tissue with an 18G nee-
dle [44]. Achieving such force levels using external
magnetic actuation is challenging, as the magnetic
force rapidly decreases with increasing distance
from the magnetic source (Fm ↑ 1/L4), requir-
ing either large magnets or, for external actua-
tion impractical small source-to-capsule distances
(Fig. 2a and Supplementary Note 1). TTMS over-
come this limitation by generating force locally
within the capsule, independent of externally
applied magnetic forces.

TTMS consist of a preloaded magnetic spring
formed by at least two permanent magnets,
one of which is free to translate, and a ther-
mally responsive locking structure fabricated from
NOA63 (Norland Products, USA). NOA63 is a
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biocompatible shape memory polymer with sti”-
ness that depends on both the cure temperature
(Tc) and the ambient temperature (Ta) [45, 46].
Higher curing temperatures permanently increase
the sti”ness of the material, while increasing
the ambient temperature temporarily softens the
material. NOA63-based millimeter-scale compli-
ant structures have been shown to maintain their
mechanical response under repeated actuation,
with less than 2.5% reduction in resulting defor-
mation observed after 50 actuation cycles [47]. As
the locking structure softens upon heating, poten-
tial energy stored in the preloaded magnetic spring
can be released on demand. Based on the orienta-
tion of the embedded magnetic spring, TTMS can
generate either pushing or pulling forces.

The operating principle of TTMS is first
demonstrated using a simplified locking structure
(Fig. 2b and Supplementary Fig. 4). The sim-
plified TTMS consists of two cylindrical NOA63
beams and two repelling ring magnets that gen-
erate a magnetic force of 0.8 N at a separation
of 1 mm (Fig. 2c). The lower magnet shown in
Fig. 2b is fixed in position, while the upper mag-
net is guided by a central non-magnetic stainless
steel rod, allowing free axial motion while prevent-
ing pole alignment. As the ambient temperature
increases, the softening of the NOA63 beams
leads to increasing deformation under magnetic
preload (Fig. 2d and Supplementary Movie 1)
until the trigger temperature (Tt) is reached and
the magnetic spring is released. By adjusting
the curing temperature, Tt can be programmed
to meet application-specific requirements or to
enable multi-step actuation sequences (Fig. 2e).

We characterize the thermal trigger behavior
and the programmability of TTMS with beams
cured at three di”erent temperatures (Tc ↓
[20, 40, 60] →C). Beams cured at 60 →C exhibit a
40% higher bending sti”ness at room temperature
and a 300% higher sti”ness at 30 →C compared
to beams cured at 20 →C (Fig. 2f). Achieving a
comparable sti”ness increase at 30 →C using a
beam cured at 20 →C would require an increase in
beam diameter of approximately 40%. The curing-
dependent sti”ness directly influences the trigger
temperature of the TTMS (Fig. 2g). Increasing Tc

from 20 →C to 60 →C results in an increase in Tt of
approximately 10 →C, while the elastic moduli at
Tt remain similar (Fig. 2f). The direct relation-
ship between curing temperature and trigger tem-
perature enables the realization of geometrically
identical TTMS with distinct, programmable acti-
vation thresholds. Moreover, the presented locking
structures can be readily miniaturized, allowing

multiple TTMS with identical or distinct trig-
ger behavior to be integrated into millimeter-scale
untethered robotic systems, with heat serving as
the sole actuation trigger.

Thermal-Magnetic Responsive
Capsule

The proposed capsule robot integrates multiple
thermally triggered magnetic springs (TTMS) to
enable contactless, sequential needle-based drug
injection into soft tissue (Fig. 1c). Two minia-
turized TTMSs are used to sequentially control
needle ejection and retraction (Fig. 3a). Struc-
turally, the system consists of an inner capsule and
an outer shell (Fig. 3b). The inner capsule contains
the injection needle, three permanent magnets,
and the TTMS responsible for ejecting the needle.
The outer shell houses a single permanent magnet
and the TTMS responsible for retracting the nee-
dle. In addition to local actuation, the magnets
of the TTMS enable contactless magnetic steering
under a quasi-static external magnetic field (Fig.
1d). The TTMS are triggered by inductive heat-
ing of 50 µm-thick copper elements embedded in
the capsule using an oscillating magnetic field at
16 kHz (Fig. 1e).

In the envisioned clinical workflow, the cap-
sule is first steered magnetically toward the tar-
get region using a quasi-static field generated
by a magnetic actuation system compatible with
human-sized workspaces [48, 49]. Only once the
target location has been reached is an alter-
nating magnetic field generated to trigger the
capsule inductively, preventing premature needle
ejection. Since magnetic steering and inductive
heating operate in fundamentally di”erent fre-
quency regimes, the two subsystems are physically
decoupled and can be operated without mutual
interference, as demonstrated in previous studies
[50, 51].

The actuation sequence of needle ejection and
retraction is controlled by embedding multiple
TTMS with distinct trigger temperatures. The
trigger temperature of each TTMS depends on
both its magnetic configuration and the curing
conditions of the embedded thermally triggered
locking structures (TTLS) (Fig. 3c). Upon heat-
ing, the first TTMS is activated, generating a
pushing force that drives the needle into the tissue
(Fig. 3d). Continued heating subsequently acti-
vates the second TTMS, which produces a pulling
force that retracts the needle. Both needle ejec-
tion and retraction are triggered by a single global
thermal stimulus, without the need to individually
address the actuators.
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To accommodate multiple TTMS within the
limited volume of the milli-scale capsule, the
design incorporates miniaturized TTLS, replacing
the simplified beam-based locking structures used
in the previous section (Fig. 3e and Supplemen-
tary Fig. 5). Each TTMS consists of three TTLS
arranged circumferentially around the longitudi-
nal axis of the capsule. The TTLS is designed
to support bidirectional operation, which is nec-
essary to lock, trigger, and reload the capsule
without requiring disassembly. Bidirectional oper-
ation is enabled through locking elements with
bridge-like geometry. A finite element–based para-
metric analysis is conducted to determine the
optimal edge-to-peak distance that maximizes the
locking force and force gradient, thereby enabling
a large free stroke while avoiding unnecessary
small geometric features that do not provide addi-
tional performance gains (Supplementary Note 2).
Based on the parametric analysis, an edge-to-peak
distance of 0.6mm is selected (Fig. 3f). In this con-
figuration, the peak locking force is reached after
approximately 0.2mm, resulting in an available
free stroke of 4.3mm for the TTMS. By minimiz-
ing the displacement needed to reach the locking
force peak, the force output and usable potential
energy for actuation are maximized.

The needle ejection is driven by two oppositely
magnetized permanent magnets, closely posi-
tioned together in the preloaded state. The mag-
netic interaction between all embedded magnets
is analyzed numerically (Supplementary Note 3).
When the first TTMS is triggered, the repelling
magnets initially generate a maximum driving
force that decreases from approximately 2 N to
0.5 N as the needle is deployed (Fig. 3g). Needle
insertion follows a four-stage mechanical process
consisting of loading deformation, rupture, cut-
ting, and unloading. The insertion force peaks
during rupture and is proportional to tissue tough-
ness, inversely proportional to needle radius, and
influenced by friction and insertion velocity, with
the primary contributing forces being tissue defor-
mation, tearing, and frictional resistance. Because
tissue puncture requires the highest force at the
initial penetration of the outer surface [52], and
the driving force varies with needle position, using
repelling rather than attracting magnets ensures
that the peak force is applied at the beginning of
the motion and prevents the needle from stalling
before su!cient force is reached to penetrate the
tissue. An additional magnet, magnetized in the
same direction as the needle magnet, is intro-
duced to sustain a minimum driving force and
enable drug injection. This magnet compresses the

internal drug reservoir following needle deploy-
ment and is held in place through friction. As
the needle is ejected, the acting magnetic force
between the needle magnet and the compres-
sion magnet increases, eventually overcoming the
acting friction, leading to compression of the reser-
voir. Reservoir compression, and thus fluid release,
occurs only after the needle is ejected, ensur-
ing that injection is initiated within the tissue.
A sealing pad attached to the secondary magnet
prevents premature leakage and increases internal
friction for controlled release.

After needle injection and further tempera-
ture increase, the second TTMS is activated to
retract the needle. In contrast to the ejection
mechanism, which relies on repelling magnets to
generate a high initial force, the TTMS for retract-
ing the needle employs two coaxially magnetized
magnets initially separated by a distance of 5
mm. This configuration produces a lower initial
force of approximately 0.4 N, which progressively
increases up to 3.5 N during actuation, causing the
needle to retract and the inner capsule to slide into
the outer shell. This controlled retraction prevents
unwanted interaction between the needle and the
surrounding tissue after the drug is injected.

Inductively Triggered Sequential
Actuation

Contactless triggering of the capsule robot is
essential for potential medical applications. In
our system, contactless triggering is achieved by
inductive heating of embedded copper elements.
When exposed to a high-frequency oscillating
magnetic field, eddy currents are induced in these
elements, resulting in a controlled temperature
increase because of Joule heating. By combin-
ing inductive heating with multiple thermally
triggered magnetic springs (TTMS), the capsule
achieves bidirectional needle motion without the
application of external magnetic forces or torques.

First, we characterize the inductive heating
performance of the capsule for di”erent orien-
tations and distances relative to an induction
coil (Fig. 4a). At a coil–capsule distance (b) of
25mm and with the capsule axis perpendicular
to the central axis of the coil (ω = 90→), a
temperature increase of approximately 20 →C is
observed after 60 s of heating (Fig. 4b). This
increase in temperature corresponds to a reduc-
tion in material sti”ness of approximately 75–85%
in the employed TTMSs. The heating perfor-
mance strongly depends on the relative orientation
between the capsule and the induction coil. Max-
imum heating is achieved when the capsule axis
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is perpendicular to the coil, while at an orienta-
tion angle of 45°, the heating capability decreases
by approximately 50%. Nevertheless, even at a
distance of 25mm and a misalignment of 45°, a
temperature increase of approximately 10 →C is
achieved, corresponding to a reduction in sti”-
ness of up to 50%. These results demonstrate that
inductive heating can significantly reduce the sti”-
ness of TTMS and serve as a contactless trigger
for the capsule actuation mechanism.

Secondly, we validate whether the bidirectional
actuation sequence required for needle deploy-
ment, drug release, and needle retraction can be
thermally triggered using inductive heating. For
this experiment, the embedded magnetic springs
are preloaded, and the reservoir is filled with a
dyed liquid to visualize needle-based drug injec-
tion. At a surface temperature of 40 →C, the first
TTMS is triggered, which results in needle ejection
followed by the compression of the drug reser-
voir and visible dye ejection through the needle
(Fig. 4d,e and Supplementary Movie 2). Con-
tinued heating subsequently activates the second
TTMS at 45 →C, resulting in controlled needle
retraction by pulling the inner capsule into the
outer shell. This experiment validates the func-
tionality of the proposed TTMS-based sequential
actuation concept and demonstrates controllable
bidirectional needle motion in a capsule robot.

Finally, we evaluate the programmability of
the capsule’s thermal response and thus the adapt-
ability to di”erent environmental conditions. We
compare two capsules incorporating TTMS cured
at di”erent temperatures: one cured at 40 →C for
operation in air at room temperature, and one
cured at 60 →C for operation in aqueous media at
normal gastrointestinal temperature (37 →C) (Fig.
4c) [53]. At room temperature, the 40 →C-cured
capsule shows needle ejection after an average of
19±6.7 s of inductive heating and needle retraction
after 23±6.1 s. In contrast, the 60 →C-cured capsule
cannot be triggered under the same conditions,
even with prolonged heating, due to insu!cient
softening of the embedded TTMS. When operated
in water at 37 →C, the 60 →C-cured capsule becomes
fully functional, showing needle ejection after 30±
7.0 s and retraction after 60 ± 19.8 s of induc-
tive heating (Supplementary Fig. 6). Conversely,
the 40 →C-cured capsule is triggered prematurely
when placed into the warm water. These results
show that the thermal response of the capsule can
be programmed to di”erent environments without
requiring changes to the overall design or material
composition, highlighting the adaptability of our
proposed actuation approach.

Towards Targeted Soft Tissue Drug
Injection

The capsule robot must be able to penetrate tis-
sue to enable localized injection for targeted drug
delivery. Furthermore, it must be capable of nav-
igating through a three-dimensional environment
to reach a target location. We are therefore inves-
tigating the capabilities of the capsule in terms
of tissue penetration, fluid injection, magnetic
steering, and obstacle traversal.

The TTMSs integrated into the capsule incor-
porate multiple permanent magnets that serve
both for localized actuation and for magnetic
navigation. By applying an external magnetic
field, the capsule can be translated, oriented, and
rolled. Translational motion is achieved through
magnetic field gradients that generate a pulling
force on the capsule, while orientation and rolling
arise from magnetic torque induced by the inter-
action between the capsule’s magnetic moment
and the applied field. The combination of pulling
and rolling enables versatile locomotion strate-
gies, allowing the capsule to adapt its motion to
obstacles of varying geometry and height.

We first validate the locomotion capability
of the capsule in a controlled maze environment
containing three distinct obstacles (Fig. 5a and
Supplementary Movie 3). For this, the capsule is
steered using a handheld permanent magnet. The
first obstacle requires lateral maneuvering around
the obstruction, while the second and third obsta-
cles require crossing elevated elements. Depending
on the height of the obstacle, the capsule can
either slide over it or, if sliding is not possible,
roll over it. These experiments demonstrate adapt-
able locomotion strategies enabled by combined
magnetic pulling and rolling.

After reaching a target site, the capsule must
generate su!cient force to penetrate tissue and
inject the loaded liquid into the tissue rather
than releasing it onto the surface. We evaluate
puncture and injection performance using a trans-
parent soft tissue mimic fabricated from 1.5 wt%
agar (Fig. 5b and Supplementary Movie 4). The
capsule is placed on the surface of the soft tissue
mimic and inductively heated. After heating the
capsule for 34s, the first TTMS is triggered, result-
ing in the needle puncturing through the tissue
mimic and the loaded dye being ejected. Addi-
tional heating for 6 seconds triggers the second
TTMS, which retracts the needle and returns the
capsule to a safe state so that it can continue
to be moved through a surrounding environment.
This experiment confirms that the capsule can
penetrate tissue-mimicking material and perform
liquid injection followed by controlled retraction.
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Finally, we evaluate the capsule performance
in real biological tissue using an ex vivo porcine
stomach. First, we assess the locomotion capabil-
ity within the three-dimensional geometry of the
stomach. We use a handheld magnet to steer the
capsule along a spiral trajectory toward the center
of the stomach (Fig. 5e and Supplementary Movie
5). By combining both magnetic pulling and
rolling, the capsule successfully navigates across
the natural rugae. This demonstrates the ability
of the capsule to navigate complex, compliant,
and uneven tissue surfaces. Secondly, we assess
the puncturing capability with biological tissue. A
section of porcine stomach is positioned beneath
the capsule, and the capsule is triggered induc-
tively. After 32s of inductive heating, the needle is
ejected, visibly deforming and puncturing the tis-
sue (Fig. 5c and Supplementary Movie 5). Once
the capsule is removed, a clear puncture remains
visible on the tissue surface (Fig. 5d). Together,
these experiments demonstrate that the capsule
can be magnetically navigated within a gastroin-
testinal environment and can penetrate biological
tissue, providing a critical step toward targeted
drug delivery through physiological barriers.

Discussion

We present a programmable millimeter-scale cap-
sule robot capable of controlled needle-based drug
delivery. By integrating multiple TTMS into a
single capsule robot, the system performs a pro-
grammable multi-step actuation sequence that
ejects a needle, releases a liquid payload, and
subsequently retracts the needle. Each TTMS
combines a preloaded magnetic spring with a
temperature-responsive locking structure, allow-
ing thermally triggered multi-newton force gener-
ation. Fully contactless triggering of the capsule
robot is achieved through inductive heating.

The TTMS-based design o”ers several key
advantages for capsule robots used in applications
requiring actuation forces in the multi-newton
range. Unlike external actuation approaches, in
which the achievable force decreases with increas-
ing source-to-capsule distance, the locally gener-
ated actuation force remains independent of the
external system, making the approach scalable to
clinical-scale workspaces. The thermal response
of each TTMS can furthermore be programmed
during fabrication by adjusting the curing tem-
perature of the locking structure, allowing the
trigger temperature to be tuned without a”ect-
ing the force output and enabling the design of
sequential actuation sequences. In addition, the
embedded permanent magnets can be used for

magnetic steering, allowing navigation without
integrating additional magnetic components. The
decoupling between navigation and actuation fur-
thermore enables the capsule to maintain full
magnetic maneuverability while locally generating
su!cient forces for puncturing tissue, demonstrat-
ing that TTMS is a viable actuation strategy for
untethered capsule robots requiring multi-newton
force generation.

Experimental results demonstrate that our
capsule robot can penetrate soft tissue mimics and
puncture ex vivo porcine stomach tissue, show-
ing the ability to overcome physiological barriers
relevant for targeted drug delivery. Contactless
activation through inductive heating enables con-
trolled triggering of the actuation sequence, and
we further demonstrate liquid payload ejection
through the deployed needle. By adjusting the
curing conditions of the embedded locking struc-
tures, the thermal response of the capsule robot
is adapted to environments with di”erent tem-
peratures, including dry and aqueous conditions,
demonstrating suitability for operation in physio-
logical environments. In addition, we demonstrate
locomotion strategies based on magnetic pulling
and rolling, which enable the capsule to move in
complex three-dimensional environments and nav-
igate over compliant, uneven biological surfaces,
as shown in ex vivo porcine stomach experiments.
Together, these results demonstrate that the cap-
sule robot combines controlled tissue interaction,
programmable actuation, and magnetic naviga-
tion within a compact millimeter-scale system.

Compared with previously reported capsules
for needle-based drug delivery, which rely on pas-
sive environmental triggers or externally applied
magnetic forces, the presented capsule enables
controlled needle ejection and retraction through
inductive triggering while preserving magnetic
navigation capability. In our approach, inductive
heating is needed only to trigger the capsule,
while the actuation force and thus the ability
to penetrate tissue and deliver a payload remain
independent of the external system. Consequently,
the combination of local force generation, mag-
netic steering, and inductive triggering provides a
level of operational control and functional inde-
pendence that extends beyond previously reported
capsule robots for needle-based drug delivery.

Expanding on the presented ex vivo demon-
strations, further in vivo studies are required to
evaluate the performance of the capsule robot
under realistic physiological conditions. In partic-
ular, inductive heating for contactless triggering
introduces constraints in terms of both heat-
ing performance and thermal safety. The heating
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e!ciency depends on the pose of the capsule rel-
ative to the external induction coil, such that
unfavorable alignment can reduce the achievable
capsule temperature. In addition, the thermal
load applied to surrounding tissue during trigger-
ing must be carefully managed to avoid thermal
damage to biological tissue. In the envisioned in

vivo application, knowledge of the capsule pose
is inherently required for magnetic navigation.
This information can therefore be directly used
to adapt the heating process. By adjusting the
position and orientation of the induction coil as
well as the heating duration, reduced heating
e!ciency at unfavorable capsule poses can be com-
pensated. Ultrasound imaging provides a practical
solution for obtaining pose feedback of the cap-
sule and has been shown to be compatible with
both magnetic steering and inductive heating of
untethered robots in vivo [50, 51]. Several design
modifications could further improve heating per-
formance, thermal safety, and readiness for in

vivo deployment. For example, increasing the vol-
ume of conductive material within the capsule
could enhance heating e!ciency and extend the
operating distance between induction coil and cap-
sule, while relocating the heating elements further
toward the inside of the capsule would improve
thermal isolation and reduce peak surface temper-
atures. Further miniaturization of TTMS could
reduce the overall capsule size, broadening the
range of accessible anatomical regions. In addi-
tion, the integration of embedded sensing could
support feedback-driven control of capsule pose
and actuation state, reducing reliance on exter-
nal visualization and improving the safety and
reliability of drug injection. Together, these devel-
opments would make the capsule robot suitable
for in vivo deployment.

Beyond the presented application in a capsule
for needle-based drug delivery, TTMS repre-
sent a generalizable actuation building block for
untethered robotic systems and can be applied
to other medical interventions, including biopsy
and drainage. By decoupling strong local actu-
ation from external magnetic force generation,
TTMS addresses a key limitation in the design of
medical capsule robots. More broadly, the ability
to design compact actuators with programmable
force magnitude, direction, and trigger temper-
ature could enable multifunctional milli-scale
robots capable of complex, sequential behaviors
triggered by a single global stimulus.

Methods

Fabrication of Thermally Responsive Lock-

ing Structure:

The thermally triggered locking structures
are made from a bio-compatible, UV-curable
polyurethane-based shape memory polymer
(NOA63, Norland Products Inc, United States).
Both the locking beams and the miniaturized
locking structures used in the capsule are molded.
Commercially available silicone tubing is used as
a mold for manufacturing the beams. The minia-
turized locking structures, however are molded
using custom-made molds made from 2mm-thick
polydimethylsiloxane (PDMS) (Sylgard 184,
Dow, United States) sheets, which themselves
undergo a molding procedure. These sheets are
made by mixing PDMS at a 10:1 volume ratio of
base-curing agent. After curing, the shape of the
locking structures is laser-engraved (Speedy 300,
Trotec Laser, Austria) into the prepared PDMS
sheets. Three engraving steps are performed to
achieve the desired engraving depth of 1 mm.
After engraving, the molds are flushed with
water to remove residue. Subsequently, NOA63 is
poured into the engraved cavity. Afterwards, the
filled mold is vacuumed for 5 minutes at 100 mbar
to remove any air bubbles. Finally, the filled mold
is pre-heated for 5 minutes at either 20, 40 or
60 →C, followed by a 30-minute UV-A light expo-
sure at either 20, 40 or 60 →C. Afterwards, the
SMP is solidified and fully cured. Upon cooling,
the locking structures can be manually extracted
from the PDMS mold.

Fabrication of Thermal-Magnetic Respon-

sive Capsule:

The proposed capsule robot consists of an inner
capsule and an outer shell. The capsule has a
cylindrical geometry with an outer diameter of
10mm and a length of 21mm. Both the inner
capsule and outer shell are made from multiple
3D-printed components bonded together. All 3D-
printed components are printed with a polyjet
printer (J750, Stratasys, USA). The miniatur-
ized locking elements and all permanent magnets
are manually embedded and bonded to the 3D-
printed components using adhesive (LOCTITE
401, Henkel Adhesive Technologies, Germany).
The needle is custom-made from a ⊋1mm alu-
minum tube and has a total length of 12mm,
of which 4.5mm is ejected upon actuation. The
needle tip is sharpened and an opening for drug
release is drilled. The magnet used to compress
the reservoir is glued to a 3D-printed sealing pad,
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which also serves as a guide for the needle. Single-
sided adhesive copper tape with a thickness of
0.05mm (VIVIIHOO, China) wrapped around
the inner capsule and outer shell. The copper
tape wrapped around the outer shell is covered
with isolating tape (165BK4A, 3M, USA). The
TTMS used to eject the needle is loaded by plac-
ing the inner capsule in warm water and pushing
the needle into the capsule. Once the needle is
pushed in, the capsule is placed in cold water to
lock the needle in place.

Demonstration of Simplified TTMS:

We validate the TTMS concept and evaluate the
programmability using three simplified TTMS
programmed with di”erent curing temperatures.
Each TTMS comprises a symmetric pair of
identical locking beams fabricated from NOA63
and two axially repelling ring magnets (N45:
6 ↔ 2 ↔ 2mm, N48: 4 ↔ 1.4 ↔ 1mm). The mag-
nets are aligned and guided by a stainless-steel
rod and embedded, together with the locking
beams, in a rigid outer frame. The locking beams
(length: 15mm, diameter: 2mm) are fabricated
following the procedure described above and
cured at 20, 40, or 60 →C. The programmability
is evaluated by comparing the deformation of the
locking beams under identical magnetic load. For
testing, each preloaded TTMS is submerged in
a temperature-controlled water bath, with the
water temperature continuously monitored using
a digital temperature sensor (DS18B20, Maxim
Integrated Products, USA). The temperature-
dependent deformation of the beams is recorded
using an external camera. In all experiments, the
initial water temperature is approximately 16
→C and is increased quasi-statically until TTMS
release occurs. Each TTMS is tested five times to
assess repeatability.

Characterization of Inductive Heating Per-

formance:

We characterize the inductive heating capability
of our capsule by measuring the surface tempera-
ture when exposed to a high-frequency oscillating
magnetic field. The oscillating magnetic field is
generated with a water-cooled induction coil.
The induction coil generates a field with a fre-
quency of 16 kHz and a power of 400 W. The
surface temperature of the capsule is measured
and recorded using an infrared camera (Ti400,
Fluke Corporation, USA). The recorded images
are post-processed using MATLAB 2023b (The
MathWorks, USA).

Measurement of Needle-driving Force:

The needle driving force is measured using a
custom-built setup. An adapted capsule with a
15mm long, blunt needle is fixed and positioned
using a laser-cut experimental setup. The tip
of the needle is connected through an adapter
to a force sensor. The needle position is con-
trolled by adjusting the capsule position with an
linear stage. The force acting on the needle is
measured using a 3-axis force sensor (K3D40a,
ME-Messsysteme GmbH, Germany) and a signal
amplifier (GSV-4USB, ME-Messsysteme GmbH,
Germany).

Validation of Actuation Sequence:

The sequential actuation concept is validated by
inductively heating the fully assembled capsule
robot and observing the sequential ejection and
retraction of the needle. The capsule is placed on
a flat surface under ambient conditions, with its
longitudinal axis oriented perpendicular to the
central axis of the induction coil and an actua-
tion distance of 20 mm between the coil and the
central axis of the capsule. The capsule is loaded
with a blue dye to visualize fluid ejection and
continuously heated at a frequency of 16 kHz and
a power of 400 W until completion of a full actu-
ation cycle, defined as needle ejection followed by
subsequent needle retraction. The surface tem-
perature of the capsule is monitored throughout
the experiment using an infrared camera (Ti400,
Fluke Corporation, USA), and the recorded ther-
mal images are post-processed using MATLAB
2023b (The MathWorks, USA).

Characterization of Capsule Trigger Time:

The trigger time of the capsule robot is quantified
for two di”erently programmed configurations
(TC = 40 →C and TC = 60 →C). The capsule
equipped with TTMS cured at 40 →C is actuated
in air at room temperature, whereas the capsule
equipped with TTMS cured at 60 →C is actuated
in a temperature-controlled water bath main-
tained at 37.5 →C to approximate physiological
conditions. In all experiments, the longitudinal
axis of the capsule is oriented perpendicular to
the rotational axis of the induction coil, and
the actuation distance between the coil and the
capsule is fixed at 15 mm. The capsule is continu-
ously heated inductively until completion of a full
actuation cycle, defined as both needle ejection
and subsequent retraction. The triggering time is
measured from the onset of inductive heating to
the completion of this cycle. Each capsule config-
uration is tested five times to assess repeatability.
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Magnetic Navigation:

Magnetic steering of the capsule is achieved by
exploiting the force and torque acting on a mag-
netic dipole in an external magnetic field. When
a magnetic moment m is exposed to an exter-
nal magnetic field (Bext), a magnetic force (Fm =
m · ↗Bext) results from spatial field gradients,
enabling translational pulling. In addition, a mag-
netic torque (Tm = m ↔ Bext) acts to align the
magnetic moment with the applied field, which
can be used for orienting and rolling the cap-
sule. By combining magnetic pulling and rolling,
the capsule can maneuver around and overcome
obstacles of varying geometry and height.

In the proposed capsule robot, the permanent
magnets integrated within the TTMS serve both
as local actuators and as magnetic dipoles for
external steering. The external magnetic field is
generated using an axially magnetized cylindrical
permanent magnet (diameter: 30mm, length:
150mm, N52). In all experiments, the magnet
is positioned below the test setup, and its posi-
tion and orientation relative to the capsule are
adjusted manually.

Demonstration of Soft Tissue Puncturing

and Liquid Release:

The needle-based drug delivery capability of the
capsule robot is evaluated in two representa-
tive scenarios. In both scenarios, the capsule is
placed directly on the material to be punctured
and inductively heated following the procedure
described before. To stabilize the capsule dur-
ing needle ejection, a lateral magnetic force of
approximately 65mN is applied by an additional
external permanent magnet positioned behind the
vertical wall of the experimental setup. This keeps
the capsule upright and in stable contact with
the tissue surface below. In the first experiment,
the capsule is loaded with 100µL of water mixed
with blue dye and positioned on top of an agar-
based tissue mimic. Upon thermal triggering, the
capsule punctures the agar sheet and injects the
dye into an underlying polyvinyl alcohol (PVA)
sponge, serving as a compliant reservoir. Agar
sheets are prepared by dissolving 1.5 wt% agar
powder in water, heating the mixture to boiling,
and casting it into molds. After solidification, the
sheets are stored submerged in water at 6 →C until
use. In the second experiment, the puncturing of
biological tissue is assessed using ex vivo porcine
stomach samples. The capsule is positioned on
the surface of the tissue and inductively heated
until needle ejection into the tissue is observed.
After actuation, the capsule is removed, and the
tissue surface is optically inspected to assess the

puncture.

Data Availability

All data supporting the findings of this study are
available in this manuscript and its Supplemen-
tary Information.
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Fig. 1 Inductively triggered capsule robot for needle-based drug delivery using thermally triggered magnetic springs
(TTMS). (a) Image of the proposed millimeter-scale capsule robot. (c) Bidirectional needle actuation enabled by embedding
multiple TTMSs. (b) Schematic of a thermally triggered magnetic spring (TTMS), consisting of a preloaded magnetic spring
and a temperature-responsive locking structure. (d) Contactless magnetic steering of the capsule through interaction between
the internal magnetic moment (M) and an external magnetic field (B), generating magnetic forces (Fm) and torques (Tm).
(e) Contactless inductive heating of conductive components via eddy currents (Iind) induced by an oscillating magnetic
field (Bind), enabling thermal triggering of TTMS. Human models adapted under CC BY 4.0 from Simoslay (Sketchfab)
and Johnson J (NIH 3D Print Exchange).
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Fig. 5 Demonstration of targeted needle-based drug delivery and navigation. a) Locomotion strategy of the capsule robot
can be adapted to di!erent types of obstacles encountered during navigation. Please refer to Supplementary Movie 3 for
demonstration of the locomotion capabilities. b) Contactless inductively triggered puncture and dye injection into a soft
tissue mimic. Please refer to Supplementary Movie 4 for a complete demonstration. c) Contactless inductively triggered
puncture into ex vivo porcine stomach tissue. Please refer to Supplementary Movie 5 for demonstration of the ex vivo
capabilities of the capsule. d) Tissue surface before and after puncture, showing the penetration mark created by the needle.
e) Magnetic navigation of the capsule robot along a spiral trajectory on the inner surface of a porcine stomach.


