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Swimmable Micro-Battery for Targeted Power Delivery

Pengzhou Li, Zhe Yang, Chuanfa Li, Jiaxin Li, Chuang Wang, Jiawei Chen, Sijia Yu,
Yanan Zhang, Yi Jiang, Yue Gao, Bingjie Wang,* and Huisheng Peng*

The boom of microelectronic devices and their diverse applications has
heightened the demand for innovative and effective energy supply strategies.
The longevity of contemporary microelectronic devices predominantly
depends on direct human intervention power supply methods, encompassing
battery replacement or recharging. However, these methods may falter in
specific scenarios, such as when facing liquid conditions in vivo. Here, a
concept of swimmable micro-batteries (MBs) for targeted power delivery is
presented. This is achieved through the design of a flexible
polydimethylsiloxane/Fe3O4 soft-magnetic substrate for actuation,
polydimethylsiloxane/neodymium-iron-boron (NdFeB) hard-magnetic tabs for
precise targeting, and quasi-solid-state Zn//MnO2 battery for power
generation. These swimmable MBs exhibit an impressive areal capacity of
102.3 μAh cm-2, remarkable waterproofing, adjustable output voltage or
capacity, rapid response, and accurate remote magnetic field manipulation,
enabling targeted power supply available. This novel swimmable MB design
broadens the function of MBs and may open a new avenue for their future
development.

1. Introduction

The rise of the Internet of Things (IoT) and smart healthcare
has driven the need for miniaturization and integration of elec-
tronic devices.[1–3] The increasing complexity of functions and
prolonged operational requirements of microelectronic devices
set higher standards for their indispensable energy supply com-
ponents (e.g., batteries, capacitors, and fuel cells).[4,5] Among
various energy storage devices, rechargeable aqueous MBs have
gained widespread attention as promising power solutions for
wearable and implantable applications due to their reliable safety,
easy operating conditions, and stable voltage output.[6–10] Never-
theless, the current applications of MBs primarily confine their
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use to serving as single energy storage com-
ponents integrated into microelectronic
systems.

Ensuring a stable and uninterrupted
energy supply is critical for the normal
operation of electronic devices. Tradition-
ally, people have relied on replacing or
recharging batteries through direct human
intervention to extend the service life of
electronic devices as their power depletes.
However, this approach of singular and
manual energy provisioning can prove
ineffective in certain scenarios, such as
intricate environments in vivo,[11] where
conventional bulky chargers or direct
human involvement are unfeasible. For
example, electrical stimulation devices in
vivo still rely on surgical battery removal for
replacement,[12,13] a complex procedure that
results in inevitable secondary trauma and
potential infection risks to the patients.[14]

Consequently, in these circumstances,
recharging through conventional means
becomes challenging once the energy is

exhausted. This scenario could lead to microelectronic devices
ceasing operation and significantly shorten their overall ser-
vice span.[15,16] While contemporary research on MBs mainly fo-
cuses on enhancing the electrochemical performance of indi-
vidual devices and developing advanced processing or fabrica-
tion methods,[17–19] batteries are often regarded as isolated single-
function energy storage units. Nonetheless, limited attention has
been directed towards MBs capable of autonomously powering
microelectronic devices in intricate application scenarios. It is
crucial while challenging to develop a contactless power deliv-
ery strategy using MBs to meet the requirements of potential au-
tonomous and targeted power supply scenarios.

Here, we have, for the first time, proposed and successfully
validated the concept of swimmable MBs for targeted power
delivery. This functional MB, capable of autonomously and
contactlessly powering electronic devices, is achieved through
reasonable material selection and structural design. It in-
corporates a flexible soft-magnetic composite substrate for
actuating, hard-magnetic composite tabs for targeting, and a
flexible quasi-solid-state aqueous battery for powering (Figure
1). Through a scalable spray printing technique, we achieve
rapid and large-scale preparation of customized MBs with high
throughput, adjustable voltages or capacities, and considerable
electrochemical performances (e.g., high areal capacity of 102.3
μAh cm−2 and energy density of 141.9 μWh cm−2 at 10 μA cm−2).
The soft-magnetic polydimethylsiloxane/Fe3O4 (PDMS/Fe3O4)
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Figure 1. Schematic diagram of the swimmable MB for targeted power delivery, comprising a soft-magnetic matrix for actuating, hard-magnetic tabs for
targeting, and a quasi-solid-state battery for powering.

flexible substrate and hard-magnetic polydimethylsilox-
ane/NdFeB (PDMS/NdFeB) composite tabs enable highly
controllable swimming performance, rapid responsiveness
(completing a rotation cycle within 360 ms), and the capabil-
ity for targeted power provisioning. These features make our
swimmable MBs suitable for various applications, including
navigation/transportation and targeted power delivery. More-
over, we envision the prospect of a self-powered swimmable
micro-integrated system for promising applications in vivo. The
conception of this functionalized swimmable MB designed for
targeted power delivery not only provides new insights into MB
design but also creates new possibilities for their utilization
across a broad spectrum of scenarios.

2. Results and Discussion

The swimmable MBs were realized by incorporating soft-
magnetic Fe3O4 nanoparticles (≈14 nm in diameter) and hard-
magnetic NdFeB particles (≈3.6 μm in diameter) into the PDMS
polymer and rolling planar Zn//MnO2 batteries (Figures S1 and
S2, Supporting Information). This ingenious structural and ma-
terial design resulted in a flexible PDMS/Fe3O4 soft-magnetic
composite substrate for actuating, PDMS/NdFeB hard-magnetic
composite tabs for targeting, and a quasi-solid-state Zn//MnO2
battery for powering (Figure 2a). The PDMS/NdFeB composite
tabs were magnetized to saturation using an impulse magnetic
field (with H ≈ 3 T) and coated with conductive silver glue to
establish a stable electric connection between MBs and micro-

electronic devices, which led to a robust residual magnetization
of 51.7 emu g−1 (Figure S3, Supporting Information).

Both the soft-magnetic Fe3O4 and hard-magnetic NdFeB can
generate induced magnetization when exposed to an external
magnetic field.[20] Soft-magnetic materials, such as Fe3O4, pos-
sess a sharp and narrow hysteresis loop due to their low coer-
civity (Hc), and they lose their induced magnetization upon the
removal of external magnetic fields. In contrast, hard-magnetic
materials like NdFeB, characterized by higher coercivity, re-
tained high residual magnetization (Mr) against external mag-
netic fields once they were magnetically saturated (Figure S4,
Supporting Information). By magnetizing the PDMS/NdFeB
composite using an impulse magnetic field, the initially dis-
ordered NdFeB magnetic polarities embedded in PDMS resin
aligned along the magnetic field direction, resulting in a macro-
level permanent magnetism (Figure S5a, Supporting Informa-
tion). The PDMS/NdFeB composite exhibited permanent mag-
netism after magnetization, demonstrated by its capability to
attract numerous paper clips (Video S1, Supporting Informa-
tion). In contrast, the soft-magnetic Fe3O4 nanoparticles em-
bedded in the flexible PDMS substrate (Figure S6, Supporting
Information) did not retain permanent magnetism. They re-
sponded to the external magnetic field by transiently aligning
their magnetization but lost their magnetism instantly once the
magnetic field was removed (Figure S5b, Supporting Informa-
tion). Additionally, both PDMS/NdFeB and PDMS/Fe3O4 com-
posites displayed considerable mechanical properties with tensile
strengths of 2.0 and 0.7 MPa, respectively (Figure S7, Supporting
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Figure 2. Characterization of the targeting and swimming performances. a) Schematic of the swimmable MB at rolled-up and planar states. b) Depen-
dence of the magnetic field strength on the mass ratio of NdFeB to PDMS. c) Photograph of the MB hanging vertically and powering a red light-emitting
dioxide. Scale bar, 5 mm. d) Demonstration of the translation, rotation, and scrolling modes of swimmable MBs manipulated by an external cubic mag-
netic field. e) The magnetic flux density distribution and translation mode of the MB in magnetic fields of a cuboid permanent magnet. f–h) Dependence
of (f) the magnetic field strength on distance, g) the swimming velocity on magnetic field strength, and h) the swimming velocity on the mass ratio of
Fe3O4 to PDMS.

Information). This enabled them to withstand various complex
deformations during battery fabrication. The flexibility of the
PDMS-based polymer substrate, combined with the utilization
of metal-free carbon-based electrodes, facilitated the rolling up
of planar MBs to reduce their spatial footprint. This novel “Swiss
roll” configuration is expected to achieve higher volumetric en-
ergy density while maintaining a compact size (Table S1, Sup-
porting Information).[21] Optical and scanning electron micro-
scopic (SEM) images revealed that the swimmable MB com-
prised a cylindrical matrix and two “antennae-like” tabs, with
the cross-section at a rolled-up state exhibiting a helical structure
(Figure S8, Supporting Information).

The rational design of the soft-magnetic composite substrate
and hard-magnetic composite tabs is crucial for the MB to achieve
the desired swimming and targeting feature. Only when the

substrate is a soft-magnetic composite and the tabs are hard-
magnetic composites can the MB exhibit both swimming and tar-
geting functionalities (Figure S9, Supporting Information). Tabs
with magnetic field orientations along the thickness and radial
directions can be achieved by altering the orientation of samples
with respect to the magnetic field during magnetization. In this
case, a radially oriented magnetic field distribution was employed
to ensure the correct connection of the positive and negative elec-
trodes when they were attracted through the North (N) and South
(S) poles of the tabs in swimmable MBs (Figure S10, Supporting
Information). The magnetic force of the hard-magnetic tabs can
be readily regulated by adjusting the NdFeB content within the
tabs. As the proportion of NdFeB increased, the magnetic field
intensity of the hard-magnetic PDMS/NdFeB composite tabs in-
creased linearly after magnetization and gradually became rigid
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(Figure 2b). Notably, the tab with a mass ratio of 4:1 between Nd-
FeB and PDMS exhibited a high magnetic field intensity of 312.5
Gs (or 31.25 mT) after magnetization (Figure S11, Supporting
Information). Due to the strong magnetic field intensity of the
magnetic composite, the rolled-up MB can securely attach to and
stably power a vertically suspended light-emitting dioxide (LED)
without any fixed measures (Figure 2c).

The dynamic magnetic fields required for remote actuation
of the MBs are generated by a cuboid permanent magnet,[22,23]

which can be easily manipulated and used for both magnetic
torque and force on the swimmable MBs (Figures S12 and S13,
Supporting Information). The magnetic torque induces rotation
and alignment of the MBs along the magnetic field, while the
magnetic field gradient generates a propelling magnetic force
that drives the MBs forward.[24] This interplay of effects en-
abled the MB to undergo translation, rotation, and tumbling
by adjusting the external cuboid permanent magnet accordingly
(Figure 2d). Finite element analysis indicated that the MB uni-
formly embedded with Fe3O4 nanoparticles maintained an even
magnetic density distribution during operation with the external
cuboid permanent magnet, ensuring stable motion states dur-
ing swimming (Figure 2e). By manipulating the position or ori-
entation of the cuboid permanent magnet, the magnetic field
strength around the MB can be effectively modulated. Accord-
ing to the Gaussian meter, the magnetic field strength applied to
MBs showed a gradient change with distance, thereby allowing
for the control of the swimming velocity by altering the distance
between the MBs and the cuboid permanent magnet (Figure 2f).
For instance, with a distance of 30 mm between the magnet’s
center and the MB, the resulting magnetic field strength and av-
erage swimming velocity can reach 22 mT and 12 cm s−1, respec-
tively (Figure 2g). Furthermore, maintaining a constant 10 mm
distance between the external magnet and MB permitted flexi-
ble adjustment of swimming velocity by changing the Fe3O4 to
PDMS mass ratio (Figure 2h). Unless otherwise specified, the
mass ratio of Fe3O4 to PDMS was set at 3:10. The mobility of the
swimmable MBs can be precisely controlled by rotating and drag-
ging the cuboid magnet. Facilitated by a dynamic external mag-
netic field, the MBs can be directed to rotate and move by exploit-
ing magnetic torque and force, resulting in responsive and swift
motion (Video S2, Supporting Information). This non-invasive
and wireless actuation method allows the swimmable MBs to
move autonomously. The position images at different times indi-
cated that the MBs can be manipulated to travel along a specific
route with a stable motion state (Figure S14, Supporting Infor-
mation). Driven by an external rotating magnetic field (7.5 mT,
400 rpm), the swimmable MB completed a rotation cycle within
360 ms (Figure S15, Supporting Information), demonstrating its
rapid responsiveness. These results suggest the potential of com-
bining a soft-magnetic substrate with hard-magnetic tabs as a
promising strategy for creating functionally enhanced MBs with
swimming and targeting capabilities.

To realize the capabilities of swimmable MBs for targeted
power delivery, the aqueous, separator-free, quasi-solid-state pla-
nar Zn//MnO2 MBs were further spray-printed due to their in-
herent safety, cost-effectiveness, environmental friendliness, and
superior electrochemical performance (Figure S16, Supporting
Information).[25,26] Prior to printing, the composition and pro-
portions of the electrode inks were adjusted to achieve the de-

sired rheological behavior suitable for spray printing. A note-
worthy aspect was that all electrode inks exhibited characteristic
shear-thinning phenomena with increasing shear rates, indicat-
ing non-Newtonian fluids (Figure S17, Supporting Information).
This rheological characteristic is essential for the continuous
printing of electrode inks and precise patterning of microelec-
trodes to prevent undesirable mixing.[27] To fabricate Zn//MnO2
MBs, flexible, metal-free, carbon-based current collectors com-
prised of graphite, graphene, and conductive carbon black were
initially printed onto a PDMS/Fe3O4 composite substrate utiliz-
ing a customized mask, followed by the accurate deposition of
patterned Zn anodes and MnO2 cathodes on each side of the cur-
rent collectors. After introducing PDMS/NdFeB tabs and coating
gel electrolytes, the swimmable MBs were obtained by rolling
and encapsulation (Figure S18, Supporting Information). The
resultant flexible electrodes demonstrated high electrical con-
ductivities (466 S m−1 for Zn anode and 347 S m−1 for MnO2
cathode, Figure S19, Supporting Information), attributed to the
formation of continuous conductive pathways between the con-
ductive agents and electrode materials (Figure S20, Supporting
Information).[28] 2D and 3D images acquired using a step pro-
filer indicated that the printed flexible carbon-based current col-
lectors, Zn anodes, and MnO2 cathodes exhibited average thick-
nesses of ≈11, 32, and 23 μm, respectively (Figure S21, Support-
ing Information). The process of spray printing offers ease of
operation, flexible design capabilities, and high throughput, al-
lowing for the creation of customizable patterns and adjustable
sizes, which renders it suitable for the scalable production of MBs
at high throughput.[29] Utilizing different customized masks and
sequentially printing electrode inks, up to 196 MBs can be ef-
ficiently prepared on a 49 cm2 area on various substrates like
PDMS film, A4 paper, polyethylene terephthalate (PET) plates,
and cloth (Figure S22, Supporting Information), demonstrating
its potential for large-scale manufacturing. The printed quasi-
solid-state Zn//MnO2 MB features coplanar electrodes on a sin-
gle flexible substrate with a narrow gap of 0.5 mm between the
anode and cathode (Figure S23, Supporting Information), elimi-
nating the need for separators thereby reducing the risk of short
circuits.[30] This design fosters a seamless electrode-electrolyte in-
terface, shortens ion-diffusion pathways, and provides high me-
chanical flexibility.

To ensure the stable and long-term operation of the MB, a
modified polyvinyl alcohol (PVA)-ZnCl2/MnSO4-LiCl gel elec-
trolyte was utilized by coating and solidifying in situ in ambient
air. After solidification, the electrolyte retained a high ionic con-
ductivity of 44.5 mS cm−1 (Figure S24, Supporting Information).
The redox peaks in cyclic voltammetry curves based on the gel
electrolyte displayed high similarity to the corresponding liquid
electrolyte, matching well with the voltage plateaus observed
in the galvanostatic charge-discharge profiles (Figures 3a,b).
The marginally higher polarization and reduced peak current
with the gel electrolyte can be attributed to its higher viscosity
and comparatively lower ionic conductivity compared to the
liquid electrolyte.[31,32] The overlapped cyclic voltammetry and
galvanostatic charge-discharge profiles in the initial three cycles
demonstrated high reversibility of the Zn2+ (de)intercalation
reaction (Figure S25, Supporting Information). Waterproofing
is a pivotal consideration for swimmable MBs given their po-
tential operation scenarios. The planar MB, encapsulated with
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Figure 3. Electrochemical performances of the swimmable Zn//MnO2 MB. a) Cyclic voltammetry of the MB with PVA-ZnCl2/MnSO4-LiCl gel electrolyte
or with corresponding liquid electrolyte at a scan rate of 0.5 mV s−1. b) Galvanostatic charge-discharge curves of the planar MB tested in ambient air
or immersing in water. c) Galvanostatic charge-discharge curves of the MB at the planar and rolled-up states. d) Galvanostatic charge-discharge curves
and e) Rate performance of the MB at increasing current densities ranging from 10 to 100 μA cm−2. f) Ragone plot of the printed Zn//MnO2 MBs in
comparison to previous conventional MBs that were not swimmable. g) Cycling performance of the MB at 30 μA cm−2. h) Dependence of the cathode
thickness and areal capacity on the printing time of the MnO2 cathode.

waterproof silicone rubber, demonstrated no attenuation in
performance either in ambient air or when immersed in water
(Figure 3b). Even after immersion in water, the MB still exhib-
ited a high retention of 93.9% in capacity over 100 consecutive
cycles at 80 μA cm−2 (Figure S26, Supporting Information). The
fully flexible structural design, utilization of the gel electrolyte,
and robust encapsulation layer contribute to the exceptional
stability of the MBs under varying complex conditions (Figure
S27, Supporting Information). Even when rolled into a “Swiss
roll” configuration, the discharge areal capacity of the MBs
showed only marginal alterations (Figure 3c). Unless otherwise
specified, the “Swiss roll” MBs were fabricated and tested as
follows.

Furthermore, a comprehensive characterization of the electro-
chemical performance of the MBs was conducted. The MBs de-

livered high areal capacities of 102.3, 79.6, 70.4, 55.2, and 41.3
μAh cm−2 at increasing current densities of 10, 20, 30, 50, and
80 μA cm−2, respectively (Figure 3d). Notably, even at a high areal
current density of 100 μA cm−2, the MB exhibited a discharge ca-
pacity of 35.9 μAh cm−2, indicating high reaction kinetics. The
enhanced kinetics can be attributed to a high surface-controlled
capacity contribution, accounting for up to 87.2% based on anal-
yses of electrode reaction kinetics (Figure S28 and Note S1, Sup-
porting Information). The capacity demonstrated an immediate
recovery upon the reversal of applied current densities from 100
to 10 μA cm−2 across 30 cycles, demonstrating remarkable elec-
trochemical stability (Figure 3e). Additionally, the MB achieved
a notable areal energy density of 141.9 μWh cm−2, surpassing
many previously reported MBs (Figure 3f and Table S1, Sup-
porting Information).[33–39] This high energy density highlights
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Figure 4. Application demonstrations of the swimmable MBs. a) Schematic diagram of the swimmable MB for navigation/transportation and targeted
power delivery. b) Photographs of the swimmable MB powering a yellow light-emitting dioxide under the action of an external magnetic field at different
times. c) Photographs of a swimmable MB powering a fiber glucose sensor at different positions. d) Response current-time curve of the fiber glucose
sensor at varied positions before and after being powered by a swimmable MB. e) Schematic of the swimmable MBs connected in parallel through a
“head-to-tail” connection under the control of external magnetic fields. f) Photograph of MBs connected in parallel to form a fiber-shaped battery pack.
g,h) Galvanostatic charge-discharge profiles of the printed MBs connected (g) in series and (h) in parallel measured at 50 μA cm−2. Scale bars, 1 cm.

its potential as a power source for commercially available im-
plantable microelectronic devices.[40] Furthermore, the MB dis-
played exceptional cycling performance with 73% capacity reten-
tion and 99% Coulombic efficiency after 400 cycles at 30 μA cm−2

(Figure 3g). Even when operated at a higher current density of
50 μA cm−2 for 900 cycles, it maintained an acceptable areal ca-
pacity of 43.8 μAh cm−2, accompanied by nearly 100% Coulombic
efficiency (Figure S29, Supporting Information). The versatility
and flexibility of spray printing allowed for convenient tailoring
of the voltage and capacity of MBs during battery fabrication. By
adjusting the printing time, MnO2 cathodes with varying thick-
nesses and adjustable areal capacities ranging from 15.5 to 127
μAh cm−2 at 20 μA cm−2 were achieved (Figure 3h). This demon-
strates the applicability of the advanced device configuration, al-
lowing for adjustable energy demands and expanding the range
of application scenarios.

The incorporation of both soft and hard magnetic compos-
ites in its design enables the swimmable MB with the capability
to autonomously power electronic devices in a contactless man-
ner, offering intriguing possibilities for diverse applications, in-
cluding navigation/transportation and targeted power delivery
(Figure 4a). For instance, when a hypothetical electronic device
(red) is positioned at point A, the swimmable MB situated at point
B can swiftly navigate to point A with the aid of an external mag-
netic field. The hard-magnetic tabs on the MB can then estab-
lish an automatic connection to the hypothetical electronic device
through precise remote magnetic field control (Figure S30, Sup-
porting Information). Subsequently, the MB efficiently dragged
the electronic device back to point B, demonstrating a rapid and
stable hysteresis response (Video S3, Supporting Information).
Additionally, the detachment between the swimmable MB and
the electronic device can be easily achieved through the control of
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an external magnetic field (Figure S31 and Video S4, Supporting
Information). This contactless switch control is of significant im-
portance for the reuse and recycling of swimmable MBs. To intu-
itively exhibit the targeted power delivery capability, a swimmable
MB can gradually approach a fixed LED under precise control of
the external magnetic field. Upon contact between the MB’s two
“tentacle-like” hard-magnetic tabs and the LED’s electrodes, the
yellow LED instantaneously illuminates (Figure 4b and Video S5,
Supporting Information). The strong magnetic field intensity of
the hard-magnetic tabs ensured a reliable circuit connection with
the LED, thus maintaining continuous brightness. It is notewor-
thy that the LED serves as a simplified model to demonstrate the
targeted power delivery capability of our swimmable MBs, which
can be extended to other microelectronic devices.

The MB’s swimming capability enables uninterrupted power
delivery to microelectronic devices during movement, enabling
their continuous operation across different locations. As depicted
in Figure 4c, when an exhausted fiber glucose sensor is posi-
tioned at point A within a simulated blood vessel (6 mm in inner
diameter), a swimmable MB can provide targeted power delivery
through remote manipulation of an external magnetic field. The
signal data were recorded with an electrochemical workstation
by connecting it in series to the MB and the fiber glucose sen-
sor using copper wires, allowing continuous monitoring of glu-
cose concentration (≈6.0 mmol) at point A. Subsequently, the MB
guided the sensor through positions B and C, sequentially record-
ing glucose concentrations at each location (Figures 4d). Benefit-
ted from the use of intrinsic biocompatible materials and a safe
aqueous Zn//MnO2 battery system,[41–45] there were no signs of
inflammation and immune response observed after implanting
the swimmable MB in rats for one week (Figure S32, Supporting
Information), indicating significant potential for applications in
vivo. These results demonstrate the capability of our swimmable
MBs not only to store energy but also to deliver it in a targeted
manner. Additionally, MBs with different sections in series could
be facilely prepared at a large scale (Figure S33, Supporting In-
formation). And parallel-connected fiber-shaped battery packs
could be assembled through “head-to-tail” connections under the
control of external magnetic fields (Figures 4e,f). Irrespective of
whether swimmable MBs are connected in series or parallel, they
exhibit similar galvanostatic charge-discharge profiles, indicat-
ing the same electrochemical process. The MBs connected in se-
ries monotonously increased the plateau voltage with unchanged
capacity (Figures 4g and Figure S34, Supporting Information),
while the parallelly connected MBs maintained a stable average
plateau voltage with proportional growth in discharge capacity
(Figure 4h), demonstrating consistent and outstanding perfor-
mance. As a demonstration, a thermometer and light-emitting
diode (LED) could be powered by a single swimmable MB or by
employing three sections in series (Figure S35, Supporting In-
formation), demonstrating the inherent potential as microscale
power sources.

The swimmable MBs derived from the in-plane structure are
highly customizable and compatible with advanced micro/nano
processing technologies (e.g., lithography, inkjet printing, ther-
mal evaporation, and magnetron sputtering). These manufactur-
ing methods enable easy integrations of MBs with various pla-
nar microelectronic devices, including batteries,[46] sensors,[47]

transistors,[48] and displays,[49] all of which are also prepared

using micro/nanofabrication techniques. This compatibility fa-
cilitates their easy integration into the fabrication of functional
microelectronic integrated systems. In the future, by utiliz-
ing the “Swiss roll” configuration alongside specific soft or
hard-magnetic composites, a self-powered swimmable micro-
integrated system could be constructed as a multifunctional plat-
form. This system would encompass energy harvesting (e.g., mi-
crobial fuel cells), energy storage (e.g., MBs), health monitoring
(e.g., micro-sensors), signal processing (e.g., chip), signal trans-
mission, and disease therapy (e.g., drug delivery). Such a system
would realize the vision of the physician in vivo (Figure 5a). Com-
pared to traditional MBs or micro-robots that serve singular func-
tions, the swimmable micro-integrated system possesses various
functionalities, making them ideal for numerous applications.
For instance, they could be implanted into the body through
non-invasive oral or minimally invasive injection methods.[50,51]

Driven by external magnetic torque and force, they could serve
as mobile “gas stations” within the body, effectively powering im-
plantable medical microelectronic devices and considerably ex-
tending their operational lifespan. With their unique structural
and material design, these swimmable micro-integrated systems
could go beyond the traditional function of single devices, emerg-
ing as effective tools for life science research, physiological detec-
tion, and disease treatment (Figure 5b).

3. Conclusion

In summary, a swimmable MB for targeted power delivery has
been achieved through a flexible spray printing process. This
approach enables rapid and scalable production of customized
MBs with adjustable voltages or capacities, alongside excellent
electrochemical performance (high areal capacity of 102.3 μAh
cm−2 and energy density of 141.9 μWh cm−2 at 10 μA cm−2).
The incorporation of a PDMS/Fe3O4 soft-magnetic substrate and
PDMS/NdFeB hard-magnetic tabs endows the swimmable MB
with rapid response (completing a rotation cycle within 360 ms),
superior swimming properties, and targeted power supply capa-
bilities under the action of an external magnetic field. Addition-
ally, potential application scenarios have been explored and pre-
liminary proof-of-concept demonstrations have been conducted.
Finally, a self-powered swimmable micro-integrated system has
been proposed with potential applications in vivo. In this study,
we opted for the widely studied materials to enhance the vali-
dation of this innovative concept. Looking forward, the perfor-
mance of swimmable MBs can be further enhanced by develop-
ing novel material systems, devising new actuation methods, and
delving into more intricate application scenarios. The demonstra-
tion of this functionalized swimmable MB may change people’s
views on traditional battery function with single energy storage
and provide new insights for their development.

4. Experimental Section
Materials and Reagents: Superfine graphite (≥ 99%) and N, N-

dimethylformamide (DMF, ≥ 99.8%) were purchased from Adamas. Man-
ganese sulfate monohydrate (MnSO4·H2O, ≥ 99%), graphene (3000
mesh), potassium hexachloroplatinate (K2PtCl6, Pt 39.6%), bovine serum
albumin (BSA, ≥ 98%), and 5 wt% Nafion solution were obtained from
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Figure 5. Perspective on swimmable MB. a) Schematic diagram of the concept of a self-powered swimmable micro-integrated system consisting of
energy harvesting, energy storing, signal monitoring, signal processing, wireless transmission, and disease therapy modules. b) Illustration of the
swimmable micro-integrated system for potential applications in vivo.

Sigma-Aldrich. Zinc powder (99.99%), zinc chloride (ZnCl2, 98%), lithium
chloride (LiCl, AR, ≥ 99%), glucose oxidase from Aspergillus niger, and
glutaraldehyde (AR, 50% in H2O) were purchased from Aladdin. Thermo-
plastic polyurethane (TPU, 2792A) was obtained from Covestro. Poly(vinyl
alcohol) (PVA, 1799) was purchased from Macklin. Conductive carbon
black (Super P, 30–45 nm) was purchased from XFNANO Material Tech-
nology Co., Ltd. Silver conductive ink was purchased from Alfa Aesar.
Sodium hydroxide (NaOH, AR), iron chloride hexahydrate (FeCl3·6H2O,
AR), potassium permanganate (KMnO4, AR, ≥ 99.5%), and sulfuric acid
(H2SO4, AR) were purchased from Sinopharm Chemical Reagent Co., Ltd.
Iron chloride tetrahydrate (FeCl2·4H2O, AR) was purchased from J&K Sci-
entific Chemical Co., Ltd. Neodymium-iron-boron bonded magnetic pow-
der (NdFeB, LW-BA, 2000 mesh) was purchased from Guangzhou Xinn-
uode transmission components Co., Ltd. Lignocellulose was purchased
from Shanghai Chenqi Chemical Technology Co., Ltd. Conductive silver
paste (SECrosslink 4200) was purchased from Shanghai Juhe Advanced
Materials Technology Co., Ltd. Polydimethylsiloxane resin (PDMS, Sili-
cone SYLGARD 184 Elastomer Kit) was purchased from Dow Chemical
Company. Silicone sealant (Kafuter, K-705) was purchased from Guang-
dong Hengda New Materials Technology Co., Ltd. 𝛽-D-Glucose (C6H12O6,
> 85%) was purchased from TCI (Shanghai) Chemical Industrial De-
velopment Co., Ltd. Paraformaldehyde fixative, hematoxylin-eosin (H&E)
stain kit, 4′,6-diamidino-2-phenylindole (DAPI), anti-CD68 Rabbit pAb
(GB113109), and Cy3 conjugated Goat Anti-Rabbit lgG (H+L) (GB21303)
were purchased from Solarbio Science and Technology Co., Ltd. All
reagents were used as received without further purification.

Synthesis of Magnetic Fe3O4 Nanoparticles: The magnetic Fe3O4
nanoparticles were synthesized via a modified co-precipitation method.[52]

First, 0.254 g (0.016 mol) FeCl2·4H2O and 0.172 g (0.008 mol) FeCl3·6H2O
were dissolved in 80 mL of deionized water in a 250 mL three-neck flask.
The resulting mixture solution was vigorously stirred at 50 °C for 1 h under
a nitrogen atmosphere. Next, 10 mL of 0.5 M NaOH solution was added
dropwise into the above solution with an obvious color change from brown
to black, indicating the formation of Fe3O4 nanoparticles. The resulting
black solution was then cooled down to room temperature and continu-
ously stirred for 1 h to allow for complete crystallization. The solution was
then allowed to ultrasound agitation for 1 h and centrifuged three times
with deionized water. Finally, the resulting product was dried in a vacuum
oven at 50 °C for 24 h to obtain the magnetic Fe3O4 nanoparticles.

Synthesis of 𝛼-MnO2 Nanorods: 𝛼-MnO2 nanorods for cathode mate-
rials of swimmable MBs were synthesized via a modified hydrothermal

method.[53,54] Specifically, a 50 mL solution was prepared by adding 0.25 g
MnSO4 and 1.0 mL of 0.5 M H2SO4 to the deionized water under vigor-
ous stirring. Subsequently, 25 mL of 0.05 M KMnO4 solution was slowly
added to the above solution and continuously stirred for 8 h at room tem-
perature. Then, the resulting solution was transferred into a Teflon-lined
polytetrafluoroethylene (PTFE) autoclave vessel and heated at 120 °C for
10 h. Finally, the obtained 𝛼-MnO2 slurry was centrifuged several times at
10 000 rpm for 10 min and dried in a vacuum oven at 80 °C for 24 h for
further use.

Preparation of Electrode Inks: To prepare the electrode inks with de-
sirable viscosity for spray-printing, a specific amount of thermoplastic
polyurethane resin (TPU) was added to N, N-dimethylformamide (DMF)
solvent and heated at 80 °C for 2 h to fully dissolve the resin. Then, su-
perfine graphite, graphene, carbon black, and electrode active materials
(Zn powder and 𝛼-MnO2 powder) were added to the above resin solution
with intensive stirring for 60 min to achieve the electrode inks. For carbon-
based conductive ink used as flexible current collectors, the mass percent-
ages of TPU, superfine graphite, graphene, and carbon black were 15%,
15%, 23%, and 47%, respectively. For MnO2 cathode ink, the mass per-
centages of TPU, superfine graphite, graphene, carbon black, and MnO2
powder were 6%, 6%, 9%, 19%, and 60%, respectively. For Zn anode ink,
the mass percentages of TPU, superfine graphite, graphene, carbon black,
and Zn powder were 8%, 4%, 6%, 12%, and 70%, respectively.

Preparation of Gel Electrolyte for Swimmable MBs: A modified PVA-
ZnCl2/MnSO4-LiCl gel electrolyte was prepared for quasi-solid-state
Zn//MnO2 MBs.[55] Specifically, 3 M LiCl (1.27 g), 2 M ZnCl2 (2.726 g),
0.4 M MnSO4 (0.676 g), 0.25 g lignocellulose, and 1 g PVA were mixed in
10 mL of deionized water and heated at 90 °C for 1 h under vigorous stir-
ring. After cooling to room temperature (25 °C), the PVA-ZnCl2/MnSO4-
LiCl quasi-solid-state gel electrolyte was obtained for further use.

Preparation of Soft and Hard Magnetic Composites: The magnetic com-
posite slurries were prepared by uniformly mixing NdFeB microparticles
(with an average size of 3.6 μm) or Fe3O4 nanoparticles (with an average
size of 14.2 nm) into uncured PDMS resin. Subsequently, 10 wt% of the
curing agent containing platinum catalyst was added and stirred for 2 min
at room temperature (25 °C). To prepare PDMS/Fe3O4 soft magnetic com-
posite film, 5 mL of the corresponding mixture was dispensed onto a 10
cm2 polyethylene terephthalate (PET) plate (with a thickness of 500 μm)
and spin-coated at 1000 rpm for 60 s. This process was repeated three
times, and the PDMS/Fe3O4 composite film was dried at 60 °C for 6 h. To
prepare the PDMS/NdFeB hard-magnetic composite, the corresponding
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mixture was poured into a Teflon mold with a thickness of 0.6 mm and
then dried at 60 °C for 6 h. Finally, the composite film was magnetized
by impulse magnetic fields (about 3 T) generated by an impulse magne-
tizer (IM-10-30, ASC Scientific) to impart magnetic polarities to the NdFeB
particles embedded in the PDMS resin.

Preparation of Flexible Electrodes: Flexible planar interdigitated elec-
trodes were prepared using a step-by-step spray printing technology. First,
the substrate (such as PDMS, PET, and A4 paper) covered with a cus-
tomized patterned mask was placed on a 60 °C hot plate. Next, carbon-
based conductive ink was added to the spray gun barrel and sprayed onto
the substrate through the mask. The resulting electrodes were then placed
in an oven and dried at 60 °C for 30 min to remove excess solvent. Af-
ter drying, the MnO2 cathode and Zn anode were spray-printed onto the
two sides of the carbon-based current collectors using the same approach
successively. Finally, the flexible electrodes were obtained after being fully
dried in a vacuum oven at 60 °C for 12 h.

Assembly of Swimmable MB: To assemble the swimmable MB, the
magnetized PDMS/NdFeB composite was cut into strips and tightly
boned with the PDMS/Fe3O4 composite film using commercial 502 glue.
Then, the conductive silver glue was evenly coated on the surface of the
PDMS/NdFeB composite film and dried at 80 °C to ensure a strong con-
nection with the flexible MnO2 cathode and Zn anode. Then the PVA-
ZnCl2/MnSO4-LiCl gel electrolyte was uniformly dip-coated onto the flex-
ible electrodes and left under ambient air at room temperature for 12 h
to remove excess water. Once the surface of the gel electrolyte was so-
lidified, the mechanically robust planar quasi-solid-state Zn//MnO2 MB
was obtained. Finally, by rolling up the planar battery and encapsulat-
ing it with waterproof silicone sealant, the swimmable MB could be
obtained.

Fabrication of Fiber Glucose Sensor: The fiber glucose sensor was fabri-
cated by twisting the glucose-sensing fiber and Ag/AgCl/carbon nanotube
(CNT) fiber together,[56] with 1 μL of 10% PVA filling between the two elec-
trodes to avoid short circuits. The sensor was tested with a two-electrode
system with the glucose-sensing fiber serving as the working electrode
while the Ag/AgCl/CNT fiber serving as both reference and counter elec-
trode. First, platinum (Pt) nanoparticles were electrodeposited onto a CNT
fiber to prepare the H2O2 sensor. The electrodeposition was performed
under a pulse electrodeposition mode (0.5 V for 10 s and −0.7 V for 10
s until the charge number reached 0.02 C) in a mixed solution contain-
ing 1 mM K2PtCl6 and 0.1 M KCl. Next, the Pt/CNT fiber was dip-coated
with 3 μL of the mixed enzyme immobilization solution containing glu-
cose oxidase (40 mg mL−1), bovine serum albumin (BSA, 40 mg mL−1),
and glutaraldehyde (0.15% w/w). Finally, the Pt/CNT fiber was uniformly
coated with a Nafion solution (0.1 wt%, 2.5 μL) three times. To fabricate
the Ag/AgCl/CNT fiber electrode, Ag was first electrodeposited onto a CNT
fiber in a two-electrode system with the CNT fiber as the working electrode
and a commercial silver electrode as both counter and reference electrode.
The electrodeposition was performed under a cyclic voltammetry mode
(with a voltage window of −0.9 to 0.9 V for 10 cycles at 0.1 V s−1) con-
taining 5 mM AgNO3 and 1 M KNO3. Then, AgCl was electrodeposited
onto the obtained Ag/CNT fiber in a two-electrode system with the Ag/CNT
fiber used as the working electrode while a commercial Ag/AgCl electrode
served as both counter and reference electrode. The electrodeposition was
also conducted under a cyclic voltammetry mode (with a voltage window
of −0.15 to 1.05 V for 2 cycles at 0.05 V s−1) containing a mixed solu-
tion with 0.1 M KCl and 0.01 M HCl. The Ag/AgCl reference fiber electrode
could be used after drying overnight and the resulting fiber glucose sensor
was stored at 4 °C before testing.

Electrochemical Measurement: Cyclic voltammetry (CV) and galvano-
static charge-discharge (GCD) profiles of the MB were carried out by us-
ing a CHI660E electrochemical workstation. Electrochemical impedance
spectroscopy (EIS) was conducted from 0.1 MHz to 10 mHz with a poten-
tial amplitude of 5 mV. Galvanostatic charge-discharge profiles and cycling
measurements were carried out using the LAND CT2001A battery test sys-
tem (Wuhan Land Electronic Co., Ltd, China).

The ionic conductivities of the gel electrolyte were measured by sand-
wiching electrolytes between two stainless steel (SS) foil (1 × 1 cm) serv-
ing as blocking electrodes. The measurements were performed over a fre-

quency range of 1 MHz to 100 mHz with 10 mV AC amplitude. The ionic
conductivity (𝜎, S cm−1) was estimated using the following equation.[57]

𝜎 = l∕ (Rb ⋅ A) (1)

where l represents the distance between the two stainless steel electrodes,
Rb is the ohmic resistance of the electrode, and A is the electrode area.

Characterizations: The microstructure and morphology of the materi-
als were characterized using the transmission electron microscope (TEM,
JEOL JEM-2100F operated at 200 kV) and cryo field-emission scanning
electron microscopy (Zeiss FE-SEM Ultra 55 operated at 3 kV) equipped
with an energy-dispersive spectrometer (EDS) detector. X-ray diffraction
(XRD) patterns were recorded using a Burker-AXS with Cu-K𝛼1 radiation.
The magnetic field density of the PDMS/NdFeB hard-magnetic compos-
ite was measured by a Gauss meter (Shanghai Daxue Electromagnetic
Equipment Co., Ltd., China). The magnetic hysteresis loops of the mag-
netic composite film were obtained using a vibrating sample magnetome-
ter (VSM, Lake Shore 7410, USA). The thickness of the printed flexible elec-
trodes was measured using an Alpha step D-600. The conductivity of the
printed electrode was measured using four-point probe equipment (RTS-
9). Photographs were taken with a digital camera (SONY A6000, Japan).

Manipulation: The spatially varying magnetic actuating field was gen-
erated by a commercial NdFeB permanent magnet (N42, 50× 25× 25 mm,
Beijing Zhongke Sanhuan High Technology Co., Ltd., China, Figure S12,
Supporting Information) for the manipulation of swimmable MBs. The
dynamical transformations of the swimmable MBs were achieved by com-
bining vertical, horizontal, and rotational movements of the magnet. The
magnetic field intensity could be tuned by adjusting the distance between
the MBs and the magnet.

Calculation: The areal capacities Cdevice (μAh cm−2) of Zn//MnO2
MBs were calculated from galvanostatic charge-discharge curves using the
following equation.

Cdevice = It∕Adevice (2)

where Cdevice (μAh cm−2) is the areal capacity, I (μA) is the discharge cur-
rent, t (h) is the discharge time, and Adevice (cm2) is the total electrode
area.

The areal energy density and power density of Zn//MnO2 MBs were
calculated using Equations (3) and (4).

Eareal = I∫ Udt∕Adevice (3)

Pareal = (Eareal∕t) × 3600 (4)

where U (V) is the voltage, Eareal (μWh cm−2) is the areal energy density,
and Pareal (mW cm−2) is the areal power density.

Finite Element Simulation: The magnetic flux density distribution and
translation mode of an MB under the magnetic field generated by a
cuboid permanent magnet were simulated using finite element analysis.
As shown in Figure 2e, a cuboid permanent magnet with a residual magne-
tization of 1000 kA m−1, measuring 45 mm in length, 45 mm in width, and
20 mm in height, was used. The dimension of the MB set at 5 cm away
from the surface of the permanent magnet was 0.4 cm in diameter and
1 cm in length. The material of the soft-magnetic substrate was set as 30
wt% Fe3O4 and 70 wt% PDMS while the hard-magnetic tabs consisted of
20 wt% NdFeB and 80 wt% PDMS. To simulate the translation of the MB,
its movement was constrained in the other two directions. Free tetrahe-
dral meshing and swept meshing were used for the MB and air domains,
respectively.

Implantation of Swimmable MBs: Experimental rats (SD, male, 6–
8 weeks) were purchased from Shanghai Slaughter Laboratory Animal
Co. All animal experiments were conducted following the protocol ap-
proved by the Animal Experimentation Committee of Fudan University,
with the approval number SYXK2020-0032. All animal handling adhered
strictly to the operational requirements of the National Institutes of Health
and Fudan University. After thorough preoperative cleaning, the rats were
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anesthetized with 2% isoflurane and placed gently on a surgical position-
ing table. The swimmable MB was implanted into the leg muscle tissue
of the rats using a syringe. One week after the implantation, blood sam-
ples were collected from the rats and stored at 4 °C before use. Major
organs, including the heart, liver, spleen, lung, and kidney, as well as leg
muscle tissues from the control and implanted rats, were excised and
placed in paraformaldehyde fixative. The tissue was dehydrated using a
gradient concentration of ethanol and then embedded in paraffin wax.
Paraffin blocks were sliced into 6 μm thick sections and stored at room
temperature.

Biocompatibility Tests: Blood cell analysis, enzyme-linked immunosor-
bent assay (Elisa), tissue sections, and immunofluorescence staining ex-
periments were conducted to verify the biocompatibility of swimmable
MBs. For blood cell analysis, blood samples collected from the rats
were tested using a veterinary fully automatic blood cell analyzer (Min-
dray, BC-5000vet). Typical inflammatory-related markers, including white
blood cell (WBC), neutrophil (Neu), lymphocyte (Lym), monocyte (Mono),
eosinophils (Eos), and basophils (Bas), were analyzed. For enzyme-linked
immunosorbent assay (Elisa), serum was obtained by centrifuging the
blood sample at 3000 rpm for 10 min. Concentrations of interleukin-1𝛽
(IL-1𝛽), interleukin-6 (IL-6), and tumor necrosis factor-𝛼 (TNF-𝛼) were
measured using enzyme-linked immunosorbent assay kits (Wuhan Ser-
vice Biotechnology CO., LTD). For H&E staining, the tissue slices were
processed with xylene, anhydrous ethanol, 75% ethanol, and water. Hema-
toxylin staining involved immersing the slices for 3–5 min in differentiation
solution, reblue solution, and hematoxylin staining solutions, respectively.
Following this, the slices were re-dehydrated and underwent eosin staining
by immersing them in the staining solution for 5 min. A water rinse was
performed on the samples before each solution change. Before immunos-
taining, slices were subjected to antigen retrieval using citrate buffer and
incubated for 30 min with a BSA solution. Anti-CD68 Rabbit pAb (1:200)
served as the primary antibody, and Cy3 conjugated Goat Anti-Rabbit lgG
(H+L) (1:300) was used as the secondary antibody. DAPI was employed
to stain the nucleus of all cells. Each group consisted of three rats. The
slices were observed under fluorescence microscopy (Olympus BX51).

Statistical Analysis: The particle size distribution of magnetic Fe3O4
and NdFeB was presented as the mean ± SD of the total Fe3O4 and NdFeB
particle sizes in TEM and SEM images. The sample number for statistical
size distribution in both magnetic particles was 200.
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the author.
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