
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​
v​e​c​​o​m​m​​o​n​s​.​​o​r​​g​/​l​​i​c​e​​n​s​e​s​​/​b​​y​-​n​c​-​n​d​/​4​.​0​/.

Wang et al. Journal of NeuroEngineering and Rehabilitation           (2025) 22:76 
https://doi.org/10.1186/s12984-025-01575-2

Journal of NeuroEngineering 
and Rehabilitation

*Correspondence:
Tao Yin
bme500@163.com
Zhipeng Liu
lzpeng67@163.com
Shunqi Zhang
zhangshunqi2004@126.com

1Institute of Biomedical Engineering, Chinese Academy of Medical 
Science & Peking Union Medical College, Tianjin 300192, China
2State Key Laboratory of Advanced Medical Materials and Devices,  
Tianjin 300192, China
3Tianjin Key Laboratory of Neuroregulation and Neurorepair,  
Tianjin 300192, China
4Tianjin Institutes of Health Science, Tianjin 301600, China

Abstract
Background  Electromagnetic field-based neuroregulation technology is a crucial technique for treating central 
nervous system and peripheral nervous system disorders. However, the use of invasive electrodes has unavoidable 
problems such as the risk of inflammation due to high hardness, electrical connections and the need for batteries. On 
the other hand, non-invasive magnetic stimulation has limitations such as centimeter-level focal areas and shallow 
stimulation depth.

Methods  To enhance the precision and effectiveness of wireless magnetic stimulation, we employed a figure-8 
magnetic stimulation coil (8-coil) to generate a magnetic field, combined with an injectable, highly conductive, and 
flexible liquid metal (LM) to produce a millimeter-scale focused electric field. A coaxial electric field measurement 
electrode was used to establish an agar phantom-based electric field measurement platform. The sciatic nerve of 
C57 mice was stimulated under acute anesthesia conditions, and electromyography (EMG) signals were collected to 
evaluate the enhancement of stimulation effects. Long-term safety was assessed through four weeks of implantation.

Results  Theoretical analysis and finite element simulations demonstrated that the combination of LM and the 8-coil 
generated a millimeter-scale enhanced vector electric field within the tissue. Measured electric field distributions 
closely aligned with theoretical and simulation results. In the sciatic nerve experiments on mice, 1 µL of LM under a 
0.45 T magnetic field significantly increased EMG signals and leg movement amplitude by approximately 500%. Long-
term implantation under magnetic stimulation revealed no adverse effects.

Conclusions  This method utilizes focused electric fields to improve the precision and effectiveness of neuro-
magnetic stimulation. It holds promise as a novel approach for precise stimulation. Preliminary evidence was provided 
for the safety of in vivo LM implantation under external magnetic fields.
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Introduction
Electromagnetic field-based neuroregulation technology 
is primarily used to regulate the function of the central 
or peripheral nervous systems. It encompasses various 
methods, including deep brain stimulation, spinal cord 
stimulation, and transcranial magnetic stimulation [1–
3]. These methods have found extensive applications in 
the treatment and research of various diseases, such as 
epilepsy, depression, post stroke movement disorders, 
spinal cord injuries, chronic pain [4–10]. Precise neuro-
regulation methods based on related technologies serve 
as essential therapeutic approaches and research tools 
in both clinical treatments and cutting-edge studies in 
neuroscience.

The basic principle of electromagnetic field-based 
neuroregulation is to directly apply current to tissues 
through electrodes or to generate electric fields within 
tissues using pulsed magnetic fields. When the electric 
field within the tissue exceeds the excitation threshold 
of the neurons, it changes the membrane permeabil-
ity of the neuronal cell membrane to ions, resulting in 
neuronal excitation or inhibition. This approach aims to 
treat diseases or promote recovery [11]. Transcutane-
ous electrical nerve stimulation, which applies electri-
cal current to the skin through electrodes, can achieve 
therapeutic effects such as pain relief [12]. However, the 
complex electromagnetic parameters of biological tis-
sues make it challenging to achieve precise stimulation 
of deep target areas due to the diffuse distribution of the 
stimulation current in the tissue [13]. Techniques like 
deep brain stimulation involve the direct implantation of 
DBS leads into the target area and the application of elec-
trical current, enabling precise stimulation of the target 
area. It has proven to be an effective method for treating 
epilepsy and depression [1]. However, the implantation 
of electrode during surgery can cause mechanical stress 
and potential damage [14]. The use of external connect-
ing wires also carries the risk of infection and inflamma-
tion [15]. Additionally, the limited battery capacity and 
its impact on patient mobility are additional limitations 
[16]. Wireless neuroregulation techniques, such as tran-
scranial magnetic stimulation, utilize focused pulsed 
magnetic fields to induce electric currents in the tis-
sue, thereby exciting or inhibiting the target nerves and 
achieving neuroregulation. These techniques are com-
monly used in the treatment of psychiatric disorders 
or for memory improvement. Research in this field has 
focused on improving the focusing of the magnetic field 
through modifications in coil design [17–19] and adding 
focusing devices such as conductive or magnetic conduc-
tive baffles [20]. However, the dispersion of the magnetic 
field makes it difficult to achieve millimeter-level focus-
ing of the induced electric field, often resulting in simul-
taneous stimulation of adjacent brain regions. Wireless 

magnetic stimulation based on coils also faces challenges 
such as rapid magnetic field attenuation, maximum elec-
tric field intensity at the skin surface, and difficulty reach-
ing deep brain regions [21, 22]. With advancements in 
brain mapping and the refinement of functional brain 
regions [23], our understanding of stimulation mecha-
nisms has improved, and precise stimulation has become 
crucial for ensuring the effectiveness of stimulation [21]. 
Therefore, the development of new high precision neural 
magnetic stimulation methods that achieve millimeter-
level precision and minimize trauma is an urgent issue in 
the field of magnetic stimulation [24, 25].

Some research groups have proposed various methods 
for neural stimulation. These groups have achieved wire-
less stimulation of peripheral nerves, such as the blood 
vessels surrounding the nerves and the sciatic nerve of 
animals, by creating millimeter-level electronic implants. 
These implants transmit energy wirelessly through coils, 
ultrasound, magneto-electric materials, or by harness-
ing frictional energy [26–29]. However, the implantation 
of electronic devices still faces challenges, such as the 
risk of surgical manipulation, as well as the risk of infec-
tion associated with hard electrodes incompatibility and 
long-term foreign body implantation [14, 30]. A study 
utilized soft capacitive conductive hydrogels as implant-
able stimulators. This approach minimizes the risk of 
inflammation due to mechanical stress by using fully bio-
degradable and biocompatible circuit components and 
substrates to construct wireless stimulators. However, 
it still requires the use of coils to transmit power to the 
battery [31]. Kozielski et al. proposed a direct injection 
of magneto-electric nanoelectrodes into the subthalamic 
nucleus of mice. These nanoelectrodes can respond to 
external magnetic fields and wirelessly transmit electri-
cal signals to the brain, thereby regulating the mice’s 
movement speed [32]. However, this method requires 
the application of alternating magnetic fields in a static 
magnetic field, and there is still room for improvement in 
the difficulty and convenience of equipment manufacture 
from clinical application.

In the theory of electromagnetic fields, it has been 
observed that the interface between a high conductivity 
medium and biological tissue under alternating magnetic 
fields can accumulate charges and generate a focused 
electric field that is higher than the induced electric 
field itself [33]. This study aims to take advantage of this 
property to achieve millimeter-level precise wireless neu-
ral magnetic stimulation in target areas. This is done by 
using high conductivity implants that are implanted in 
the target area through minimally invasive techniques 
and stimulated by an external electromagnetic field. This 
puts forward high requirements for the electrical con-
ductivity, softness and biocompatibility of the materials 
of the implants. In recent years, emerging gallium-based 
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LM materials have emerged as a promising choice for 
focused stimulation implants [34, 35]. These materials 
exhibit high conductivity, flexibility, and good biocom-
patibility. They have found wide applications in fields 
such as injectable biomedical technologies and neurosci-
ence as neural prostheses, implanted flexible electrodes, 
and contrast agents [36–38]. Numerous studies have con-
firmed their feasibility and safety for long-term implan-
tation in neural sites [34, 39]. The 8-coil is a commonly 
used stimulation coil in neuroregulation. It can induce a 
focused vector electric field. In this study, a pulsed mag-
netic field generated by a pulsed current was applied to 
the 8-coil to induce the LM implant to produce a locally 
focused electric field on the order of millimeters. As a 
result, precise magnetic stimulation of the surrounding 
nerves is achieved, leading to a significant improvement 
in the effectiveness of magnetic stimulation.

Principle
Principle of magnetic stimulation based on 8-coil and LM
According to the principle of current magnetic effect and 
electromagnetic induction, a high-voltage pulse current 
is used to pass through the coil to generate an induced 
magnetic field, which in turn produces an electric field in 
the nerve tissue, thereby changing the nerve activity. The 
distribution of the induced electric field generated by a 
current carrying coil can be calculated using Biot-Savart’s 
law, which describes the relationship between the mag-
netic field and the current element dl in a closed wire.

	 A = µ 0
4π

∫
L

I(t)
r dl#2-1

Where dl = dlx · i + dly · j + dlz · k , 
r = rx · i + ry · j + rz · k, µ 0 represents the vacuum 

permeability, L is the integral path along the current ele-
ment on the coil, and r is the distance from any point P in 
space to the current source dl. The induced electric field 
E generated by the time varying current is then given by:

	 E = ∂ I(t)
∂ t

µ 0
4π

∫
L

1
r dl#2-2

Referring to the commonly used 8-coil design in mag-
netic stimulation [40], it comprises two circular coils 
combined to generate a focused vector-induced electric 
field. The electric field strength is the superposition of the 
two circular coils, as depicted in Fig. 1(a). Boundary con-
ditions at the interface between two media, 1 and 2, can 
be summarized as:

	




an × (E1 − E2) = 0
an × (H1 − H2) = Js

an · (D1 − D2) = ρs

an · (B1 − B2) = 0#2-3

In this context, an denotes the unit normal vector to the 
interface pointing towards medium 1, while ρ s and Js 
represent the surface charge density (C/m²) and surface 
current density (A/m) on the interface, respectively. Let 
ET  be the induced electric field generated by the 8-coil 
setup at a certain moment, and ρ sT  be the charge den-
sity. Assuming the induction electric fields at the junc-
tions of the LM with neural tissue along the y-axis and 
x-axis are En1 and En2 respectively, as illustrated in 
Fig. 1(b). From Eqs. 2–3, it follows that along the tangent 
direction to ET  (i.e., along the x-axis at the boundary 
with tissue), the electric field is perpendicular to ET , 
yielding a dot product of 0. Conversely, along the direc-
tion perpendicular to ET  (i.e., along the y-axis at the 

Fig. 1  Schematic diagram of how LM generate electric fields in magnetic field. (a) Schematic diagram depicting the induction current induced by the 
energized coil at the target tissue site. (b) Schematic diagram illustrating the induced electric field generated in LM under 8-coil excitation
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boundary with tissue), charge accumulation occurs, lead-
ing to:

	 an · En1= ρ sT , an · En2 = 0#2-4

From Eqs.  2–4, the induced electric field by the 8-coil 
setup is influenced by the presence of LM. This results 
in charge accumulation along the y-axis at the bound-
ary with tissue, while no charge accumulates along the 
x-axis. Due to the significantly higher electrical conduc-
tivity of LM compared to biological tissue, the charge 
density ρ sT  induced by the 8-coil setup at the boundary 
with LM along the y-axis is higher than that induced by 
the 8-coil setup in biological tissue. The superposition of 
these two induced electric fields results in a high ampli-
tude induced electric field. It is indicating that under the 
action of the pulsed magnetic field from the 8-coil setup, 
a vector stimulation electric field can be formed along the 
y-axis, while the electric field intensity along the x-axis 
decreases. Additionally, due to shielding effects, the 
amplitude of the induced electric field below the cover-
age area of the LM will also decrease.

Finite element analysis was used in this study to simu-
late the electric field distribution induced by stimulation 
coils containing LM. A biological tissue model confirmed 
the theoretical predictions of electromagnetic fields. We 
then employed an 8-coil setup and a high-voltage pulse 
generator to create magnetic field, and we measured the 
induced electric field distribution in our experimental 
model. Comparisons of the electric fields, with and with-
out LM, validated the enhancement of millimeter-level 
stimulation regions by LM. Lastly, we stimulated the sci-
atic nerves of mice, recording EMG responses from the 

gastrocnemius muscle and leg movement amplitudes to 
assess the focal and enhancing effects of LM.

Materials and methods
Liquid metal
In this experiment, Ga67In20.5Sn12.5 LM, purchased from 
Suzhou Haichuan Metal Products Co., Ltd., was utilized. 
Its pertinent physical properties include a melting point 
of 10.5 ℃, electrical conductivity of 3.4 × 106 S/m, density 
of 6.5 g/cm³, viscosity of 2.98 mPa∙s, and surface tension 
of 0.533 mN/m [34]. In a biological environment, it exists 
in a liquid state with a conductivity much higher than 
that of conductive hydrogels. It possesses characteristics 
such as flexibility, good biocompatibility, and stretch-
ability. Considering implantation feasibility and safety, 
approximately 0.65 g, or about 1 µL, of LM was chosen 
for implantation, as depicted in Fig. 2(a).

8-coil, pulse current generator and electric field 
distribution measurement method
The 8-coil setup and high voltage pulse current genera-
tor used in this study were developed by the Institute of 
Biomedical Engineering, Chinese Academy of Medical 
Sciences. The pulse magnetic field generated had a pulse 
width of 280 µs. The induced magnetic field distribu-
tion of the 8-coil setup was measured using a gaussmeter 
(Model 475 DSP, Lake Shore) (Supplement Fig. S3). Pulse 
stimulation is a sine wave in both directions (Supplement 
Fig. S4 for images of magnetic field measurements for 
high energy magnetic stimulation), therefore, we believe 
that there will be no charge accumulation or polarization 
on the surface of the LM that could affect the stimulation 
effects.

Fig. 2  Schematic of the Methodology. (a) Volume and morphology of 1 µL LM. (b) Schematic and actual image of the induction electric field measure-
ment probe.(c) Schematic of the induction electric field measurement experiment.(d) Schematic of LM stimulating the sciatic nerve of mice
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Due to the difficulty in directly measuring the induced 
electric field distribution in tissue, we designed a gel 
phantom-saline water-LM model to validate the simula-
tion and theoretical results. The gel phantom has a con-
ductivity of approximately 1 S/m, while the saline has a 
conductivity of 0.9 S/m. A coaxial line was used as a vec-
tor electric field measurement probe, which effectively 
shields the induced current generated by the magnetic 
induction in the measurement probe [41]. The sche-
matic and physical diagrams of the measurement probe 
are shown in Fig. 2(b). The measurement probe was con-
trolled by a mechanical arm to measure the electric field 
distribution in the saline. Based on this, the stimulation 
current generated by the coil and LM in real tissue was 
reflected. The simulated distribution of the induced elec-
tric field generated by the LM was calculated and verified 
through actual measurements. The schematic diagram of 
the measurement principle is shown in Fig. 2(c).

Finite element simulation
Finite element analysis was conducted using COMSOL 
Multiphysics 6.0 software, specifically within the elec-
tromagnetic module, to simulate the distribution of 
induced electric fields caused by LM and biological tis-
sues in alternating magnetic field. The 8-coil, biologi-
cal tissue model, and LM models were established, as 

depicted in Fig.  3(a). The biological tissue was modeled 
as a cylinder, 15 mm in radius and 80 mm in length, com-
prising soft tissue, skin, and bone. Nerve tissue was simi-
larly modeled as a cylinder, but with a 1 mm radius and 
an 80 mm length. LM was represented by a semicircular 
droplet with a 0.25  mm radius. Electrical conductivi-
ties were assigned as follows: soft tissue at 0.2 S/m, skin 
at 0.31 S/m, bone at 0.006 S/m, nerve tissue at 1.79 S/m, 
and LM at 3 × 10^6 S/m [42]. The parameters of the 8-coil 
setup included two parallel circular loops with large radii 
of 20 mm and small radii of 5 mm, defining the tangent at 
the intersection of the two coils as the y-axis coordinate, 
corresponding to the x and z axes, as shown in Fig. 3(b). 
The initial stimulation parameters of the coil included 
a frequency of 3000 Hz, current of 1000 A, and 7 turns. 
Tetrahedral meshing was employed, resulting in 572,548 
mesh elements with an average element quality of 0.6224.

Collecting EMG signals evoked by stimulating the sciatic 
nerve
In this study, C57BL/6J mice were purchased from Hua-
fukang Biotechnology. At the time of the acute anesthe-
sia experiment, the mice were anesthetized using 2% 
isoflurane (RWD) and 2 L/min oxygen with a respiratory 
anesthesia machine (R580S, RWD). The mice were kept 
under shallow anesthesia for at least 20 min to ensure a 

Fig. 3  LM-Tissue-Nerve stimulation model. (a) Mesh partition diagram of the simulation model. (b) Definition of the 8-coil and coordinate axes. (c) Cross 
sectional view of the induced electric field distribution along the yz-axis. (d) Induced electric field distribution in nerve tissue and LM. (e) Induced electric 
field distribution without LM control. (f) Induced electric field distribution with LM. (g) Tangential schematic. (h) Comparison of induced electric field 
amplitude distribution along the tangential line (g)
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stable state before measurements were taken. The LM 
was weighed and then sterilized using ultraviolet light 
(30  min). It was subsequently placed in PBS solution 
and directly injected into the sciatic nerve region using 
a syringe. Silver wire electrodes were implanted into the 
mice’s gastrocnemius muscle, with the signal electrode 
connected to the stimulated side of the muscle, the ref-
erence electrode attached to the contralateral gastrocne-
mius, and the ground electrode connected to the mouse’s 
tail. Data were collected using an RM6240E instrument 
from Chengdu Instrument Factory, with a sampling rate 
of 100 kHz and a bandpass filter with a range of 0.8 Hz to 
1 kHz. The principle is illustrated in Fig. 2(d). CT scans 
were performed to evaluate the status of the mice after 
the implantation of the LM using Mediso - nanoScan® 
CT system.

The spatial positioning of both the 8-coil setup and 
the electric field distribution measurement probe was 
controlled using the HAN’S ROBOT company’s P03 
mechanical arm. This facilitated variable control of coil 
spatial positions and scanning measurement of induced 
electric field distribution. The positioning accuracy of the 
mechanical arm was maintained at 0.1 mm (Supplement 
Fig. S5).

Results
Finite element simulation of millimeter-level vector electric 
field focusing area induced by Lm in neural tissue
The induced electric field triggered by the magnetic field 
generated by the 8-coil is the superposition of induced 
electric fields along three axial directions, with the high-
est proportion from the y-axis direction. This charac-
teristic results in a vector electric field along the y-axis 
induced by the 8-coil stimulation. The simulated induced 
electric field of the 8-coil is shown in Supplement Fig. S1, 
where the proportions of x-axis and z-axis components 
are minimal on the same coordinate scale. Previous stud-
ies have indicated that the stimulation effect in actual 
stimulation is primarily governed by the vector stimula-
tion along the y-direction. Therefore, all simulated elec-
tric field results obtained below in this paper focus solely 
on the y-axis direction components.

The distribution of induced electric fields from LM 
wireless stimulation is shown in Fig. 3. The 8-coil induces 
induced electric fields in tissue and neural, with the 
induced electric field distribution along the yz-axis as 
depicted in Fig.  3(c). The focusing electric field region 
induced by LM is illustrated in Fig.  3(d), while the dis-
tributions of induced electric fields before and after the 
addition of LM are shown in Fig.  3(e) and 3(f ), respec-
tively. Simulation results indicate the generation of 
induced electric fields in tissue and neural under 8-coil 
stimulation. Upon the addition of LM, significant focus-
ing electric fields are generated on both sides of the LM 

along the y-axis of the coil, while the electric field ampli-
tude decreases on both sides of the x-axis and below the 
LM coverage area, consistent with theoretical analysis 
results.

The comparison of induced electric field distributions 
along the tangent to the interface between the neural 
y-axis and LM, as shown in Fig.  3(g), demonstrates the 
contrasting results of induced electric field distribution, 
as illustrated in Fig.  3(h). Two millimeter-level focusing 
electric fields are generated on both sides of the y-axis of 
the LM, with a significant increase in electric field ampli-
tude. Consequently, the focusing induced electric field 
induced by LM can precisely stimulate specific target 
points on neural tissue.

Finite element simulation and field distribution 
measurement of millimeter-level vector electric field 
focusing area generated by Lm in gel-saline water
To validate the simulation and theoretical results, we 
conducted simulations and actual measurements on a gel 
phantom-saline water-LM model. The simulation model, 
as shown in Fig. 4(a), (b), and (c), respectively measures 
along the x, y, and z axes of the LM, with schematic dia-
grams of the measurement paths. To facilitate measure-
ments and minimize discrepancies between the actual 
model and simulation, a hemispherical solid LM was 
fabricated and placed in the gel phantom at temperatures 
below the melting point of the LM. The validation model 
schematic is depicted in Fig. 2(d). Simulation results are 
shown in Fig. 4(d), (e), and (f ), while measurement results 
are illustrated in Fig. 4(g), (h), and (i). The results indicate 
the formation of millimeter-level focusing electric fields 
along the y-axis of the LM, with a decrease in electric 
field intensity along the x-axis direction and within the 
LM coverage area. The simulation results are consistent 
with the measured trends. Discrepancies between simu-
lation and measurement results mainly stem from differ-
ences between the actual 8-shaped coil used and the ideal 
circular coil in the simulation. Additionally, the spacing 
between the positive and negative poles of the measure-
ment probe is 1 mm, leading to errors in the voltage dif-
ference obtained compared to the numerical calculation 
results, partly due to magnetic field interference through 
spatial coupling.

LM Precision stimulation of mouse sciatic nerve for 
eliciting EMG
Considering the volume of LM and safety assessments 
from previous studies, 1 µL of LM was placed on the 
mouse sciatic nerve. EMG corresponding to the gastroc-
nemius muscle and leg movement amplitude were mea-
sured and compared between the nc group and the LM 
group (Supplement Fig. S2). Using an 8-coil, pulses of 
410 V to 470 V were applied, resulting in a corresponding 
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pulse magnetic field of approximately 0.4–0.45 T on the 
sciatic nerve. The measured EMG amplitudes are shown 
in Fig. 5(a), with the corresponding box plot depicted in 
Fig. 5(b). For processing the EMG signals, a threshold of 
greater than 0.1 mV was established as an effective sig-
nal. Since EMG signals in the NC group were difficult to 
observe at voltages below 410 V, we selected 410 V as the 
initial collection voltage. At this voltage, the EMG signal 
amplitude in the LM group was significantly higher than 
that in the NC group. This indicates that the minimum 
stimulation voltage required to evoke EMG signals in 
the LM group is clearly lower than 410 V, suggesting that 
LM wireless magnetic stimulation significantly enhanced 
both the stimulating electric field and the associated 
muscle response. At 460  V voltage, the corresponding 
mouse leg movement amplitude comparison is shown in 
Fig. 5(c), with the corresponding video material available 
in supplement video. To evaluate the focusing stimula-
tion effect of the LM, we placed the LM on one side of 
the nerve, as shown in Fig.  5(d). The statistical results 
of the corresponding EMG amplitudes under the same 
magnetic field are shown in Fig. 5(e). There is a significant 
difference in the EMG induced by the LM at positions 1 
and 2, while there is no significant difference between 
position 2 and the nc group. These results indicate that 

the focusing electric field induced by the LM is concen-
trated only on the y-axis side of the coil. Shifting the LM 
by 2  mm does not significantly change the stimulation 
effect, indicating that the precision of the stimulation 
field reaches the millimeter-level. Under a pulsed mag-
netic field of approximately 0.45 T, the EMG amplitude 
is increased by approximately 500%. The data presented 
in this study were obtained under relatively strict control 
of variables. The values of n = 10 and n = 20 mentioned 
in Fig.  5 represent the EMG amplitude results obtained 
from multiple stimulations of the same mouse during a 
stable anesthetic window at a fixed dose. This approach 
ensured stable anesthesia and consistent electrode place-
ment for EMG recording. Additionally, a robotic arm was 
used to precisely control the coil position, maintaining 
a stable relative position between the coil, LM, and the 
nerve.

Figure 6 shows the CT scan and cross-sectional images 
of the sciatic nerve in mice 7 days after LM injection. 
The CT images of day0 and day7 and the status map of 
the LM on the day7 are shown in Supplement Fig. S6. To 
evaluate the safety of LM injection, four additional mice 
were selected for a four-week study. Unlike the acute 
anesthesia experiments, no invasive procedures were 
performed in the long-term study. 1 µL of sterilized LM 

Fig. 4  Electric field amplitude measurements and simulation results. (a), (b), and (c) represent cross sectional views of LM-Tissue-Nerve stimulation model 
electric field distribution along the yz, yz, and xz axes, respectively. (d), (e), and (f) correspondingly compare the simulated induced electric field distribu-
tions between the nc group and LM group along the directions of the red lines in (a), (b), and (c). (g), (h), and (i) present the measured induced electric 
field distributions comparing the nc group with the LM group along the directions of the red lines in (a), (b), and (c), respectively.
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Fig. 6  CT scan images and cross-sectional views of the sciatic nerve in LM-implanted mice after 7 days

 

Fig. 5  Precision Stimulation of Mouse Sciatic Nerve to Evoke EMG with LM. (a) Comparison of EMG amplitudes between the nc group and LM group 
at different stimulation voltages. (b) Box plots of EMG amplitudes between the nc group and LM group at different stimulation voltages, with n = 10. (c) 
Amplitude of leg movement evoked in mouse gastrocnemius muscle by the nc group and LM group under the same magnetic field. (d) Experimental 
setup for LM stimulation at different positions. (e) Comparison of EMG amplitudes evoked by LM at different positions and between the LM group and nc 
group under the same magnetic field, n = 20, ***: p < 0.001
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was directly injected onto the sciatic nerve site, another 
group of four mice injected with an equal volume of PBS 
served as the nc group, followed by anesthesia and mag-
netic stimulation every 7 days. The results showed a 100% 
survival rate in all mice. Over the four weeks, no signifi-
cant differences were observed between the experimental 
and nc groups in locomotion, food intake, water con-
sumption, or body weight.

Discussion
When we consider LM as a stimulating electrode, our 
proposed technique offers a new approach for implant-
able magnetic stimulation. Flexibility enables the LM to 
be injected non-surgically between the nerve and mus-
cle. This approach might be more readily accepted by 
patients both psychologically and physiologically. The 
excellent electromagnetic properties of LM allow it to 
be wirelessly stimulated, eliminating the need for elec-
trode connections or built-in batteries, and thus facilitat-
ing neural activation at the target site. Additionally, LM 
is able to remain in a agglomerated droplet shape after 
injection, giving it superior focusing capabilities com-
pared to dispersed magnetic nanoparticles. The increase 
in stimulation intensity means that LM can counteract 
the rapid decay of the magnetic field from the magnetic 
stimulation coil to some extent, enhancing stimulation 
depth. The precise stimulation method can be applied 
to peripheral nerve stimulation, and the millimeter-level 
precision and depth of magnetic stimulation is of great 
significance for precise mapping of the brain through 
magnetic stimulation. Therefore, achieving millimeter-
level precise control of the brain is a goal we hope to fur-
ther pursue in the future.

Compared to the method of directly injecting LM 
into the target, this approach is more convenient than 
implanting tiny electronic circuit stimulators. Due to the 
high density of LM, low doses of X-ray technology may 
be used for imaging assistance [43]. This study demon-
strates that highly conductive media enable millimeter-
scale focused magnetic stimulation. Further analysis 
and experimental validation are needed to quantify the 
effects of other parameters, such as the morphology and 
volume of LM, on stimulation outcomes. The key fac-
tors influencing the EMG results include the mouse’s 
anesthesia state, electrode placement, magnetic field 
strength, and the relative positions of the LM, coil, and 
nerve. Even with constant parameters, such as coil posi-
tion, stimulation voltage, and anesthetic dosage, vari-
ability in EMG signals was observed for the same mouse. 
Therefore, precise quantitative relationships, such as the 
enhancement of electromyography under different mag-
netic field strengths, potential changes in stimulation 
effects caused by muscle deformation during movement, 
and individual differences between subjects, require 

further investigation. Experiments conducted on mul-
tiple mice consistently showed similar EMG amplitude 
enhancement. However, variations in anesthesia states 
and electrode placement between mice limited the sta-
tistical comparability. The main objective of this study is 
to generate millimeter-scale electric fields with the high-
est amplitude. The intensity and volume of the focused 
electric field are mutually constrained; as the LM vol-
ume decreases, the focus region becomes smaller, lead-
ing to more precise stimulation, but the total energy and 
stimulation intensity decrease. Therefore, the selection 
of LM volume for different stimulation areas (e.g., larger 
brain regions or sub-neural bundle regions) requires fur-
ther experimental validation. Future efforts will focus on 
minimizing the influence of variables, such as anesthesia 
state, by standardizing factors like the volume and mor-
phology of the implanted LM, as well as mouse weight, 
sex, age, electrode positioning, and the relative alignment 
of the nerve and coil. Better control of these variables will 
improve the accuracy of quantitative statistical results 
and enable more reliable comparisons between different 
subjects.

In the method proposed in this study, the relative posi-
tion of the LM to the nerve is a crucial factor affecting 
the efficacy of stimulation. Firstly, the magnetic field does 
not induce a change in the relative position of the LM 
because we utilize a magnetic field consisting of micro-
second pulses with relatively low total energy. Addition-
ally, the LM has a low magnetic susceptibility, which 
means that it does not deform and move as a result of 
being forced by the magnetic field [44]. During stimula-
tion in air, we did not observe any measurable changes 
in morphology. Furthermore, related studies have con-
firmed that LM will remain stable in the biological envi-
ronment. Evaluations of the morphology, position, and 
safety of LM post-injection indicate that there were no 
observable changes in the position or morphology of the 
LM even after 60 days post-injection. Additionally, the 
Ga content in organs post LM implantation showed neg-
ligible increase, providing further evidence for the safety 
of LM in vivo [45]. Because the viscosity of the LM is 
similar to that of the water, when filling into the biologi-
cal tissue, the material would conformably be attached to 
the tissues. During LM implantation, CT scans and ana-
tomical observations showed that its relative position to 
the nerve remained largely unchanged. Although muscle 
tissue deformation induced by movement may lead to 
slight changes in LM shape, there will be no significant 
alteration in the relative position between the coil and 
the nerve. Regarding the potential safety concerns of 
LM particles loosening or splitting due to movement, 
it is inevitable that small amounts of LM may enter the 
bloodstream. For these trace amounts of dispersed LM, 
numerous studies involving direct in vivo injection of the 
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materials provide evidence of their safety in experimen-
tal animals. Examples include dispersed LM-based nano-
materials for tumor ablation and CT-enhanced imaging 
[46], and dispersed LM microparticles for improving 
hydrogel conductivity [47]. LM particles can be excreted 
through urine or feces [48]. Analysis of LM content in 
organs and blood provides evidence for the safety of LM 
implantation.

Although many studies have demonstrated the safety 
of LM for injectable medical applications, this method 
incorporates an external magnetic field, introducing 
unique considerations for LM’s redox reactions in vivo. 
First, the focused electric field decays within 1 mm, and 
the dynamic voltages generated for neuroregulation are 
lower than LM’s redox potential. Second, the stimulation 
used in this study involved short pulses at a 2  Hz rep-
etition rate, which introduced less energy compared to 
approaches using LM directly as a stimulation electrode, 
further supporting the safety of this method. Regard-
ing potential oxidation and reduction reactions caused 
by surface oxide layer disruption during muscle move-
ment, these processes could lead to thickening of the 
oxide layer. With increased oxidation, LM may become 
stickier, enhancing tissue wettability. However, an overly 
thick oxide layer could reduce LM conductivity and 
weaken the stimulation effect [49]. The results show that 
the increase in oxide layer thickness was not significant at 
Day 7. These findings provide preliminary evidence sup-
porting the safety of LM under external magnetic field.

Wireless magnetic stimulation inducing induced cur-
rents in LM inevitably leads to thermal effects. These 
thermal effects will be greater in high conductivity LM 
than in tissue. Thermal effects can also excite neural tis-
sues. However, due to the instantaneous nature of pulsed 
magnetic field, it is difficult to measure in real-time. 
Additionally, cumulative thermal effects from continuous 
pulsing cannot reflect whether instantaneous thermal 
effects play a role in neuroregulation. Hence, in the next 
step, we hope to investigate the role of thermal effects in 
neuroregulation through simulation calculations or suit-
able control experiments.

In comparison to research on magnetic nanoparticles 
enhancing stimulation effects, magnetic nanoparticles 
can achieve external static magnetic field control, aggre-
gate nanoparticles, target specific areas, alter target area 
magnetic properties, increase induced magnetic field 
intensity, and thus induce stimulation. In contrast, the 
method of injecting LM is based on altering the electrical 
properties of the target area to induce changes in induced 
electric field intensity. This method is advantageous due 
to its straightforward operation and the limited dis-
persion of LM. However, LM has magnetic properties 
nearly identical to biological tissue, thus it scarcely alters 
the magnetic field distribution, nor does it easily allow 

for external control of LM’s spatial positioning. Conse-
quently, employing specific magnetic materials to create 
magnetic LM, and capitalizing on the benefits of both 
electrical and magnetic characteristics, could potentially 
refine the electric field distribution through adjustments 
in the magnetic field. Controlling LM movement via an 
external static magnetic field [50], along with potential 
effects such as magnetic heating [51], might enhance 
stimulation outcomes. This constitutes an important area 
for further research [52].

Conclusion
LM generates millimeter-level focused induced electric 
fields within the pulsed magnetic field of an energized 
coil. Leveraging this characteristic holds the promise of 
achieving minimally invasive, wireless, and precise neural 
stimulation with implanted LM. In this study, the distri-
bution pattern of the induced electric field at the inter-
face between LM and tissue under an 8-coil configuration 
was theoretically derived and validated through finite ele-
ment simulation analysis. The reliability of the theoretical 
derivation and simulation was further confirmed by prac-
tical measurements using a saline gel model. Finally, basic 
validation of the proposed method was achieved through 
the stimulation of the mouse sciatic nerve-gastrocnemius 
muscle model implanted with LM. The results show that 
under the excitation of 8-coil, the LM generates a milli-
meter-scale focused vector-induced electric field, signifi-
cantly enhancing the stimulation effects on the mouse 
gastrocnemius muscle movement and electromyogra-
phy. This provides preliminary evidence for the safety of 
in vivo implantation of LM under an external magnetic 
field.
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