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Abstract

The first-generation magnetic stimulation technology, transcranial magnetic stimulation,
has been successfully applied in various neurological disorders’ treatment. However, this
technology’s limitation is enlarged with higher requirements of stimulation precision in
nowadays and the next-generation invasive and nano-invasive magnetic stimulation
technologies featuring precision and wearable/implantability are in urgent need of
development. As new specialized coils are considered to be key factors for the future
development of the next-generation magnetic stimulation methods. Novel coil design and
efficient manufacturing will significantly accelerate the development of this field. For
invasive magnetic stimulation, this project proposes a hypothesis to explain the questions
remain in the selective stimulation mechanism and brings up three optimization routes
which enhance the resolution and selectivity. Besides, innovative laser-assisted cleanroom
manufacturing process is innovated, which reduced the fabrication period from weeks to
days, and meanwhile enables biocompatible integration of traditional non-biocompatible
metals (such as aluminum), thereby broadening material choices and reducing costs. For
nano-invasive stimulation, this project first minimizes coil designs to cm scale with
generating mT level magnetic field. There are two experimental designs explored here,
planar coils, and slinky coils. Three planar coil fabrication methods, laser processing, ultra-
thick lithography, and physical cutting are tested, optimized, and evaluated. Here, an
alignment method of laser process is brought up, an optimized recipe of ultra-thick (over
ninety micrometer) photoresist method is proposed, and a cheap fast cutting fabrication
method is invented reducing the cost three to four orders of magnitude. On the other hand,
the first successful miniaturization of slinky coils to the centimeter scale can achieve high-
intensity magnetic fields and improved high-frequency performance with resonant circuit
assistance. Overall, this thesis provides cutting-edge techniques for the development of
non-invasive, invasive, and nano-invasive magnetic stimulation technologies and explores
the coils’ design and microfabrication methods for next-generation applications. Especially,
the innovation in fabrication method brings much faster fabrication speed and much lower
manufacturing cost, which builds a bridge between lab research and industry/clinical wide
demand. The contributions will accelerate the development and application of next-

generation magnetic stimulation technologies in daily life.
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1 INTRODUCTION

This project’s focus is mini/micro-coil design and fabrication for next-generation
wearable/implantable magnetic stimulation technologies. Magnetic stimulation is a
technology adopted to treat brain neurological disorders [1-7]. Compared to other neural
stimulation therapies, magnetic stimulation offers several advantages. This technology does
not require direct contact with tissue and exhibit excellent penetration through the human
brain, which enable magnetic stimulation to minimize tissue damage in invasive applications,
while in non-invasive applications, it avoids signal absorption, thereby ensuring more
effective stimulation than other non-invasive methods [8, 9]. Therefore, the next-generation
magnetic stimulation technologies place special emphasis on high-precision stimulation of the
deep brain. Advanced accurate neurological disease treatments will greatly reduce patient

suffering and social burden.

However, a major difficulty faced by the next generation of magnetic stimulation is the lack
of suitable mini/micro coils. Conventional cleanroom fabrication leads to high manufacturing
cost. Besides, the existing coil devices also have limitations, non-ergonomic design, that still
need to be addressed for implantable/wearable applications. These problems have become a
barrier preventing them from being widely accessible for clinical applications. Therefore, the
project aims to design ergonomic implantable/wearable coils, keep the manufacturing cost of
the coils as low as possible, reduce the production time cycle, and improve the manufacturing
method to adapt to large-scale batch production, which will eventually accelerate the speed of

applying these technologies in clinical situations and daily life.

This thesis describes the progress made towards addressing these limitations through three
key aims since overcoming them will significantly accelerate progress in this field.

1) Coil Parameter Optimization: Balancing trade-offs between factors like field
strength, precision, and energy, by improving coil shape, pattern, and materials etc.

2) Fabrication Efficiency: Simplifying fabrication processes to accelerate prototyping
and iterative design refinement by using new equipment, reducing redundant steps,
and applying program-assisted designing etc.

3) Cost and Scalability: Minimizing fabrication expenses and enabling large-scale
fabrication for broader clinical and commercial adoption, by enabling to use cheaper
materials, simplifying fabrication procedure, and using cost-efficient fabrication

methods.
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The optimized coil and fabrication methods will enable large-scale application of mini/micro-
coils with very low cost, which paves the way for future laboratory results to be widely used

in clinics.

1.1 THESIS STRUCTURE

The remaining chapters of the thesis are outlined below:

Chapter 2 presents a literature review focused on the development of three types of magnetic
neurostimulation techniques (non-invasive, invasive, and nano-invasive) and microfabrication
technologies for mini/micro-coil. The review includes the development and working
principles of each approach, currently available coil designs, introduction to multiple 2D and
3D microfabrication techniques, and a discussion of the potential future applications of each

stimulation technology.

Chapter 3 systematically explores the optimization of probe micro-coil for invasive magnetic
stimulation. This chapter first discussed the source of the unique spatial selectivity from the
probe micro-coil design. Based on this analysis, several potential improvement design
strategies are proposed. Then, the fabrication process of this coil was successfully
implemented, incorporating an innovative approach that integrates cleanroom recipe with
laser processing. This methodological advancement has significantly enhanced production

efficiency.

Chapter 4 focuses on nano-invasive magnetic stimulation and, for the first time, explores the
use of ergonomic mini-coil designs instead of conventional solenoids in this field. Two
potential mini-coil designs (planar coil and slinky coil) applicable to this domain are proposed
and investigated with analysis of their fabrication methods and final performance. These

findings contribute valuable experience to coil design in this area.

Chapter 5 gives the conclusion and future works of this project.

1.2 PUBLICATION

Journal Articles

[1] Ge, C., Masalehdan, T., Shojaei Baghini, M., Duran Toro, V., Signorelli, L., Thomson,
H., ... & Heidari, H. (2024). Microfabrication Technologies for Nanoinvasive and
High-Resolution Magnetic Neurostimulation. Advanced Science, 11(46), 2404254.

[2] Ge, C., Yalagala, B. P., Masalehdan, T., Shojaei Baghini, M. & Heidari, H. A Simple,

Cost-effective, Ultra-fast Fabrication of Mini-coils, Using Programmable Craft Blade Cutters,
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towards the Non-invasive Magnetic Applications, Advanced Engineering Materials.
(Submitted)

[3] Yalagala, B. P., Masalehdan, T., Ge, C., Kirimi, M. T., Mercer, J., Heidari, H. Lab to fab
process using ablation lasers: A light weight and flexible and biocompatible Microheaters for

wearable therapy applications, ACS Applied Bio Material. (Submitted)

Conference Proceedings

[1] Ge, C., Walton, F., Xu, W., & Heidari, H. (2022, October). Orientationally Selective
micro-Coil Design of Intracortical Magnetic Neurostimulation. In 2022 29th IEEE
International Conference on Electronics, Circuits and Systems (ICECS) (pp. 1-4). IEEE.

[2] Walton, F., Cerezo-Sanchez, M., Ge, C., & Heidari, H. (2022, October). A Multi-
Parametric Finite Element Analysis of Heat Distributions in Implanted Micro-LEDs. In 2022
29th IEEE International Conference on Electronics, Circuits and Systems (ICECS) (pp. 1-4).
IEEE.

1.3 CONTRIBUTION

-The hypotheses that explain the remained questions of existing theories (invasive).
-Three optimization routes of probe coils enhancing the resolution and selectivity (invasive).
-The success application of non-biocompatible metals in probe coil (invasive).

-The miniaturized coil designs of planar coils, and slinky coils for nanoparticle application

(nano-invasive).

-The 100kHz tuning of coils with resonant circuit (nano-invasive).

-The laser-assisted cleanroom manufacturing with alignment methods (fabrication).
-The optimized recipe of ultra-thick photoresist application (fabrication).

-The ultra low-cost, fast-fabrication cutting manufacturing (fabrication).
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2 LITERATURE REVIEW

Over centuries of observation, experimentation, and surgical exploration, researchers have
developed a deeper understanding of the human brain and nervous system [10]. Advances in
generating precisely controlled artificial electrical currents and fields have further refined
neurostimulation techniques [11, 12], enabling their wide applications in therapies of
neurological disorders such as headaches [1], Parkinson's disease [2], and epilepsy [3]. The
global burden of these disorders, measured in Disability-Adjusted Life Years (DALYSs), has
increased from 6.29% in 2005 to 6.39% in 2015, with prediction suggesting a rise to 6.77%
by 2030 [4]. Moreover, because neurological disorders account for over 11% of global
mortality annually [4], the continued development and implementation of effective
neurostimulation strategies are critical to mitigating both individual suffering and societal
costs in future healthcare. The development of neurostimulation techniques could potentially

mitigate this condition.

Neurostimulation techniques can be systematically categorized by the type of energy used to
modulate neural activity, including electrical, magnetic, optical, and acoustic stimuli (Figure
Ibelow). Electrical neurostimulation, the most established method, employs controlled
voltage and current to influence neuronal activity. However, its invasive implantation
procedures or direct scalp contact with large stimulators carry risks such as pain and tissue
damage [13, 14]. Optical (optogenetics) neurostimulation utilize light to activate genetically
encoded photosensitive rhodopsin ion channels, enabling precise neuronal control [15].
However, as these channels are non-mammalian, optogenetics typically requires genetic
modification of target neurons, raising medical and ethical concerns [16-18]. Transcranial
ultrasound neurostimulation delivers focused ultrasonic waves to brain regions, but its

efficacy is limited by signal absorption and attenuation [8, 9].

In contrast, magnetic neurostimulation—including non-invasive, invasive, and nano-invasive
approaches—addresses many of these limitations. Non-invasive magnetic techniques induce
significantly less pain than electrical stimulation [19-21], while invasive magnetic methods
employ microelectronic implants to achieve high spatial resolution without genetic
modification, and also yield fewer side effects than invasive electrical alternatives [22].
Nano-invasive approaches utilize magnetic nanoparticles (MNPs) for highly selective
modulation with minimal invasiveness, though genetic modification is often still required. A

key advantage shared by all magnetic methods is the low absorption of low-radiofrequency
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(<1MHz) magnetic fields by human tissues [23]. Given these benefits, magnetic stimulation

plays an important role in next generation neurostimulation therapies.

Non-invasive Magnetic:
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Figure 1. The schematic diagram and features of various neurostimulation approaches for the
brain.

As the development potential of conventional non-invasive magnetic stimulation technologies
approaches its limits, the next generation of advancements is expected to shift toward
invasive and nano-invasive methods. As previously outlined, these approaches offer superior
precision, enhanced selectivity, and greater compatibility with wearable applications.
However, realizing these benefits relies on the development of advanced coil designs.
However, next-generation magnetic stimulation coils remain underdeveloped. Notably,
current nano-invasive methods in animal studies still use bulky solenoids—a design
unsuitable for future human applications. Consequently, the miniaturization of coils into
mini/micro-scale is critical for advancing magnetic neurostimulation technologies. To achieve

the objectives, this review will focus on three critical aspects:
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1) A deep understanding of the working principles of various magnetic stimulations,
which is essential to determine the optimal coil designs that meet the application
requirements.

2) Comprehensive analysis of existing coil designs, which is necessary to identify their
limitations and potential direction of improvement.

3) Systematic evaluation of available fabrication methods, which is required to ensure

the practical implementation of proposed optimal designs.

2.1 BACKGROUND OF MAGNETIC STIMULATION TECHNOLOGIES

This section will give a brief introduction of three magnetic stimulation approaches. Figure 2
presents the development milestones of each technology and illustrate the difference between

them.

1992 Non-invasive
Double-core Coil
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Figure 2. A brief timeline of the important event point for magnetic neurostimulations and
comparison between three types of magnetic stimulation.

2.1.1 Non-invasive Neurostimulation

Non-invasive magnetic neurostimulation employs time-varying magnetic fields to induce
electrical currents in biological tissues, thereby enabling targeted neural stimulation. The
earliest recorded application of this principal dates back to 1896, when researchers
administered cortical stimulation using a large circular coil positioned around a human’s head,
eliciting phosphenes, vertigo, and syncope [24, 25]. However, a real clinical application of
this technology had not been developed until the 1980s, before scientists first applied
magnetics stimulation to the peripheral nervous system of the human subject [26], as well as
to their motor cortex [27]. The latter advancement led to the formal establishment of
Transcranial Magnetic Stimulation (TMS) as a distinct therapy. As a nearly painless
alternative to transcranial electrical stimulation, TMS has since then become a cornerstone

technique in both neuroscientific research and clinical practice [27-30]. Following its initial
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clinical validation in 1985 [31], TMS achieved widespread recognition as an important

therapeutic tool by the end of the 1980s.

Up until now, TMS serves as a kind of therapy for depression [5], chronic pain management
[6], seizures [7], and various other neurological disorders [32, 33]. Despite these advances,
however, the technique faces inherent limitations in resolution. Even with advanced mapping
protocols, TMS can achieve targeting accuracy only at the cm scale, with further degradation
of precision with deeper penetration [34, 35]. This fundamental constraint significantly

restricts its utility for deep brain stimulation (DBS) applications.

2.1.2 Invasive Magnetic Neurostimulation

Invasive magnetic neurostimulation was developed in order to address the spatial resolution
limitation of non-invasive approaches, enabling precise targeting of small, specific brain
regions. This technique utilizes implanted sub-millimeter micro-coils positioned directly
within target neural tissue, achieving greater precision. Due to its um scale, this method is

also commonly known as micro-Magnetic Stimulation (UMS).

The evolution of uMS starts in 2010 with the development of mm-scale mini-coils that
effectively elicited neural responses in monkeys [36]. Further advancements in 2012 yielded
sub-millimeter scale coils capable of stimulating retinal neurons in vitro [37]. By 2013,
refined micro-coil designs enabled systematic investigation of auditory pathway modulation
between the cochlear nucleus and inferior colliculus [38]. A significant milestone was
reached in 2014 when uMS demonstrated 70% suppression of subthalamic nucleus activity —
comparable to conventional electrical neurostimulation efficacy [39]. Extensive
computational modeling and experimental studies in following years have consistently

validated uMS as a high-resolution magnetic stimulation approach [35, 40, 41].

Despite these advantages, uMS shares the inherent limitations of all invasive techniques,
including surgical risks and potential complications associated with chronic implantation [42].
These factors must be carefully weighed against the method's superior spatial resolution when

considering clinical applications.

2.1.3 Nano-invasive Magnetic Neurostimulation

Nano-invasive magnetic neurostimulation employs MNPs composed of ferromagnetic or
superparamagnetic materials, typically with diameters ranging from several nanometers to
hundreds of nanometers [43-45]. The biomedical application of MNPs is particularly

advantageous due to its two key properties:
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1) Nanoscale dimensions allows direct interaction with cellular membranes and proteins,
including ion channels.
2) Its magnetic properties enable remote control at arbitrary tissue depths via external
magnetic fields [46, 47].
While MNPs have been utilized in drug delivery, hyperthermia therapy, and MRI contrast
enhancement for decades, their application in neurostimulation was not explored until 2010

[48-50].

The neurostimulation effects of MNPs are mediated through two types of magneto-responsive
mechanisms: magneto-mechanical and magneto-thermal neurostimulation. In magneto-
mechanical neurostimulation approach, the force/torque generated in the MNPs translates to
stimuli for the activation of mechanosensitive ion channels such as PIEZO1 and transient
receptor potential cation channel subfamily V member 4 (TRPV-4) [51-53]. In magneto-
thermal neurostimulation, when external magnetic fields oscillate at frequencies of several
hundred kHz, MNPs with high magnetic saturation can generate heat, a process known as
magnetic hyperthermia, which is used in magneto-thermal neurostimulation targeting
thermosensitive ion channels like transient receptor potential subfamily V member 1 (TRPV-

1) [49, 54, 55].

Recent studies have demonstrated the exceptional spatiotemporal precision of nano-invasive
neurostimulation [23, 56-61], advancing technology and their application to brain disorders.
However, some of these approaches often require genetic modification of neurons to express
receptors sensitive to mechanical deformation or temperature, which are not naturally

prevalent in the central nervous system.

2.2  WORKING PRINCIPLES AND COIL DESIGNS

2.2.1 Non-invasive Magnetic Neurostimulation

As the first generation of magnetic stimulation, TMS has played a major role in the
advancement of magnetic neurostimulation due to its ability to modulate neuronal activity
non-invasively. This section explores the operational principles of TMS and the key

advancements that have enhanced its application.

2.2.1.1 Mathematical and Physical Theory
The operation of TMS is grounded in Faraday's law of electromagnetic induction, in which a
time-varying magnetic field generates an electric field within brain tissue [62-65]. This

induced electric field modulates transmembrane ion flow, altering the neuronal membrane
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potential, either depolarizing neurons to enhance excitability or hyperpolarizing them to
reduce excitability [66]. This induced electric field is instrumental in triggering neuronal
activity and responses. This process plays a crucial role in eliciting neuronal activity and
responses. The mathematical relationship for a sinusoidal magnetic field is expressed through
the differential form of Maxwell's equations as follows:
VXE= —jwB (2.1)
VxH=]+jwD (2.2)

Where, E is the electric field intensity, H the magnetic field intensity, B = uﬁ the magnetic

flux density and D = ¢E is the electric displacement vector, where € and p are permittivity
and permeability, respectively. The electric charge density and electric current density are
denoted by p and f , tespectively. The angular frequency of the sinusoidal field is denoted by
w where w = 2mnf. The presence of free charge within brain tissue is considered negligible

[22, 41] and hence E can be now calculated with Eq. 2.3:

E=—jwA (2.3)
The magnetic vector potential, A, is:
i
A= —| =d 2.4
an ), R (24)
While the induced electric field can be expressed as:
L (]
E=—jo—| =d 2.5
/%), RY (2:5)

In the case of a current carrying coil composed of N turns wire, Eq. 2.5 can be transformed

to:

- 1 -
E = —jufNi | —=dl 2.6
N | o 26)
Where i is the magnitude of the input current; dl is the differential vector in the same
direction as the current unit vector in a turn of wire, L is the length of integrating route for

one turn, R is the distance between dl and the point of interest. Since the parameters are

known, Eq. 2.6 can be utilized to calculate the induced electric field.

2.2.1.2 Realization and Improvement
A standard TMS system comprises two main components: stimulator and coil(s). Early non-
invasive neurostimulation systems employed monophasic pulsed stimulation paradigms [27].

The circuit responsible for generating this pulsed signal consists of a circular coil connected
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to a high-voltage source and a large capacitor, as illustrated in Figure 3. A. Initially, the
capacitor is charged by the high-voltage source. When discharged, it releases a high current,
peaking at thousands of amperes within us [19, 67]. This rapid current surge generates a

magnetic field pulse strong enough to induce neuronal depolarization.
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Figure 3. A. Working principle of first-generation TMS with example waveform. B-I,
schematic diagrams of the coil and possible electric field strength distribution in the brain
cross-section. In B- E, red arrows represent current flow; orange arrows represent induced
electric field, deeper color means stronger field: B. Figure-of-8 coil, C. Double-core coil, D.
Slinky coil (without core), and E. simplified Hesed coil / H-coil. In F-I, red transitioning to
blue means strong transitioning to weak: F. Figure-of-8 coil, G. Double-core coil, H. Slinky
coil (with core), 1. simplified Hesed coil / H-coil.

In its early stages, TMS faced challenges in enhancing both stimulation effectiveness and
spatial resolution. The effectiveness issue was primarily addressed through advancements in
stimulation signals. Early TMS techniques operated at low stimulation rates, sometimes
delivering fewer than one pulse every three seconds [27]. To improve efficacy, stimulation
rates were increased, leading to the development of rapid or repetitive transcranial magnetic
stimulation (rTMS), comprising of pulse trains at frequencies above 1 Hz [68]. Initially,
despite supporting research [69, 70], concerns were raised about rTMS, particularly regarding
potential tissue overheating [71, 72] and the risk of seizures [73]. However, with appropriate
safety protocols, rTMS has become a widely accepted and widely used stimulation technique
[74, 75], actively applied in the treatment of various conditions, including [76], movement
disorder [77], and stroke rehabilitation [78]. Beyond stimulation frequency, the waveform of
the pulses is another critical factor. Monophasic and biphasic pulse shapes offer distinct

advantages in clinical applications. Monophasic pulses induce stronger motor-evoked
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potentials (MEPs), whereas biphasic pulses result in shorter MEP latency and greater power
efficiency [79-81].

Efforts to improve the spatial precision, or focality, of TMS have mainly focused on coil
design advancements. Early TMS coils featured a simple flat circular shape with a diameter
of approximately 10 cm, as shown in Figure 3. A [27]. However, this design did not achieve
the desired level of focal neurostimulation. Studies revealed that modifying coil size alone did
not significantly enhance TMS focality or efficacy [82]. As a result, research then shifted
toward innovative coil designs. In decades, various coil configurations have been developed
to improve stimulation focality. The following sections provide an overview of key designs

and their underlying principles.
2.2.1.3 Coil Designs

2.2.1.3.1 Figure-of-8 Cail

This design consists of two flat circular coils positioned closely in the same plane, forming a
figure ‘8’ shape (Figure 3. B) [82]. A key feature of this configuration is that the input
currents flow in the same direction at the center of the figure ‘8’, where the coils intersect. As
previously discussed in principle section, this arrangement enhances the induced electric field

intensity at the intersection, as illustrated in Figure 3. F.

In 1988, finite element simulations and in vivo experiments on frog nerve-muscle systems
were conducted to evaluate the feasibility of achieving localized stimulation with this coil
design. The findings demonstrated that the target area exhibited a current density 2 to 3 times
higher than the surrounding regions, confirming the potential of this configuration for
improved focal stimulation [83]. Subsequent studies further validated its ability to generate
stronger and more focused stimuli [82, 84-86]. The figure-of-8 coil significantly improved
stimulation focality compared to the original TMS coil and has since become the most widely
adopted design, influencing the development of miniaturized coils for next-generation

magnetic neurostimulation.

Despite its advantages, the figure-of-8 coil has limitations. The stimulation strength must be
carefully controlled, typically based on the motor threshold, to prevent under/overstimulation,
as excessive stimulation can lead to adverse effects such as seizures [87]. Therefore,
calculated by Eq. 2.6, stimulation strength decreases with distance sharply, making it
challenging to generate safe and effective fields for both cortical stimulation and DBS

simultaneously.
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2.2.1.3.2 Double-core Coil

The double-core coil is an enhanced version of the figure-of-8 design, featuring an angular
offset between the two circular coils, as shown in Figure 3. C above[88]. Recent studies
indicate that this modification improves stimulation efficiency in deep brain regions
compared to the traditional figure-of-8 coil. Consequently, the double-core coil is

increasingly being adopted for the treatment, including depression [89], and tinnitus [90, 91].

2.2.1.3.3 Slinky Coil

The slinky coil consists of multiple coils evenly distributed along a defined path, with each
coil rotating 180 degrees, as shown in Figure 3. Dabove. This configuration directs current
toward a focal region, enhancing stimulation at the target area while minimizing unintended
field effects in surrounding regions. Additionally, the slinky coil can be paired with a core
(Figure 3. H) to further concentrate the magnetic field, increasing field density and improving
efficiency compared to the standard figure-of-8 coil. By enhancing both focality and
stimulation strength, the slinky coil presents a promising approach for DBS [92-96]. However,
like the figure-of-8 coil, it carries the risk of overstimulation due to high current density

exceeding the motor threshold.

2.2.1.3.4 Hesed Coil (H-coil)

The Hesed coil, or H-coil, is a specialized design for DBS, characterized by its complex
structure, as illustrated in the simplified model in Figure 3. E above[96]. Unlike other coil
designs that focus stimulation on a focal point, the H-coil distributes currents across the entire
head surface. This distributed current pattern creates an additive effect, enabling effective
stimulation of deep brain regions (Figure 3. I) while reducing the risk of overstimulating the
cortex. Later iterations of the H-coil refined the wire layout, achieving a more uniform
current distribution with a single input and output port for current flow [97, 98]. Research
indicates that the H-coil can stimulate at depths of 5-6 cm [98]. Today, it is widely
recognized as a promising technique for magnetic DBS [99-101]. However, the H-coil has
certain drawbacks, including low selectivity, structural complexity, and its relatively large

size, which may be burden for patients.

2.2.1.3.5 Other Alternative Designs

In addition to the previously discussed coil designs, several alternative configurations are
worth exploring. The 'Halo coil' is a large circular coil that encircles the cranial region,
typically used in conjunction with other coils, such as the H-coil and figure-of-8 coil, to
enhance DBS [102, 103]. Another innovative design is the coil array [104], which consists of

multiple coils arranged in sequence, with each coil controlled independently. Simulations
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suggest that coil arrays enable precise targeting without requiring coil movement, while also
improving power management [105]. Furthermore, combining coils, such as the figure-of-8,
may enhance stimulation flexibility, strength [106], and penetration [107].

Table 1 Comparison between the four types of coils

Coll Focality DBS Flexibility
Figure-of-8 Coil v X v
Double-core Coil vV v v
Slinky Coil Y Y v
Hesed Coll X VY X

2.2.2 Invasive Magnetic Neurostimulation

Building on the foundation of TMS, uMS operates on the same fundamental principle of
inducing electrical currents in neural tissue, and thus, the stimulation principles will not be
repeated here. Stimulation via uMS exhibits critical distinctions from non-invasive
predecessor due to its implanted nature. The transition to invasive applications imposes strict
design requirements. Implantable coils must be miniaturized to submillimeter dimensions
while maintaining effective stimulation parameters. This size reduction necessitates precise
placement near target neurons, making the spatial characteristics of the generated magnetic
field, including its distribution and orientation, important considerations. Consequently, uMS
implementations demand specialized coil configurations optimized for specific targets and

applications.
2.2.2.1 Coil Design

2.2.2.1.1 Micro-solenoid

The miniaturization of conventional coil architectures to sub-millimeter scales represents a
fundamental research direction in uMS. Solenoid configurations have emerged as the most
used design choice due to their well-characterized electromagnetic properties. As illustrated
in Figure 4. Bbelow, micro-solenoids maintain the predictable current-field relationships of
their macroscopic counterparts while achieving the dimensional requirements for implanted

applications, making them particularly suitable for uMS implementations.

Early research consistently identified micro-solenoids as the preferred design for micro-coils
[36-38, 108, 109]. The first demonstration of micro-coil-based magnetic neurostimulation
occurred in 2012 for retinal neuron stimulation [36]. Subsequent studies expanded pMS
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applications to neurons in the brain [38, 108]. In 2014, in vitro experiments on the mouse
subthalamic nucleus confirmed the effectiveness of pMS for neuronal inhibition through
micro-solenoid [39]. Later advancements introduced magnetic cores to enhance field strength
of it [110, 111], and recent studies have explored micro-solenoid configurations similar to the
figure-of-8 configuration to improve focality [112]. Additionally, micro-solenoids have been
used in various applications, including in vivo neuronal activation in mice [113, 114],
selectivity control [115, 116], and heat dissipation management [117, 118]. These
developments have established the micro-solenoid as the predominant design in puMS

research.
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Figure 4. A. The orientational stimulation of neurons. The upper coil’s electric field is parallel
to the axon, the lower coil’s is vertical. Only the upper coil successfully stimulates. B. The
implantable micro-solenoid on a PCB and a zoom-in figure. C. A square planar micro-coil. D.
The probe micro-coil with a zoom-in structure diagram and 4 example designs of coil’s
shapes. E. An example coil array with 3 x 3 square planar micro-coils.

2.2.2.1.2 Planar micro-Coil

A planar micro-coil is a flat coil arranged within a single plane, typically featuring a spiral
wire layout to maximize the number of turns. An example of a square planar micro-coil is
shown in Figure 4. Cabove. Due to its compact and flat structure, planar micro-coils are more

suitable for under-skull implants than for DBS.

In 2015, a set of circular spiral coils with diameters ranging from 8 to 30 mm was evaluated

for potential use in under-skull TMS implants. The study found that while heat dissipation
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was manageable, optimizing the coil’s outer diameter was crucial, as larger diameters can
improve thermal management [87]. However, millimeter-scale coils were deemed unsuitable
for uMS, prompting the development of a 50 pm x 50 um square planar micro-coil.
Simulations confirmed its ability to excite a 70 um axon [119, 120]. Subsequent studies have
further refined this design, consistently maintaining a sub-millimeter scale [121-124]. This
advancement has been instrumental in implantable applications, leading to successful in vivo
experiments on mice [125]. More recently, in 2021, the square planar micro-coil was

incorporated into a figure-of-8 configuration to enhance stimulation focality [126, 127].

2.2.2.1.3 Probe micro-Coil

Probe micro-coils are pum-scale coils integrated into implanted prosthetic devices, often
encased in a biocompatible material to enhance flexibility, as illustrated in Figure 4. Dabove
[22]. These coils feature V-shape, W-shape etc. geometries designed to generate diverse
electric field distributions and bring selective neurostimulation (Figure 4. A) [22, 41, 128],
which will be discussed in depth in Section 3.2. In addition to selectivity, the constrained
field distribution increases the resolution. Compared to the over 1 mm activation region
typical of conventional invasive electric stimulation, pMS’s stimulation is typically confined

to a ~300 um diameter around the stimulation site. [22, 129]

In 2020, semi-circular probe micro-coils successfully stimulated the mouse auditory cortex,
achieving a more localized stimulation region compared to conventional electrical methods
[129]. By 2021, a probe micro-coil configuration incorporating a programmable circuit was
introduced, enabling dynamic spatial programming to modify the stimulation focus [130].
More recently, studies have demonstrated neurostimulation propagation through visual cortex
layers, highlighting the potential for stimulating complex neuronal activity [131]. Additional
research has explored material effects on probe micro-coils [132] and examined thermal

effects associated with their operation [133].

2.2.2.1.4 Micro-coil Array (Multi-micro-coil)

A micro-coil array consists of multiple interconnected coils designed to perform targeted
neurostimulation functions [134]. Examples include planar micro-coil arrays (Figure 4. E)
[119, 120, 135] and micro-solenoid arrays [136, 137]. These arrays enable precise
neurostimulation by selectively activating the coil nearest to the target neuron or modulating
multiple regions simultaneously. To enhance focality, some micro-solenoid and planar micro-
coil arrays adopt a 'figure-of-8' configuration [112, 126]. Additionally, certain arrays integrate
probe micro-coils, which allow for localized field enhancement or attenuation by adjusting

the relative current directions in neighboring coils [138-140]. The ability to control each coil
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independently also improves energy efficiency, which is crucial for chronic neurostimulation

applications.

Table 2. Publications overtime on uMS coil design.

Year Contribution in vivolin vitro ~ Coil type Ref

2012 Demonstration of neuron activation via coils, in vitro Micro-solenoid [141]

Demonstration of system-level dorsal cochlear nucleus- . .
2013 o ) o in vivo Micro-solenoid [38]
inferior colliculus neurons activation.

2014 Adoption of micro-solenoid array - Micro-solenoid (array) [134]

Demonstration of cellular inhibition via micro-magnetic = | . .
2014 in vitro Micro-solenoid [39]
stimulation

Demonstration of the role of field directon and = . .
2014 . » . o o . in vitro Micro-solenoid [142]
single/repetitive stimulation in micro-magnetic stimulation

2016 Demonstration of feasibility of high selectivity micro-coil in vitro Probe micro-coil [41]

2016 Adoption of planar micro-coil and planar micro-coil array - Planar micro-coil (array) [119]
2017 Animal micro-coil implantation test in vivo Micro-solenoid [113]
2018 Adoption of selective probe micro-coil designs in vitro Probe micro-coil [22]

2019 Animal micro-coil array test in vivo Micro-solenoid (array) [136]
2020 Adoption of probe micro-coil array in vitro Probe micro-coil (array)  [138]
2023 Adoption of ‘figure-of-8’ micro-solenoid - Micro-solenoid (array) [112]

2.2.3 Nano-invasive Magnetic Neurostimulation

Nano-invasive magnetic neurostimulation represents a distinct approach compared to
traditional methods like TMS and puMS. Instead of relying on electromagnetic induction, it
utilizes implantable nanoparticles to influence neuronal activity. This technique introduces
more complex modulation mechanisms, where multiple factors, including nanoparticle
material composition, shape, ion channel targeting, and coil configuration, play crucial roles

in determining efficacy.

2.2.3.1 Working Principles

Before applying a magnetic field, implanted MNPs can attach to the cell surface via two
binding mechanisms: unspecific site binding through electrostatic interactions between MNPs
and cell membrane without targeting specific proteins [143, 144]; specific site binding by
functional coatings on MNPs to anchor directly to membrane proteins by targeting their

external domains (Figure 5. A) [145].
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Once the magnetic field is applied, neurostimulation can occur through two main
mechanisms: magneto-mechanical modulation and magneto-thermal modulation. Magneto-
mechanical neurostimulation uses a magnetic field to control mechanical forces that are
applied to mechanosensory cells. This force originates from the movement of MNPs within
the field. By turning the magnetic field on and off or adjusting its direction and magnitude,
the nanoparticles align their torque with the external field. The movement of the MNPs can
cause deformation of the cell membrane or mechanically stimulate mechanosensitive ion
channels, triggering an action potential in the cell. There are mainly two types of mechanical
movement in this approach:
1) Linear displacement or dragging by isotropic MNPs generating "pull' forces in a strong
magnetic field gradient (as illustrated in the transition from Figure 5. A to C) [146].
2) Rotational or twisting motion by anisotropic MNPs generating torques when aligned
with external alternating fields of a few Hz with tens of mT strength (as depicted in

the transition from Figure 5 A to B) [51, 147].
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Figure 5. A-D. The schematic diagram of nano-invasive magnetic stimulation principles. E-G.
Different torque of various shaped particles.

Magneto-thermal neurostimulation utilizes the heat generated by MNPs in response to an
Alternating Magnetic Field (AMF) to stimulate cells. When a magnetic nanoparticle is placed
in an AMF, its magnetic moment undergoes rapid changes to align with the kHz-switching
magnetic field and generates heat (Figure 5. D). There are several physical principles of heat
generation. In ferro/ferrimagnetic nanoparticles, the hysteresis loss, caused by shifting of the
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spin domain walls during the nonlinear realignment process, dissipates heat [148]. For
superparamagnetic nanoparticles sufficiently small, they will undergo relaxation losses due to
their single domain spins, thus producing heat [149]. This technique is employed to induce
localized heating and is commonly referred to as magnetic hyperthermia, often applied for
selective cell destruction, particularly in cancer treatment [150]. Optimization of the field
parameters and controllable synthesis of MNPs allows a temporary local temperature rise up
to 44°C [151-153], where the heat applied is tuned to be sufficient to activate thermosensitive
ion channels, but prevent the membrane and neuron integrity. This approach has been shown
to be safe and effective in longitudinal in vivo neurostimulation studies and other clinical
MNPs applications such as cancer hyperthermia [154, 155], but the clinical translation in the
neurostimulation area awaits further systematic safety studies. This approach has already
demonstrated usefulness in wireless DBS and applicability in behavioral and therapeutic
control of neurological diseases [151, 152]. Advances with the magnetothermal approach
include a demonstration of sub-second neurostimulation of temporal scale comparable to
optogenetics [60], and extend towards transgene-free approaches to control activity in the

deep brain [61].

2.2.3.2 Magnetic Nanoparticles

Nanoparticles serve as the central components of stimulation, and their performance in
magnetic fields is primarily influenced by several factors: the choice of materials, size, shape,
and crystalline anisotropy. This is a broad topic, so this section is for understanding this
technology better. Therefore, the following subsections will give a more general summary of

each aspect.

Material

A variety of magnetic materials are employed in the synthesis of nanoparticles, with many
being based on iron (Fe) containing compounds. One common approach is to use transition
metals or their alloys, such as Cobalt-Iron (CoFe) [156, 157]. However, these materials are
susceptible to oxidation, which is why iron oxide, particularly magnetite (Fe3O4) and
maghemite (y- Fe203), are often favored. Among these, Fe3O4 is the most widely used choice
for MNPs due to its stability, non-toxicity, cost-effectiveness, and favorable magnetic and

biological properties [158-161].

In addition to pure iron oxide, MNPs can be engineered by incorporating divalent transition
metal cations, such as Zn?>" and Mn?" This modification allows for the adjustment of the

saturation magnetization value of the iron oxide core. For example, nanoparticles like

31



Zno.2Fe2804 [162, 163], and (Zno.4aMno.c)Fe2804[164] have been reported to exhibit improved

saturation magnetization values compared to iron oxide nanoparticles.

A core-shell structure is frequently employed in the design of magnetic nanoparticles. In this
design, a core material is encapsulated by a shell that imparts additional functions. This
brings an extremely diverse combination of various organic, and inorganic materials and is
widely applied in bioimaging, biosensors, drug delivery, etc. [165]. As for MNPs, an example
application is the Fe@Fe3Oa structure. This involves a core of Fe enclosed by a shell of Fe3Oa.

This shell can protect the high specific absorption rate of the Fe core from oxidation [166].

Shape

The shape of nanoparticles plays a crucial role in serval physiological interactions such as
toxicity and cellular uptake, but importantly in magnetic neurostimulation, it influences the
forces acting on MNPs in a magneto-mechanical approach. The particles in general terms can
be divided into isotropic and anisotropic groups. The isotropic nanoparticles are faceted with
the appearance of a sphere-like geometry, due to their cubic crystal lattice, and typically
exhibit isotropic magnetic behavior, meaning their magnetic properties are uniform in all
directions [167, 168]. This characteristic simplifies their response to external magnetic fields,
allowing for predictable and efficient heating profiles during hyperthermia treatment when
exposed to gradient magnetic fields. These nanoparticles experience forces proportional to the
field gradient, leading to migration towards regions of higher field strength. The moment
produced will decrease with the size of the particle reducing and with the distance from the

field source increasing.

Anisotropic nanoparticles such as discs, bars, rings, clusters, etc. exhibit specific magnetic
properties and can generate magnetic field forces not averagely distributed across the particle,
which enables physical movement due to a change of magnetic field direction [169-171].
Among them, nano-discs and nano-bars are two representative designs. Nano-discs are
typically hexagonal or square-shaped with diameters ranging from tens to hundreds of
nanometers [57, 169-173]. Their thickness-to-diameter ratio gives them an almost two-
dimensional (2D) appearance, which impacts their magnetic properties. These nano-discs can
exhibit vortex spin alignment in their ground state. Their vortex magnetization grants them
near zero net magnetization (Figure 5. E), allowing for improved colloidal stability by
negligent inter-particle forces, and permits for rotational forces, “torque”. Under slow (1-20
Hz) magnetic fields during the transition to “in-plane” to align with the magnetic field

direction (Figure 5. F) [57]. Nano-bars have stick shapes with lengths ranging from 100 nm to
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1000 nm [174]. These structures typically feature magnetic poles at both ends, which
facilitates exceptional control of their movement under the influence of the torque of an

external magnetic field using the lever principle with minimal forces (Figure 5. G) [175].

2.2.3.3 Stimulus Target

Thermo- and mechano-sensitive channels serve as promising targets for controlling neural
activity. Thermosensitive channels respond to temperature changes, while mechanosensitive
channels react to mechanical forces, by opening the gate and allowing for selective passage of

ions thus modulating neuronal depolarization.

The activation of thermosensitive channels is related to certain temperature thresholds or
temperature changes [176]. Transient Receptor Potential (TRP) superfamily contains many
thermosensitive channels. TRPV1 is a common non-selective cation channel used in
magneto-thermal stimulation. This channel responds to a temperature above the threshold of
around 41°C and is expressed in mammals, mostly in the peripheral nervous system [176-
178]. Another common TRP member, TRP member of vanilloid family 4, TRPV4 is also a
thermosensitive channel responding to a warm temperature located above 30°C, however, due
to its polymodality, it is also actively responding to mechanical stimuli [179-181]. Similar
multimodal channels that respond to several stimuli are TREK 1, TREK2, and TRAAK,
which can respond to temperatures above physiological, but with little mechanical sensitivity
[182]. While the majority of magnetothermal neurostimulation approaches so far relied on
targeting the TRPV1 channel demonstrating kinetics on the temporal scale of seconds, more
recent studies demonstrate sub-second control of neuronal activation and even silencing when
MNPs are targeted to ion channels activated by sudden change in the temperature such as
transient receptor potential ankyrin member 1 (TRPA1) and potassium channel TREKI.
Since the latter are sensitive to temperature gradient instead of a temperature threshold, their
response to temperature stimuli is faster compared to TRPV1 [182-184], they demonstrate

targets for neurostimulation technology with high spatial and temporal resolution [60, 61].

The mechanosensitive ion channels can transform mechanical signals into electrical or
chemical signals [176]. PIEZO1 and PIEZO2 were described as the first mechano-specific
Ca?" permeable mammalian receptors in 2010, with important roles in touch perception,
proprioception, and noxious mechanical stimuli [53, 185-187]. They have a special three-
bladed structure, and they deform with the curvature of the membrane, which leads to channel
opening, placing them among favorable targets for mechanical stimulation [187-190]. TRPV4

is expressed in various tissues and therefore is a common target for magneto-mechanical

33



modulation [179, 185, 191-193]. As mentioned before, TRPV4 is however also sensitive to
other stimuli, including thermal and chemical signals which may cause plasticity of its
mechanical response in vivo [179]. TREK-1 and TRAAK can also respond to mechanical
stimuli, but their response is stronger to other stimuli [52, 147, 179, 185, 191-196].
Additionally, there are anionic channels such as cystic fibrosis transmembrane conductance

regulator CFTR, which has the potential for mechanical neuronal inhibition [197, 198].

2.2.3.4 Coil Design

There are few special designs of the coil for nano-invasive neurostimulation technologies.
The existing ideas include mini-solenoids [49, 50, 199, 200], large solenoids [201, 202], and
Helmbholtz coil(s) [203]. Some research also generates changing magnetic fields by rotating
magnets [204]. Most of these designs put tissue or animals under or surrounded by the coil, so
the experiments are constrained by the size of the coils. Besides, to account for the field
attenuation due to distance, a large current is required to increase the electric field in the
region of interest. This also brings unneglectable heat generation, some even need water
cooling [152], which is not energy efficient. Therefore, the design of the coil has not received
enough attention in this method. Applying microelectronics to nano-invasive magnetic
neurostimulation will be an effective improvement to current research. Millimeter-scale mini-
coil array can break the space limitation of experiments by making stimulation devices
wearable and moveable and increase energy efficiency by reducing the energy loss in large
coils from field attenuation, which are crucial for stable chronic further nano-invasive

magnetic neurostimulation [205].
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Table 3. Publications over time on neurostimulation using MNPs.

Year Type of  Material Particle size Shape Channel External Ref
Stimulus magnetic source
2010 Thermal MnFe,04 6 nm Nano-disc TRPV-1 Solenoid (25 [49]

turns, d=7 mm)

2014  Mechanical Zno4Fe 60, <50nm Cube - Solenoid  (with  [50]

core, d=1 mm)

2015  Thermal Fe;04 22 nm Spherical TRPV-1 Solenoid (with C-  [23]
shape core, d=4
cm)
2017  Thermal Co-ferrite 15.65 nm Core-shell TRPV-1 Solenoid [152]
core at Mn-
ferrite shell
2020 Mechanical Fe;O4 98-226 nm Nano-disc TRPV-4 Solenoid  (with  [57]
core, d=20 cm)
2021  Thermal Iron oxide <25 nm - TRPV-1 Solenoid [59]
2021  Mechanical Iron oxide 25 nm 500nm PIEZO-1 Magnets placed [204]
spherical on a circular
cluster with path with d=20
nano- cm
octahedral
2021  Mechanical Fe;04 100nm - TRPV-4 Magnets [206]
2021  Mechanical collagen 100nm-10um cluster - Solenoid  (with  [199]
coated Fe;0, core, 1035turns
d=20 mm)
2022  Thermal Iron oxide 19nm - TRPV-1 Solenoid  (with  [60]
core)
2022  Mechanical Fe;04 212.4nm, Nano-disc TRPC Solenoid (2000 [200]
280.0nm family turns, d=20 mm)
2023  Thermal g-Fe,O3 core  25nm Core-shell TRPV-1 Solenoid (17 [207]
at dextran turns, d=5 cm)
shell
2024  Thermal CoFe,O, at 14nm Core-shell TREK1 Solenoid [61]
MnFe304

2.2.4 Comparison of Magnetic Neurostimulation Technologies

The previous sections have provided a comprehensive overview of the three magnetic
neurostimulation methods. In principle, non-invasive and invasive methods are based on
induced electric fields, while nano-invasive methods involve the movement or heating of

nanoparticles. The spatial resolution and performance of DBS of invasive and nano-invasive
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methods are significantly better than that of non-invasive methods. However, invasive, and
nano-invasive methods require invasiveness. Although the nano-invasive method is less
invasive, it is also the only method that requires genetic engineering.

Table 4. Comparison between three magnetic neurostimulation methods.

Property Non-invasive Invasive Nano-invasive
Principle Stimulate by magnetic field Stimulate by magnetic field Stimulate by movement or
induced electric field induced electric field heating of nanoparticles
Spatial Resolution Tens of cm Hundreds of um Specific neuron(s)
Invasiveness No Yes Yes (MNPs)
Genetic No No Yes*
Engineering
Deep Brain Low High High

Stimulation Accuracy

Coil Size Centimeter Sub-millimeter Millimeter to centimeter

* Transgene-free methods for PNS stimulation are available. Transgene-free methods for
CNS reported [61].

2.3 MICROFABRICATION TECHNOLOGIES FOR MAGNETIC NEUROSTIMULATION

Building on previous sections discussing next-generation magnetic stimulation and the
importance of mini/micro-coils, this section explores state-of-the-art microfabrication
techniques for coil miniaturization. Each technique is analyzed in terms of its fundamental
principles, compatible materials, and applications in micro-coil fabrication. Although some of
these technologies have not yet been applied in neurostimulation, particularly in nano-
invasive approaches, they show significant promise for future applications, especially in

targeted modulation scenarios.

2.3.1 Through-Silicon Vias

Through-Silicon Vias (TSV) technology employs high-aspect-ratio etching and deposition
techniques to fabricate openings ranging from sub-micrometer to several hundred
micrometers in scale [208]. This method enables efficient access and modulation of high-
density coils integrated on the same substrate. The TSV process begins by creating vias in
Silicon (Si) or glass substrates. These vias are subsequently filled with conductive materials,
including doped polysilicon, low-resistivity monocrystalline Si, tungsten, or copper (Cu)

[209-212].
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Figure 6. (a) schematic of TSV process for micro-coils [213]. (b) schematic of the fabrication
process of a surface micromachined constructs [214].

An example of micro-coil made by this method is shown in Figure 6. A (not to scale). In the
first stage, coil and core geometries are defined within a double-side-polished silicon (Si)
substrate. The core is then sealed within the substrate using Si direct bonding. In the second
stage, Cu coils are formed via electroplating. A thick oxide layer is grown for insulation,

followed by seed layer deposition and 'bottom-up' filling of the trenches and vias. Excess Cu
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is removed by grinding, and the inductors are separated by dicing. Finally, an iron core is
inserted into each coil to complete fabrication [213]. The fabricated coil have a height of 1
mm, square Cu coils with 100 pm sides, and 100 um gaps between the coils [213].

heavily rely on hazardous materials and chemicals [215]. Within these methodologies, a

2.3.2  Surface Micromachining

Surface micromachining involves fabricating structures layer-by-layer through the deposition
of thin films on substrates as functional compounds [216]. This technique is commonly used
in producing micro-coils with high precision in a clean-room-compatible micro/nano-scale
range. It comprises of deposition of thin films and sacrificial layers, photolithography, and
etching steps [217-219]. Silicon is a common choice as a substrate due to its compatibility
with microfabrication processes, but other materials such as glass also have been utilized [220,
221] The deposition of thin films onto the substrate is performed through techniques like
chemical or physical vapor deposition with selected materials [222]. Sacrificial layers are
temporarily deposited and subsequently removed to release the final microstructure, which is
deposited between the coil windings [223]. Following thin film deposition, a photoresist is
patterned to define the intended structure after which the sacrificial layer is etched away via
wet or dry etching [217-219, 222, 224, 225]. Figure 6. b (not to scale) outlines an example of
surface micromachining process on a Si substrate. The process starts with thermal oxidation
(0.6 um), Si nitride deposition (0.8 pwm), and patterning of phosphorous-doped polysilicon. A
2 um sacrificial oxide layer is then deposited, followed by structural polySi deposition (0.8
um), patterning, and annealing. Finally, the sacrificial oxide is etched with hydrofluoric acid,
releasing the microstructures from the substrate. The final resonator has dimensions of

approximately 200 pm x 200 um % 1 pm [214].

2.3.3 3D Micro/Nano-fabrication Methods

The drive towards creating 3D structures through additive manufacturing processes has been
instigated by the need for high-resolution, eco-friendly fabrication techniques that do not
variety of techniques such as lithography, direct writing, and 3D printing have been employed

to manufacture a spectrum of 3D nanostructures [226, 227].

2.3.3.1 Two-Photon Polymerization

Lithography is a methodology employed for creating structures at the nanoscale or microscale.
By exposing the photoresist under a source of light going through a mask with the desired
pattern [228]. The pattern size is limited to the exposure wavelength and sub-micrometer

features are developed via electron-beam lithography. The substrate undergoes a coating
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process with single or multiple layers of functional compounds serving as a hard mask,
dielectric, or conducting layer [229]. Resists are commonly categorized as negative or
positive and amplified or nonamplified resists including polymethylmethacrylate, SU-8, and
novolac-epoxy resin [230, 231]. Besides, there is the use of composite materials, combining
gold (Au) and silver (Ag) salts with photoresists for metal deposition [232]. In general,
lithography processes form a pattern in the resist, followed by the pattern transfer to the

substrate through processes such as lift-off or etching [225].

For precise micropatterning on a substrate surface, various lithography techniques are deemed
effective, including photolithography, X-ray lithography, and two-photon polymerization
(TPP) [225, 229, 233]. TPP provides superior process flexibility and resolution, enabling the
fabrication of constructs with dimensions smaller than 100 nm [234]. Another advantage of
employing TPP is its capability to print within the resin, extending beyond surface limitations.
However, due to its reliance on a focused laser beam and a spot scanning approach, TPP
exhibits a lower processing speed when compared to other lithography methods [235]. The
schematic of the TPP system is shown in Figure 7. abelow. A multi-turn 3D micro-coil, with
a diameter and height of 200 um, and 60 pm was successfully fabricated through this method
[236]. However, the drawback of this method lies in the necessity for an expensive and large

synchrotron radiation facility to serve as the light source.

2.3.3.2 Focused Electron Beam-Induced Deposition

Focused electron beam-induced deposition (FEBID) is a direct-writing approach that exploits
the direct deposition of structures on the surface of a substrate by scanning a focused electron
beam across the desired pattern of the construct in the presence of a precursor gas. Typically
performed within electron microscopes, this method facilitates easy in-situ inspection of the
manufactured construct [237, 238]. Considering the focus-ability of electron beams in the
range of micrometers to sub-angstrom, this process is appropriate for applications in both the

micro- and nanometer scales [239].

In FEBID, precursors are delivered through a capillary tube to provide a continuous supply of
molecules in gaseous form to the surface. A portion of the incoming flux is then chemo- or
physio-sorbed on the surface of the substrate [240]. The precursor molecules dissociation can
occur due to the interaction of backscattered, secondary, and primary electrons with the
adsorbed molecules on the surface [237, 241]. Typically, the precursors are complexes
comprising ligands and a metal core named organometallic precursors, where the selection of

the precursor type primarily determines the composition of the deposited compound [237,
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242]. FEBID can deposit superconducting alloys, metallic materials, metamaterials, and
intermetallic compounds, including Au, Ag, tungsten, iron, ferro-cobalt alloys, cobalt, and
platinum (Pt) [237, 242]. The Schematic diagram of FEBID is shown in Figure 7. bbelow.
FEBID has the capability of depositing materials on non-flat substrates and is geometrically
intricate [238] and has been successfully employed to deposit magnetic nanowires
demonstrating the potential of FEBID in tailoring nanoscale coil for specialized applications
[243-245]. However, for neurostimulation applications, a restrictive factor is the need for high
throughput FEBID with higher functioning speed as current systems operate at a speed of tens
of nanometers per second. This especially is observed as a critical factor in tall constructs and

long parts where a significant reduction in growth rates has occurred [237, 246, 247].
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2.3.4 Micro-coils Printing

As already mentioned, the conventional approach for producing micro-coils is both costly and
time-consuming. Nevertheless, there are highly rapid, consistent, and cost-effective methods
for manufacturing micro-coils through additive manufacturing techniques also known as
digital writing and direct printing [248]. These processes such as screen printing, inkjet
printing, electrohydrodynamic printing, and aerosol jet printing are utilized to create parts
with precise control over their composition and architecture for a wide range of applications

at both the macro- and micro-scale [249-252].
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2.3.4.1 Screen Printing

Screen printing can print a desired design on a flat surface using a squeegee, ink, and a mesh
screen [256, 257]. The fundamental process forms a stencil on a fine mesh screen and
subsequently uses a squeegee to paint, thereby generating an imprint of the design on the
underlying substrate. It can be utilized on surfaces of any size and shape, including eyeglasses,
inner surfaces, or windshields, distinguishing it from inkjet technologies [256]. The

fabrication of micro-coils via screen printing involves three key steps, as depicted in Figure 8.
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a: electrode printing, active material printing, and electrolyte deposition. Initially, electrodes
(e.g., Ag) are screen-printed onto a bare substrate such as polyethylene terephthalate,
followed by drying and annealing in a vacuum oven. Subsequently, the active material ink
(e.g., MnO2/onion-like carbon) is printed atop the Ag electrodes and dried. Lastly, an
electrolyte sol such as polyvinyl alcohol /H3POs is coated over the device to encapsulate the
channel area and then air-dried to complete the fabrication process [257]. Employing this
method, a micro-inductor with a low profile was created on a substrate of copper-cladded
polyimide. The coils carrying the current were designed from the pre-existing metallization
layer, and using a composite of ferrite-polymer the magnetic core was printed [249]. A study
investigated the viability of graphene nanoplatelet-printed electrodes for cortical direct
current stimulation, comparing them to traditional Ag/silver chloride pellet electrodes [258].
The study found that while silver-based electrodes pose a risk to living tissue due to redox
reactions caused by partial permeability of the printed layers, graphene nanoplatelet-based

electrodes are electrochemically safe for direct neural stimulation [258].

2.3.4.2 3D Inkjet Printing

3D inkjet printing is a process that operates at low pressures and temperatures, involving the
laying down of either suspension of solid or liquid substances such as dielectric nanoparticles,
polymers, and conductive nanoparticles. In this technique, the printing compounds are
extruded via a nozzle, while the print head moves back and forth across a surface in a raster
pattern, constructing multiple layers one after the other in a sequential layering process,
which is shown in Figure 8. b. The primary methods of inkjet printing include drop-on-
demand mode and continuous inkjet mode [246, 247, 253, 259]. Drop-on-demand printing is
recognized for its capability in the fabrication of constructs composed of multi-materials, due
to its technological flexibility in dynamically adjusting to various materials and patterns. This
is in contrast to other manufacturing and printing processes, which typically necessitate fixed
tooling or masks [260]. While this printing method stands out as scalable, non-contact, and
less prone to issues like contamination and damage to masks or substrates, the achievable
resolution and range of possible shapes in fabrication were restricted [261]. For instance, this
method has been used to print a flexible micro-inductive coil composed of Cu on a paper
substrate [250]. In another study, a combination of electroplating and printing methods was
used to fabricate a 16-turn solenoid on microcapillaries, measuring 1.6 mm in length and 324
um in diameter, which exhibited a high spectral resolution, characterized by a narrow
linewidth of merely 0.9 um [262]. Additionally, researchers developed an ultra-small neural
stimulating implant (~0.009 mm?®) using inkjet printing and 130 nm CMOS technology [263].

This fully encapsulated microbead, measuring 200 um x 200 um % 80 um, integrates wireless
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powering, microelectronics, electrodes, and a coil. Minimally invasive implantation into the
sciatic nerve of a rat model demonstrated successful elicitation of compound action potentials,
validating the implant's functionality for potential central nervous system applications.
Additionally, a recording microbead with wireless powering and backscattering telemetry was

investigated, showcasing the versatility of this technology for future neural interfaces [263].

2.3.4.3 Electrohydrodynamic Printing

Compared to inkjet printing, electrohydrodynamic printing offers a higher resolution [264],
which is attained by using a droplet formation approach involving the usage of an electric
field between the substrate and miniature nozzles, typically with inner diameters ranging from
about 100 nm to several micrometers [254, 265]. In this process, the ink is transported to the
nozzle, and the application of an electric field causes a buildup of mobile ions at the nozzle
tip on the ink's surface. This results in electromagnetic ‘Maxwell’ stresses at the nozzle tip,
leading to the formation of a Taylor cone. When the electric field reaches a certain threshold,
the stresses at the nozzle tip can surpass the opposing capillary stresses. Based on the
electrical characteristics of the ink this can result in the ejection from the nozzle as a fine jet
or droplets, also known as electrohydrodynamic jet printing or electrohydrodynamic nano-
drip printing, respectively [254, 266], like presented in Figure 8. c. It has been shown that
these methods have the capability of printing various materials with a precision of nanometer
on both structured and flat substrates such as colloidal quantum dots [267], nanoparticles
[268], Ag and Au [269], and polymers [270]. To demonstrate the feasibility of
electrohydrodynamic printing for coil fabrication, a spiral-type inductor was printed [271].
The printed inductor, exhibiting an inductance of 9.45 pH, displayed approximately fivefold
higher resistivity compared to bulk Ag following sintering. This method also has been
employed to print a silver-based spiral inductor with micrometer resolution [251]. Thus, the
electrohydrodynamic printing technique offers a promising avenue for fabricating microscale
electronic devices, primarily due to its capability to produce high-resolution features and its
versatility in accommodating a wide variety of functional inks [272]. As further evidence of
the potential of this technology, researchers have demonstrated the successful printing of
various passive electrical components, including capacitors, resistors, and inductors, with a
minimum feature size of approximately 60 um, achieved using a 110 pm nozzle [251]. This
highlights the potential of electrohydrodynamic printing for the fabrication of complex
electronic devices [273]. While it has been demonstrated that inks with a range of electrical
conductivities can be printed using this method, the necessity for an electric field imposes
certain limitations on the process concerning the characteristics of the ink and substrate

compatibility [274]. For example, using a DC voltage the initiation and cessation of liquid
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jetting cannot be precisely controlled. Additionally, when a pulse voltage is employed there
exists a nonlinear relationship between the frequency of droplet deposition and applied

voltage. Both scenarios affect the fine resolution of the printed structures [275].

2.3.4.4 Aerosol jet printing

Aerosol jet printing provides an enhanced line resolution, achieving widths as fine as 10 pm,
which is an improvement over the capabilities of inkjet printing [276]. In this method, an ink
containing the desired nanoparticles is subjected to ultrasonic atomization, creating a dense
slurry of ink droplets with diameters ranging approximately from 1 to 5 um. The size of the
droplets in this process is dependent on the atomizer frequency [255, 277]. As Figure 8. d
shows, an inert gas is used to carry the aerosolized droplets from the reservoir of the ink to
the printhead. Within the printhead, a sheath gas stream collimates and speeds up the flow of
microdroplets in a tapered nozzle. This action induces aerodynamic focusing, forming a
precise jet that affects the substrate surface [277]. The independence of the deposition to the
direction and ample spacing between the substrate and printer tip enable consistent material
deposition on uneven and irregular surfaces, making it ideal for printing on non-planar
substrates conformally [278, 279]. As a preliminary step towards realizing the potential of
aerosol jet printing for micro-coil array fabrication, Ag nanoparticle-based human-sized coils

were successfully prototyped using this technology [252].

These reproducibly fabricated coils demonstrated a diameter of 1800 um, trace width and
spacing of 112.5 um, a thickness of 12 pum, and an inductance value of approximately 15.5
nH [252]. Another attempt focused on the process and characterization of printed inductors of
polymer-matrix magnetic nanocomposites, comprising nickel-zinc ferrite (Nio.sZno.sFe20a)
nanoparticles in a polyimide matrix using multi-material aerosol jet printing. The results
showed a 40% increase in inductance density in 1-mm?, 4.5-turn microstrip spiral inductors
printed with the composite, achieving an inductance density of 4.2 nH/mm? [280]. In a
demonstration of aerosol-jet printing's versatility, high-frequency, tapered-solenoid inductors
with wide bandwidth capabilities were successfully fabricated [281]. The design strategically
incorporated a polymer support structure to minimize parasitic capacitance, a tapered solid
core, and conductive windings. Two variants were produced, one featuring a printed polymer
core and the other utilizing a non-printed iron core. Scattering parameter analysis confirmed
that the polymer-core inductor achieved a usable bandwidth of up to 18 GHz, while the iron-
core inductor extended to 40 GHz, both maintaining low insertion loss [281]. Additionally,
researchers demonstrated the fabrication of a coreless flyback transformer using aerosol jet

printing and electrodeposition techniques [282]. A two-layer secondary inductor was built on
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top of a two-layer primary inductor, separated by UV-curable dielectric polymer layers. The
transformer achieved a gain of 75.3x, converting a 17 V, 400 kHz input into a 1250 V output.
Additionally, the study showcased the successful fabrication of 8-layer stacked inductors with
low equivalent series resistance (0.6 ) and 1.7 pH inductance at 100 kHz [282]. However,
despite the capability to deposit various kinds of inks, setting the optimal printing boundaries
is often challenging. For example, the rheology of the employed ink is a crucial factor in this
technique, determining the jet-ability of the ink and affecting the printing quality [283].
Achieving reproducibility and consistency is another challenge, often necessitating rigorous
steps like ink replacement several times during the process, which can impede the scalability

of the production [284-286].

2.3.5 Summary and Comparison of Microfabrication Technologies

In conclusion, the parameters, advantages, and limitations of diverse fabrication methods
explored to produce coils for magnetic neurostimulation is shown in Table 5. Overall, the
choice of fabrication method depends on the specific requirements of the neurostimulation

application, balancing factors such as coil size, geometry, performance, and cost.
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Table 5. Summary of the characteristics and comparison of microfabrication technologies.

Fabrication Physical o o
Geometry . . Key characteristics Limitations Ref.
method dimensions
Through- . . High aspect ratio/ free of . .
Spiral/ Toroidal 100s nm to ) ) ) Fragile coils/ [208-212,
Substrate voids/ substrate isolation
) solenoid 100s ym o complex process 287-296]
Vias by suspended windings.
Spiral/ Toroidal/ Low quality factor
2D/3D . o
) ) Racetrack 100 nm to High precision/ CMOS (2D)/ eddy
micromachin ) ) [297-301]
. solenoid/ planar 100s uym compatible currents/ complex
ing )
coils process (3D)
Lithography/ Wavelength
Two-photon Micro-probes/ 10s nm to ) o limitation to size/ [234,
o ) High precision )
polymerizati planar coils 100 ym low processing 302-305]
on speed
High resolution/ direct
Focused o Low throughput/
deposition/ in-situ ) [237,
electron . . . . conductive
Helical Sub-A to inspection/ compatible ) 239, 242,
beam- ) material
. nanostructure 10s nm with non-flat substrates/ o 246, 247,
induced . limitation/ slow
" 3D structure efficient 306]
deposition ) speed
patterning
Screen . 50-100 ym Simple/ scalable/ cost- . [257,
o Micro-electrode ) Lowe resolution
printing to large effective 307]
Low pressure and
. Solenoid/ temperature/ multi- o .
Inkjet 20 to 100s ) . Limited resolution  [261-263,
. Implantable material capability/
printing . um . e and shape range 308]
micro-probes technological flexibility/
scalable
Challenges in
. . . parameter
High resolution/ multi- o
Electrohydro . o optimization/
) ) ) 100 nm to 1- material compatibility/ . [271,
dynamic Spiral solenoid . . reproducibility/
o 10 pm compatible with non- ) ) 274]
printing consistency/ ink,
planar substrates
substrate
compatibility
Challenges in
High resolution/ versatile [252,
) 10 um to ) o parameter
Aerosol jet ) ) material compatibility/ L 276, 281,
o Spiral solenoid several 100s o optimization/
printing ] conformal printing on non- 283, 309-
of ym

reproducibility/
planar substrates

consistency

311]
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2.4 LITERATURE REVIEW SUMMARY

2.4.1 Non-invasive magnetic stimulation

The non-invasive method relies on Faraday's law to transmit stimulation signals by
modulating magnetic fields. TMS stands as one of the earliest magnetic neurostimulation
techniques and has thus matured into a well-established and widely used method. It benefits
from extensive clinical experience. The primary advantage of TMS is its "non-invasive"

nature, eliminating the risks associated with implantation, such as immune responses.

However, the non-invasive feature of TMS also poses certain challenges. Firstly, its focality
has historically been less precise, although this has improved over time with the development
of advanced coil designs, as discussed earlier. Secondly, TMS struggles to deliver robust
stimulation to deep brain regions. Although the introduction of the H-coil has mitigated this
limitation to some extent, DBS remains challenging for TMS. Thirdly, TMS applies
stimulation to the entire head, making it difficult to achieve precise targeting of specific
neurons or lesions. This results in lower selectivity and resolution. Consequently, TMS
cannot provide highly accurate neurostimulation, and despite advancements in brain mapping,

a definitive solution to this issue remains elusive.

The potential of TMS appears to be reaching a stable stage. While ongoing research in brain
mapping and stimulation waveforms continues to yield incremental progress for TMS, it is
unlikely to bring about fundamental changes in the technology. Although coil design remains
a potential avenue for improvement, the pace of innovation in this regard has been slowing
down. It is challenging to make precise predictions of TMS. However, it's essential to
acknowledge that TMS has amassed a wealth of technical experience in coil design and a
substantial clinical database. These resources can be leveraged in the development of next-
generation magnetic neurostimulation techniques, such as nano-invasive magnetic
neurostimulation coil designs. The convergence of this accumulated knowledge with

emerging technologies may lead to breakthroughs in the field of magnetic neurostimulation.

2.4.2 Invasive magnetic neurostimulation

The invasive application of Faraday's law at a micro-scale represents the primary approach of
pMS. Its proximity to the targeted lesion significantly enhances stimulation resolution,
enabling the feasibility of magnetic DBS. The induced electric field in pMS is both

computable and more controllable. When combined with uMS's spatial selectivity, it allows
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for highly precise stimulation, particularly when targeting neurons with distinct spatial
distributions. Additionally, pMS is advantageous due to its relatively low current
requirements for stimulation, contributing to improved power efficiency. These features
collectively position uMS as a promising technique for highly accurate and localized neural
stimulation, particularly in scenarios demanding precise spatial targeting and chronic

implantation.

A notable drawback of it is invasiveness, which might bring extra risks from surgery or
inflammation. However, pMS, compared with other invasive methods as a magnetic
neurostimulation approach, the coil does not contact tissue directly. The micro-coil, if
encapsulated within biocompatible materials, can serve a dual purpose: protecting
surrounding tissue from potential immune responses and other implant-related side effects
while safeguarding the coil from degradation due to the tissue environment. This
encapsulation supports the utilization of certain non-biocompatible materials in the

fabrication of the coil.

uMS exhibits remarkable qualities such as precision, selectivity, compactness, low power
requirements, and the potential for chronic implantation. In the short term, its high precision
and selectivity for neurostimulation make it a valuable tool for advancing neuroscience
research. This research experience can further inform and refine its applications. Looking to
the long term, the additional attributes of uMS align well with the characteristics of mobile
medical devices. Consequently, pMS could serve as a method for neurostimulation in
telemedicine or at-home medical settings. However, it is essential to acknowledge that this
technological avenue is still in its early stages and lacks extensive clinical experience. As an
invasive technology, to realize its potential, concerted efforts should focus on in vivo testing
to assess the safety and efficacy of invasive neurostimulation therapy. Additionally, system
integration plays a pivotal role in bridging the gap between this emerging technology and its

practical application in individuals' homes.

2.4.3 Nano-invasive magnetic neurostimulation

The nano-invasive method harnesses magnetic fields to manipulate nanoparticles for
neurostimulation, representing a delicate balance between invasive and non-invasive
approaches. The absence of mechanical implantation like what pMS does, which will
significantly reduce the risk of side effects brought by implantation, and its high stimulation

selectivity derived from specific ligand-receptor interactions can ensure accurate selection of
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stimulation target or stimulation mode (activation or inhibition). Moreover, the biomolecules
(ion channels) associated with thermal and mechanical methods are more widely distributed

within humans, mitigating ethical concerns associated with genetic modifications.

These compelling advantages come at a cost: the process is marked by the complexity of
particle coating and delivery to the targeted tissue. Achieving the requisite level of selectivity
necessitates a meticulously designed particle coating to enable specific binding to receptors.
However, the applications of MNPs in other areas like cancer treatment have accumulated
rich experience for nano-invasive magnetic neurostimulation, which aids in the translation of

this neurostimulation approach.

At present, the challenges in the field of nanoparticle-based neurostimulation include
addressing the issues related to targeting and delivery of nanoparticles, for example, crossing
the blood-brain barrier. One of the most significant gaps between the technology and practical
application lies in the lack of suitable coils. It is imperative to design the miniaturized and
wearable coil specifically for nano-invasive magnetic neurostimulation. Although, like uMS,
clinical application is still not performed, with more in-vitro/in-vivo experiments and further
suitable coil designs, this technology has the potential to lead the next-generation magnetic

neurostimulation.

2.4.4 Project Strategies

Based on the review findings, the project strategy should adopt distinct approaches for these
two next-generation stimulation technologies, as their respective coil development stages are
markedly different. For invasive stimulation technology, the field has advanced to the point
where various functionally specialized coils are already in production. Therefore, the focus
will shift toward selecting specific coil paradigms for optimization and performance
enhancement. Key aspects will include improving stimulation efficiency, spatial precision,
and biocompatibility of existing designs. In contrast, nano-invasive stimulation technology
remains at an earlier developmental phase, where research is still primarily exploring
differently sized solenoids. Consequently, the priority here lies in testing diverse coil
configurations to identify the most effective design before optimization can begin. This phase
will involve systematic evaluation of electromagnetic performance, miniaturization feasibility,

and ergonomic compatibility at.
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3 PROBE MICRO-COIL OPTIMIZATION FOR INVASIVE MAGNETIC

STIMULATION (MICRO-MAGNETIC STIMULATION)

This Chapter highlights the selective invasive magnetic stimulation capabilities of probe
micro-coil. The analysis will focus on three key factors:

1) The fundamental mechanisms of spatial selectivity of probe micro-coils.

2) Potential design innovations to probe micro-coil configurations.

3) The cleanroom-based fabrication process optimization and evaluation.

3.1 INTRODUCTION

As discussed in the literature review, invasive magnetic stimulation enables high-precision
targeting of deep brain regions using miniaturized, implantable coils. Notably, Section
2.2.2.1.3 introduces a particularly innovative coil design, the probe micro-coil, which has the
potential to achieve spatially selective neural activation, thereby further enhancing the
accuracy of micromagnetic stimulation. These micrometer scale coils, encapsulated with
biocompatible materials, depart from conventional spiral or multi-turn designs. Instead, they
utilize intricate geometries (e.g., V-shaped, W-shaped, or semicircular designs; Figure 9. C)
to generate specific magnetic field distributions which can activate axons in one direction
while keep the axons in orthogonal direction inactivated [22, 41, 128, 129]. This unique
characteristic renders the investigation of the underlying selectivity mechanisms and the

optimization of coil geometry a compelling avenue for future research.

C) | |Selective
stimulation

V-shape coil

Semicircle coll

Figure 9. A) Probe micro-coil implanted in the brain. B) Zoomed-in view of the probe tip area,
showing selective stimulation of vertical axons. C) Example designs of probe micro-coils and
their corresponding selective stimulation regions.
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3.2  EXPLORE ON MECHANISMS OF SPATIAL SELECTIVITY

3.2.1 Mainstream Theory

Studies have demonstrated that micro-solenoids selectively activate neurons aligned parallel
to the coil wire while sparing those in transverse orientations (Figure 9. B) [37, 39, 109, 115].
This phenomenon aligns with 20th-century findings demonstrating that parallel electric field
gradients exert a stronger excitatory effect on axons than perpendicular fields [312, 313]. It
has been tested that this fundamental principle extends to probe micro-coil configurations as
well [41]. This geometric modification represents a promising approach for enhancing the

spatial precision of uMS.

Neuronal activation requires suprathreshold stimuli capable of eliciting action potentials. The
probe micro-coil design was developed based on the neural activation hypothesis proposed in
[314], which establishes the electric field gradient (with a threshold exceeding 11 V/m?) as
the primary driver of axonal excitation. This theoretical framework has been claimed to be
substantiated through both computational modeling and experimental studies, demonstrating
that incorporating an oblique segment in coil geometry induces field asymmetry along

orthogonal axes, thereby bringing spatial selectivity [22].

Specifically, [22] revealed that the selective activation capacity of micro-coils stems from
asymmetric electric field distributions between orthogonal directions. The study introduced
innovative V-shaped and W-shaped coil configurations (Figure 9. C), demonstrating that
oblique wire segments produce controlled field gradient imbalances between horizontal and
vertical orientations. The angle of obliquity was found to correlate with how asymmetric the

field will be: the more oblique, the more asymmetric.

3.2.2 Skepticism towards the Theory
Despite in vitro evidence supporting this selective activation principle, the theoretical basis of
this mechanism has faced growing questioning. There are three main points:

1) Attempts to replicate the original simulations revealed minimal or absent field
asymmetries, contradicting the reported results.

2) The 5 kHz stimulation frequency (comparable to invasive electric stimulation) used in
[22] is insufficient to produce the claimed 11 kV/m? gradient (the activation threshold
of pyramidal neuron).

3) If the imbalance occurs between horizontal and vertical orientations, the vertical

neurons on both sides of the coil should be activated instead of one side.
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Figure 10. (a) — (c)below are the simulation and experiment results of the V-shape coil in [22].
Analysis of the gradient distribution in Figure 10. a reveals an obvious directional asymmetry,
with significantly stronger field gradients in vertical direction compared to horizontal
(indicated by the more intense color). This observation is quantified in Figure 10. b, where
the peak amplitude of the vertical gradient (red) exceeds that of the horizontal gradient (blue).
To verify this simulation results, our COMSOL simulations of coils with same dimensions,
geometry, and input current parameters (applied a much higher 13Mhz frequency used in
[110] to make the results comparable to [22]) failed to reproduce the claimed field
asymmetries. As reflected in Figure 10. f, there is not much difference between each peak

values. This inconsistency is also questioned by other researchers like in [315].
(a) dEx/dx

02 x104V/mA2 @ dB/AX  (engRyzmAg
v i 1 v 2 | ;‘.

1

-15-0.25 10 0.25
kV/mA2 i

Control

¥

() 5kHz E-field
sinusoid “«
L >I \_H_I_H_|_|_H_|_|_|_|_|_H_|_H_|_ ' \{; «-Coil current
- 1 “
0.2ms e >| 20 presentation
/ I / «-coil current
200 ps |<'>: §

Figure 10. (a) Spatial distribution of the electric field gradient in horizontal (top) and vertical
(bottom) orientations. (b) Quantitative comparison of electric field gradient magnitudes along
the solid arrow (top) and dashed arrow (bottom) directions. (¢) experimental results of V-
shape coil in [22]. (d) - (e) Comparable simulation results to (a) and (b) by our work. (f) the
input waveform, stimulation frequency, and corresponding induced electric field in [22] (top)
and [131] (bottom).
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To theoretically analyze this discrepancy, we modeled the electric field gradients generated
by oblique conductors. As shown in the Figure 11. Abelow, consider a current-carrying
conductor of length 2L in air, oriented at an angle 0 relative to the y axis, carrying current /.

For point P located at distance d along the central perpendicular axis. Assume the function of
electric field at P is E (d). Then the function of electric field’s x-component and y-component
are E,(d) = sinfE(d) and E, (d) = cosOE(d) respectively. Assume gradient function at P
is:

E(d + Ad) — E(d)
= (3.1)

Through appropriate model simplifications, we derive from Eq. 2.6 that the induced electric

B (@ = fim,

field maintains approximate parallelism with the conductor orientation. Thus, this simplified
formulation suggests that the electric field magnitude remains effectively constant for all
points equidistant from the conductor. Under these model assumptions, the electric field
magnitude at a point displaced by Ad in both the perpendicular and parallel directions can be
expressed as Ep,,(d + Ad) = E(d + cos6Ad) and E,..(d + Ad) = E(d + sinfAd). Then
the gradient of x-component of the electric field can be calculated by:

E.(d+ Ad) — E,.(d) . Sinf[Eyy-(d + Ad) — E(d)]
= lim
Ad Ad—0 Ad

—  lim sinBcosO[E(d+cosOAd)—E(d)] _ SiTLQCOSQE'(d) (3'2)
cosfAd—0 cosfAd

E@) = i,

arly, the gradient of y-component of the electric field can be calculated by:

Ey(d+A4d) - E,(d) y coSO[E,.-(d + Ad) — E(d)]
Ad ~ adso Ad

_ lim sinfcosO[E(d+sinfAd)—E(d)]

cos6Ad—0 sinfAd

Ey(d) = Alcllr—r>10

= sinfcosOE’'(d) (3.3)

ield gradient components exhibit equal magnitude in both orthogonal directions, which is

consistent with the results from COMSOL simulation.

To rigorously validate this theoretical framework, we conducted numerical simulations based
on mathematical analysis. The initial step involves deriving the field function of the distance

d, E(d) from Eq. 2.6:

() , ﬂjl dx ol ‘l+\/l2+d2 3.4)
= — —_—— = — n :
It ) era . M S Er e
Introducing the parameter k (where d = kl, k > 0), Eq. 3.2 simplifies to:
= 1++V1+k?
E(k) = —juofI In |——— 3.5
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By applying the equations above, the difference between the horizontal and vertical field
gradients can be calculated using MATLAB. Take the example of 1, f1 equals 1 and 6 equals
30°. As illustrated in Figure 11. B, the difference between horizontal and vertical gradient
decreases rapidly as Ad approaches 0, which means the gradient in two directions are almost
eaqual. Although this study examines a simplified model based on a specific oblique wire
model, the conclusion holds for arbitrary field distributions. At any given point, the condition

Ey = Ej, = sinfcosOE’ is satisfied. Therefore, this result confirms that the oblique wire and

its oblique angle do not contribute to any actual imbalance in the gradient distribution.

Consequently, there is no basis for the claimed selectivity in Section 3.2.1.
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Figure 11. (A) Simplified model of calculating electric field gradient on an oblique wire. (B)
The change in difference between the horizontal and vertical electric field gradient along Ad
approaching 0, when p,f1 equals 1 and 8 is 30°.

v

3.2.3 Hypothesis of Impulse-triggered Stimulation

Assuming the experimental results and data reported in [22] are valid and reliable,
demonstrating selective activation of nerve cells, two critical questions require explanation.
First, if a 5 kHz signal cannot generate a sufficiently large field gradient and no gradient
difference exists between orthogonal direction, what underlies the observed axon activation?

Second, why is activation restricted to one side of the probe rather than both?

The resolution to the first question emerges from analysis of the waveform described in [22].
The 5 kHz current signal employed in the study was not a continuous sinusoidal wave, but a
single-cycle sinusoidal pulse (Figure 10. f top left, above) delivered at 100 Hz (Figure 10. f
mid). Since in a sinusoidal signal there is a 90° phase difference between the induced electric
field and the current, thus, the resulting electric field formed a single-cycle cosine function

during each activation period (Figure 10. f top right). This configuration produces a rising
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edge in the electric field, creating a pulse-like differential in time domain. In the authors'
follow-up work [131], they replaced the sinusoidal waveform with a periodic triangular signal,
which transformed the induced electric field into a unipolar square wave (Figure 10. f bottom
waveform). The experimental results obtained with this modified waveform were
fundamentally consistent with those from the V-shape coil with sinusoidal input. This
consistency suggests that the rising edge should be a necessary requirement for activating
neurons, which explains how neural activated despite the 5 kHz is too low to have large

enough gradient.

For the second question, we need to look at the unique characteristics of the experimental
setup. The authors employed pyramidal neurons which have a distinct unidirectional
orientation, and hence the majority of axons are lying in same direction (e.g., from top somas
to bottom axons). The difference between the gradient at two sides is the direction (reflected
in value, half positive and half negative). Only the MEPs travel from axon to soma will
induce the response, but only one side will satisfy this situation while the other side will
evoke MEPs travelling in opposite direction from soma end to axons. This explains why only

neurons on one side is activated.

As shown in Figure 10. ¢, the stimulated area superpositions with high gradient area, which
suggest the gradient still involves in the evoking process. Therefore, this hypothesis believes
that there are three bases for the spatial selectivity shown in [22]:
1) Only a sudden applying of induced electric field can trigger MEPs.
2) The magnitude of the gradient of the electric field determines if can induce MEPs,
while the direction of it determines the direction of transmission of the MEPs.

3) Only the MEPs transmit from the axon to soma can truly activate the neurons.

Therefore, the following conclusions can be drawn: the imbalance of the gradient is still
important, as it is the basis for selectively activating neurons in a certain direction; the
selective activation in experiment [22] is not the result of imbalance but the result of the
characteristics of the selected experimental pyramidal neuron’s properties; imbalance alone is

not enough, a sudden change in the electric field is also required to induce action potentials.

3.3 PROBE MICRO-COIL DESIGNS FOR INVASIVE MIAGNETIC STIMULATION

Based on the theoretical framework and analysis of selective neural stimulation, here propose

multiple optimized probe micro-coil designs based on above theoretical explanation.
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3.3.1 Double Loop Rectangular Coil
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Figure 12. (A) The design of double loop rectangular and half-V shape coil. (B) and (C) Ther
horizontal and vertical electric field gradient of double loop coil. (D) and (E) Ther horizontal
and vertical electric field gradient of half-V shape coil. (F)The average gradient value of
vertical and horizontal direction between the dashed line in C and D. (G) Horizontal gradient
of induced electric field. (H) Vertical gradient of induced electric field.

As proved in previous section, the oblique design does not provide imbalance of gradient in
orthogonal direction. This double loop rectangular configuration aims to bring true gradient
imbalance. In contrast to the previously discussed V/W-shape coil configurations, the current
approach does not employ specialized geometric shaping. Instead, it strategically utilizes the
spatial arrangement of two coils to control the field distribution. The design is shown in
Figure 12. A. As described by Eq. 2.6, the induced electric field principally aligns with the
current flow (red arrows in Figure 12. A). In this configuration, the superimposed field
separates, and the field diverges into two components: one maintaining vertical orientation,

while the other turns to horizontal direction. Then a discontinuity forms in the vertical field
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component, while the parallel field component has more spatial uniformity because of the

limited separation between the horizontal wires.

The resulting field distribution produces a substantially enhanced vertical gradient compared
to the parallel gradient as shown in (Figure 12. B and C). The numerical results (Figure 12. F)
provide clear visual confirmation of this gradient imbalance, with the region between the
dashed markers in Figure 12. B and C. Quantitative evaluation of this region demonstrates the
vertical gradient has an average 7.3% magnitude advantage over the parallel gradient,
providing evidence of the gradient asymmetry. However, possible concerns of this coil design
may include narrow stimulation region and complex coil structure which increase difficulties

for fabrication.

3.3.2 Half V-shape Coil

As previously noted, selectivity is inherently linked to the pursuit of asymmetry.
Consequently, asymmetry can be more explicitly incorporated into the coil's geometric design
to strengthen, for example, one-side stimulation. In this approach, half of the V-shape coil
was adopted and shift the oblique segment to a single side (Figure 12. A). As illustrated in
Figure 12. D and E, this design results in an asymmetric field gradient distribution across the
coil. Specifically, local extremal regions form at the angles where the wire change direction.
By extracting the field gradient values along horizontal lines passing through the centers of
these regions (solid and dashed lines) shown in Figure 12. G and H. By comparing these
diagrams, the field gradient magnitude near the obtuse-angle bend is markedly smaller than
that near the acute-angle bend. Meanwhile, the value of gradient in two directions are roughly
oppositely equal, therefore, there is still no imbalance between them as proved in previous

sections.

3.3.3  Smooth Wire Coil

According to the hypothesis in Section 3.2, neural stimulation will still concentrate in regions
where the gradient exceeds the threshold. Consequently, reducing the spatial extent of these
regions can enhance stimulation resolution. Taking the V-shaped coil as an example, Figure
13. C reveal that the primary stimulation focus lies on the exterior of the V’s left side, while a
secondary focus emerges on the interior of the V’s right side (marked with red line). This
secondary focus may induce unintended neural activation, thereby compromising the overall
stimulation precision of the coil. A method is proposed here to eliminate the secondary
stimulation focus that inherently arises along straight conductors. As demonstrated in Figure
13. A and B, when comparing circular and square coils under identical conditions, replacing

the square configuration with a circular geometry yields two significant improvements:
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1) The gradient magnitude inside the circular coil is much weaker.

2) The external gradient field exhibits greater spatial concentration with higher average

intensity (indicated by deeper color).

Figure 13. The vertical electric field gradient (dEy/dy) distribution of various coil shape
designs before and after smooth wire optimization.

These observations suggest that round conductors effectively suppress the formation of side
stimulation center within coil interior region while simultaneously producing more focused
and intense stimulation center externally. Perform smooth optimization on both the original
V-shape and half V-shape coil configurations. Using dEy/dy as an example, the simulation
results are presented in Figure 13. C-F. As predicted, comparison between Figure 13. C and D
demonstrates that smooth modification of the V-shape coil successfully produce its more
concentrated and enhanced gradient distribution as intended. Similar effects were observed
for the half V-shape configuration: the internal gradient magnitude was globally reduced
while the external gradient distribution became more concentrated (especially for blue part)
and exhibited with stronger asymmetry, which means this design can realize very constrained

stimulation increasing the accuracy.

3.4 FABRICATION OF PROBE MICRO-COILS.

After designing, the next step is to transform the design from digital to physical. Considering
the coil’s properties (particularly its size and layer-by-layer structure), cleanroom would be

the most suitable fabrication strategies. Based on fabrication recipe from [30, 316], after
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proper modification, a fabrication process and a updated version combined with laser process

used to fabricate this type of coil are illustrated in Figure 14. There are four main steps:

substrate preparation (Figure 14. A-B), coil circuit deposition (Figure 14. C-G), encapsulation

(Figure 14. H), probe shaping and pad exposure (Figure 14. I-J/ K).
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Figure 14. Brief timeline comparing the pure cleanroom and cleanroom-laser approaches. A-
H. Common fabrication steps: substrate preparation, coil circuit deposition, and encapsulation.
I. Dry etch cover mask structure. J. Etching via dry etch. K. Laser processing of the sample.
L. Final probe processed by a. Laser; b. Dry etch.
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3.4.1 Pure Cleanroom Strategies for Probe micro-Coil Fabrication
In the substrate preparation process, on a cleaned Si wafer, PI-2545 was spin-coated at 1000
rpm for 30 seconds, soft-baked at 140°C for 5 minutes, and then cured for two hours in a
nitrogen oven at 300°C. Following this, HD-4110 substrate was spin-coated at 2000 rpm for
30 seconds, soft-baked at 110°C for 5 minutes and subjected to the same curing process as
described above. In the coil circuit fabrication process, photolithography is used to define the
coil shape, followed by metal deposition using a plasma evaporator. The photolithography
process is carried out as follows: LOR3A and S1818 are sequentially spin-coated at 4000 rpm
and 3000 rpm for 30 seconds and soft-baked at 185°C for 5 minutes and 115°C for 75
seconds. The substrate is then exposed to 18 mW/cm? power under film photomasks by Micro
Lithography Services, UK, for 2.5 seconds. After photolithography, S1818 is developed for
70-75 seconds in Microposit Developer Concentrate, while LOR3A is developed in MF-319
for 3 minutes then. After development, the coil metal is deposited, and the coil shape is
finalized through an overnight lift-off process in SVC-14. Then repeat the process of P1-2545
above to complete the encapsulation step. The thickness of the encapsulation would be
around 25-30 pm (5 pm PI-2545/ 15-20 pm HD-4110/ 5 um PI-2545).
As last step will encapsulate all the metal in polyimide, wiring pads need to be exposed. This
1s completed simultaneously with the shaping of the probe by dry etch. This step relies on the
different etching rates between polyimide and metal in etching. Given that polyimide etches
at a much faster rate than metal, aluminum (Al) can be used as a masking layer to protect the
parts of the probe that need to be retained, and Al mask covering the wiring pad area should
be thinner to allow the polyimide above the wiring pad etched away. To achieve this, the
previous photolithography process is repeated twice to cover the top of the probe with two
layers of Al mask. The first layer is designed to cover the entire probe area and the second
layer will cover the same area except the wiring pad part (Figure 14. I). Based on the
experimental-measured etching rates (polyimide: ~0.7um/min, Al: ~2 nm/min), the required
mask thickness must satisfy the following relationship: time to etch 30 um of polyimide (D1
in Figure 14. J) < time to etch 5 pum polyimide + time etch first layer mask (D2) < the
required to etch both masks (D3). This setup ensures that no residue remains after the probe is
finalized, the wiring pad is fully exposed, and the probe body is protected from etching. After
the etching process, any remaining unetched mask above the probe can be removed using an
Al wet etching solution. The final product is illustrated in Figure 14. L. a. Once the mask is
removed, the flexible probe can be easily detached from the wafer.
Overall, the limitations of this method can be summarized as follows:

e The highly complex fabrications process, and in particularly the final exposure and

shaping steps, which require multiple rounds of lithography alignment and dry etching
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3.4.2

process. The use of hazardous chemicals, such as TMAH, introduces safety risks into
the production process, further increasing the overall complexity. This complexity
increases the likelihood of errors.

The high fabrication cost and effort associated with parameter optimization for dry
etching are substantial.

The performance of dry etching exhibits considerable variability, making precise
quantitative analysis challenging. The etching rate can only be estimated through
repetitive experiments, further complicating calculation considerations and increasing
uncertainty.

Due to the properties of dry etching equipment in JWNC, many commonly used
materials, such as Au and Cu, cannot be processed. Al cannot be used for the coil
either, as it is employed solely as a masking material and is ultimately removed at the
end of the process. Consequently, this limitation demands the use of other metals,
such as Pt, which often have lower conductivity, thereby compromising the overall
performance of the coil.

Finally, the production process is highly time-consuming. For instance, steps such as
lithography, development, and deposition require significant time and effort. Even
with proficient skills and efficient time management, completing a single layer of
masking typically takes at least an entire day. Besides, since each test run necessitates

repeating all preceding steps aggravates the problem.

Laser Processing Strategies for Probe micro-Coil Fabrication

From the above analysis of the pure cleanroom strategy, it is evident that more than half of

the workload is concentrated in the fourth step, which involves exposure and shaping. If this

step could be replaced by a more efficient and flexible method, it would significantly enhance

production efficiency. Laser-based processing emerges as one of the most effective solutions.

Lasers can effectively address the limitations of dry etching in several ways:

Faster iteration. Laser Parameters optimization is significantly faster and cheaper
compared to dry etching. Since lasers can selectively target individual probes or
specific areas rather than processing the entire wafer simultaneously, multiple testing
can be conducted on a batch of products on one wafer. This approach enables rapid
iteration.

Material flexibility. Standard lasers are material-insensitive, offering a broader range
of material options. This flexibility allows for the use of materials that are

incompatible with dry etching, expanding design possibilities.
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¢ Rigid substrate compatible. While cleanroom steps are primarily suited for flexible
electrodes, the laser-based strategy proposed here can be applied to manufacture both

probe with rigid substrate also, increasing its versatility.
The laser-based production process is highly time-efficient and enhances the safety of the
production process by reducing reliance on hazardous chemicals and complex cleanroom
procedures. This makes it a more practical and scalable solution for advanced manufacturing.
However, on the other hand, the challenges rising from the laser-based solution. Since there is
not sufficient accumulated data on laser etching and cutting processes, it is necessary to have
extensive testing for optimal parameters. Besides, developing an effective interface algorithm
to integrate the cleanroom and laser strategies is critical. Such an algorithm would enable the
laser instrument to accurately locate, etch, and cut specific areas, ensuring precision and

consistency in the manufacturing process.
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Figure 15. A)-C). Alignment strategies for laser machine. D). Dimension of micro probe. E).
Dimension of metal track in deposition. F). Effect of surface roughness.

The performance tests were conducted on MicroLine2000, LPKF, Germany. Since polyimide
is very delicate under laser, the optimized etching parameters for 5 pm PI-2545 were 0.05W

300mm/s 2repetition without isolation step, while the optimized cutting parameters for 0.3
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mm thick Si wafers were 4.8W 200mm/s 70repetition (details on how these parameters
influence processing will be discussed in Section 4.1.2). The alignment strategies are
illustrated in Figure 15. The idea of aligning virtual masks with samples in laser machine is
inspired by the experience on aligning physical masks with samples in lithography. The most
critical information required for alignment is determining the positional discrepancy between
the mask and the sample, which can be described by two variables: the angular difference of
the corresponding edges and the positional difference of the corresponding points. Since the
default input state of the virtual mask is vertical, alignment can be achieved by identifying the
angle between the sample and the vertical direction, as well as the coordinates of the sample
within the software. The alignment process involves the following steps:
1) Use the camera of the laser instrument to locate two alignment marks on the sample
and record their coordinates (Figure 15. A).
2) Calculate the angular difference between the sample and the virtual mask based on the
alignment marks (Figure 15. A).
3) Rotate the virtual mask in the software to match the calculated angle (Figure 15. B).
4) Align any two corresponding points between the sample and the virtual mask to
complete the alignment (Figure 15. C).
5) Once aligned, proceed with the laser processing. After processing, the probe is like
Figure 14. L a. The probe can be removed from Si substrate as flexible probe or keep

Si substrate as rigid probe.

3.4.3 Probe Fabrication and Challenges

Based on the methodology outlined in Section 3.4.1, this section provides more details about
the design, material selection, potential challenges, and corresponding solutions. The entire
fabrication process is conducted on a 4-inch Si wafer. The probe micro-coil is designed with
dimensions of 4 mm % 7 mm, featuring the probe part that is 3 mm long and coil wires 30 pm
wide (Figure 15. D and E). This reduced size (compared to the probe used in DBS) is more
suitable for prototype optimization and animal test, as it allows for more samples to be
fabricated on a single wafer, thereby reducing both time and financial costs. A total of 124
probe micro-coils are arranged on one 4-inch wafer like shown in Figure 16. A. Three types
of metals were selected for deposition, each with a thickness of 250 nm: Platinum (Pt, on 25
nm Ti), fabricated using the dry etch method; Au (on 25 nm NiCr) and Al, fabricated using
laser cutting. Pt was selected due to its suitability for dry etching, as previously discussed. Au,
a commonly used material with excellent stability and electrical properties, was chosen for its
proven biocompatibility. Although Al is not typically considered suitable for implantable

applications, it was included to test the biocompatibility of the probe's encapsulation.
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Additionally, Al’s low cost and abundant availability offer unique advantages for this

application.
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Figure 16. (A). Photolithography mask design. (B). The probe after dry etching before
removing aluminum. (C). Rigid probe after laser processing. (D). Large scale manufacturing
of probe micro-coil. (E). Flexible probe micro-coil and its pealing-off from Si substrate.

For challenges, metals, particularly Au and Pt, may detach from the polyimide after the lift-
off process. To address this, one can either introduce an adhesion-promoting layer, such as Ti
or NiCr, between the metal and polyimide to enhance bonding, or roughen the polyimide
surface before metal deposition to improve adhesion by asher (Figure 15. F). However, this
approach is less preferred as increased surface roughness can elevate the wire resistance,
potentially affecting performance. Therefore, only apply after observing adhesion problems.

Besides, after wet etching of Al, the probe maybe detaches from the wafer directly. If
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detachment does not occur naturally, soaking the wafer in clean water for several hours can

facilitate the process.

3.4.4 Fabrication Results and Electric Characteristics Performance

Coils fabricated from all three materials were successfully produced, with the resulting probes
shown in Figure 16. This achievement validates the stability and reliability of the two
production methods in large scale, as illustrated in Figure 16 B and D. Additionally, the laser-
based fabrication strategy was demonstrated to be compatible with both rigid and flexible
substrates, with examples of the final products for each substrate type presented in Figure 16
C and E. Resistance measurements were conducted on three different metal materials. At a
metal deposition thickness of 250 nm, the average resistances of the Au, Al, and Pt circuits
were measured to be 24 Q, 33 Q, and 118 Q, respectively. The ratio of these resistances
aligns with the inverse ratio of the electrical conductivities of the three metals. Variations in
resistance may arise from non-uniform metal deposition during fabrication, as well as the
roughness of the substrate. Obviously, the Pt coil is not suitable for this application because
of its high expense, complex fabrication, and low electrical performance. Therefore, the
fabrication method containing laser processing is a better choice and the following

biocompatible experiments will be applied to Au and Al coils only.

3.5 BIOCOMPATIBILITY OF LASER-ASSISTED FABRICATION OF PROBE MICRO-COIL

To demonstrate the biocompatibility of this laser-assisted coil fabrication process, both Au
and aluminum coils were tested cell viability assay. The setup details are provided in
appendix 7.1. Three images from each well were taken using bright field, Fluorescein
isothiocyanate, and Texas Red channels of the Olympus IX71 microscope. The monomeric
binding of acridine orange to DNA results in green fluorescence). On the other hand, even
though propidium iodide is also DNA-intercalating dye, it is excluded from cells that still
contains their plasma membrane integrity and can only stain cells that already lost their
membrane functions. It is still possible to detect apoptotic cells through PI, but at the same
time PI can stain necrotic cells as well. This combination of different dyes therefore makes
them suitable for viability assay where different colors can be used to distinguish viable cells
from others (Figure 17). One-way ANOV A showed no significance between the experimental
groups and control, and it is still possible to observe a higher percentage of necrotic cells in
the control group compared to experimental groups. Figure 17 still demonstrates that both Al
and Au based probe micro-coil has no significant impact on the cellular growth even in
instances where Mouse aorta smooth muscle cells (MASMCs) were in direct contact with the

probe micro-coil as can be seen in Figure 17. B1 and CI1. Therefore, both probe micro-coils
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are biocompatible and suitable for in vivo studies. Especially, the Al coil result proves that it
is possible to use cheap materials in this technique (Al is free in JWNC metal deposition
while Au cost hundreds of pounds for one time deposition), which will significantly decrease

the cost of fabrication.
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Figure 17. Cell viability results of different material implants of B) Al and C) Au showing strong cell
viability with no significant difference to A) control experiments when compared with one-way
ANOVA (p 0.1850, ns, Tukey post-test, n=3). In each group, A1), B1) and C1) represents brightfield
images of the well containing its respective material whereas A2), B2) and C2) represents live SMCs

stained by acridine orange, and A3), B3) and C3) dead/necrotic SMCs stained by propidium iodide.
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4 ColL DESIGN AND OPTIMIZATION FOR NANO-INVASIVE MAGNETIC

STIMULATION

As discussed in the literature review, current coil designs for nanoscale invasive magnetic
stimulation remain limited to conventional solenoids. While solenoid configurations offer
simplicity, they present two critical limitations:
1) Poor ergonomic compatibility for human applications
2) Low spatial precision that limits targeted stimulation of specific brain areas.

These fundamental constraints necessitate the development of novel coil architectures
specifically tailored for nano-invasive magnetic stimulation. An ideal design should address
three key requirements: wearability, localized stimulation capability, and power consumption.
One potential solution involves deploying an array of miniature coils integrated into a helmet
platform. Through selective activation of specific coil, this configuration could
simultaneously address all three requirements. Based on this idea, given the limited prior
work in this research direction, this section systematically explores mini-coil (cm scale)
designs by referencing some configuration of TMS and puMS. Two coil design configurations
(planar spiral coil and mini slinky coil) are selected, and their fabrication processes are
optimized. Through this investigation, we aim to achieve an optimal balance between three
key objectives: electromagnetic performance, cost-effectiveness, and rapid fabrication
iteration capability. As clinical translation remains premature, the present design focuses
primarily on preclinical applications, with specific optimization for animal studies using rat
models. The system targets following technical specifications: the capability to generate
around 25 mT magnetic fields at an approximate 1 cm (around the thickness of scalp and
skull of rats) working distance from the coil across both low (5 Hz for magneto-mechanical
stimulation) and high (100 kHz for magneto-thermal stimulation) frequency ranges,
meanwhile minimizing the coil heating effects during operation. All subsequent design
iterations and evaluations will be conducted with these fundamental performance

requirements.

4.1 MINI-PLANAR SpIRAL COIL

The proposed coil design draws inspiration from planar coils previously introduced in pMS
section, as identified in literature review. While micro-stimulation applications emphasize
miniaturized, implantable planar coils at sub-millimeter scales, we adapt this concept by
scaling the design to centimeter-level dimensions for wearable applications. This planar coil

architecture offers three distinct advantages for applications: its centimeter-scale dimensions
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are ideally suited for animal-wearable devices; it can be integrated with flexible substrates to
achieve skin contact; and it permits straightforward assembly into multi-coil arrays for
spatially targeted stimulation. Beyond its primary application in nanoparticle actuation, this
coil design demonstrates significant potential for translational adaptation to other biomedical
and engineering applications. As illustrated in Figure 18, implementations include direct
neural magnetic stimulation and wireless power transfer for miniaturized implantable devices

etc.

APPLICATIONg
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Figure 18. Conceptional figure for mini-planar spiral coil applications.

4.1.1 The Prototyping of Spiral Planar Coil

The initial planar coil prototype employed a conventional circular spiral design with 9 mm
diameter coils with 20 turns considering the resolution of laser fabrication. COMSOL
simulations demonstrated that when arranged in a figure-8 configuration and driven with 100
mA current, these coils could generate magnetic fields on the order of hundreds of uT,
confirming their potential for further optimization. For physical realization, we selected laser
fabrication to fabricate the first prototype (the same system in probe micro-coil fabrication
mentioned previously). The prototypes were fabricated using standard PCB materials: FR4
laminate substrates with 0.5 oz (17.5 pum) Cu cladding, processed using the laser system's
default PCB parameters. As shown in Figure 19. A, a prototype 3%3 coil array with polyimide
flexible PCB routing excitation signals to individual coil units while maintaining mechanical

flexibility for wearable applications, which give the feasibility of coil array configuration.

The fabricated coils first underwent thermal characterization to establish their maximum

operational temperature thresholds. This measurement was programmed using an Arduino
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microcontroller system, as shown in Figure 19. C. The Arduino code is included in Appendix
7.2. The coil was connected to a power source, with a MOSFET employed as a switch. When
the Arduino output was set to high, the switch turned on, and when the output was set to low,
the switch turned off. Temperature measurements were obtained using an NTC 10 k€ 3950
thermistor. This type of sensor adheres to the following relationship between temperature and

resistance:
1 1
R =R, ") (4.1)

where To is the reference temperature (25°C), R, is the reference resistance at To (10 kQ), B is
the temperature sensitivity coefficient (3950), and e is the base of the natural logarithm. The
temperature was derived mathematically from the measured sensor resistance. The resistance
of the sensor was determined by measuring the voltage across a voltage divider circuit, which
consisted of a 10 kQ resistor connected in series with the sensor. In summary, the Arduino
calculates the resistance by acquiring the divided voltage through an analog input and
subsequently computes the temperature based on the measured resistance. The data were
transmitted to a computer via serial communication for recording and analysis. This system

will be also used in following measurement of updated version coils.
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Figure 19. (A) Planar coil array prototype with flexible PCB connector. (B) Thermal sensor
placed on a coil. (C) Diagram of the thermal measurement system. (D) Temperature of
prototype coil with different voltage input under DC, 5 Hz, and 100 kHz frequency signals.

During thermal measurement, the temperature sensor was positioned above the coil center as
illustrated in Figure 19. B. We recorded stable measurements under three excitation
conditions: (1) DC input, (2) low-frequency AC (5 Hz), and (3) high-frequency AC (100
kHz). The results (Figure 19. D) reveal significantly faster temperature rise under DC
excitation compared to AC conditions, consistent with the theoretical greater equivalent
thermal power dissipation in DC operation. Meanwhile, within this frequency band the
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frequency does not influence heat dissipation with AC source, which is the reason why 5 Hz
and 100 kHz signals share the similar temperature curve. All samples ultimately reached

critical burning when their temperature reached a range between 180-190°C.

Based on the experimental results, the thin metal layer leads to an increased coil resistance,
thereby exacerbating Joule heating. To limit this issue, it is important to minimize the coil
resistance by increasing the metal layer thickness. To achieve this objective, three technical
approaches were explored: laser processing, photolithography combined with electroplating,

and physical cutting.

4.1.2 Laser Processing

Laser technology demonstrates significant advantages in the fabrication of such coils. It offers
high precision, making it particularly suitable for fabricating fine micro-devices. Then, the
process exhibits a high degree of automation—once the digital design and substrate material
are prepared, the final product can be directly fabricated without intermediate processing
steps. Besides, a wide variety of commercially available substrates can be utilized, ranging
from a few oz to over ten oz in Cu thickness, enabling convenient testing and optimization.
After comprehensive evaluation, a 30z (105um) copper-clad substrate was selected for
fabrication. While thicker Cu layers can further reduce resistance, the etching difficulty and
processing time increase disproportionately. The 30z thickness represents an optimal

compromise between these competing factors.

However, since non-standard PCB substrates were employed, the laser parameters required
re-optimization. Preliminary adjustments based on estimations failed to achieve the desired
results (as shown in Figure 20. A). Specifically, incomplete Cu etching was observed (Figure
20. B and C), indicating the need for a more systematic parameter evaluation, and thus the

following experimental study was conducted:

As mentioned earlier, three main parameters affect laser etching: laser power, scanning speed,
and number of repetitions. Higher power, slower speed, and more repetitions result in deeper
etching. A baseline etching parameter set of 1W, 500mm/s, and 5 repetitions was established
(Figure 20. E). The tested pattern is 3 short lines within a square, where the lines correspond
to the coil width, while their gap matches the gap width between coil wire. Based on this,
while keeping the other two parameters constant, the power was gradually increased to SW,
the speed to 2500mm/s, and the repetitions to 25. Before this, the effect of the isolation step

(using high-energy SW laser to ensure separation between etched and retained portions) was

71



tested at 5-30 repetitions to confirm if this step is necessary. The comparative results are

shown in Figure 20.

500 mm/s
5 repetation

(F)

5 repetation 10 repetation 15 repetation 20 repetation 25 repetation 30 repetation

Figure 20. (A) Sample before optimization. (B)-(C) Not/under etched Cu between wire gaps.
(D) Sample after optimization. (E) Comparison etching optimization on parameters of power,
speed, and repetition. (F) Isolation optimization on parameter of repetition.

From Figure 20. F, two potential issues with the isolation step can be observed: isolation fail
and the low resolution. Due to the high-energy laser at low repetition counts, the laser fails to
achieve proper isolation, while high repetition counts cause upper layer Cu burning. In
addition, the process etched part of the original line width, leading to narrower wire and
resistance reduction. Therefore, the isolation step was abandoned in subsequent procedures.
From Figure 20. E, a comparative analysis of power, speed, and repetition revealed that

power exerted the most dominant influence on the etching process. Substantial enhancement
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of etching effectiveness could be achieved by increasing the power level. Scanning speed
demonstrated a secondary yet significant effect, primarily governing etching precision, where
excessive speeds led to insufficient Cu removal. Repetition count exhibited the most modest
impact, showing an approximately linear correlation with etching depth. Based on these
findings, the optimized laser processing parameters were established as follows: 2.5 W power
was utilized to ensure robust etching performance; a scanning speed of 200 mm/s was
selected to maintain an optimal balance between etching quality and processing efficiency;
and through systematic testing, 15 repetitions were determined to be the most suitable count.
This parameter combination successfully achieved the required equilibrium between etching
effectiveness, dimensional accuracy, and operational productivity. The comparison between

before and after optimization is shown in Figure 20. A and D.
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Figure 21. (A)-(C) Magnetic field measurement results of two sample 1, 2 and sample 2 after
acetone-cleaning. (D)-(E) The SEM picture of coil containing cooper debris that shot the coil.

Multiple sample coils were fabricated using the parameters, and their magnetic fields were
measured using TMR sensors. Under 100mA 10Hz, 10kHz, and 100kHz current, using a
tunnel magnetoresistance (TMR) sensor (TMR2104, sensitivity 0.0445 mV/nT) lcm above
the coil moving from the coil center (0 mm) to its outer edge (5 mm) yielding the results in
Figure 21. A-C. The measurements revealed inconsistencies between individual coils, with

significantly lower field strengths in some samples (Figure 21. B). Subsequent examination
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via scanning electron microscope (SEM) demonstrated that while the optimized etching
process successfully removed most of the Cu material, it simultaneously generated numerous
microscopic Cu debris particles that remained trapped within the inter-wire gaps as circled in
Figure 21 D and E. These conductive remnants created unintended short-circuiting between
adjacent windings, effectively reducing the number of active turns and consequently
diminishing the magnetic field output. An attempt was made to eliminate the debris through
acetone cleaning, however, as presented in Figure 21. C, although this increased the
performance, it was not as high quality as in Figure 21. A, showing this method ineffective. It
was, then, ultimately determined that this manufacturing approach may not be suitable to

produce this coil design.

4.1.3 Photolithography

Given the limitations identified in the laser cutting approach, we transitioned to a cleanroom-
based fabrication method utilizing photolithography and electroplating to produce thick
planar coils. The most significant technical challenge in this alternative method involves
optimizing the processing steps for ultra-thick photoresist layers. While conventional
photoresists, including specialized thick-film materials like SU-8 and HD-4110, typically
struggle to achieve thicknesses beyond 25um. This necessitated a comprehensive re-
evaluation of both photoresist materials and processing parameters. The optimization process
focused on four interdependent variables: spin-coating speed, which directly controls
photoresist thickness and uniformity; soft-baking conditions that govern solvent evaporation
and film stability; exposure duration critical for achieving complete cross-linking throughout
the thick resist layer; and development time that determines feature definition quality. Each
parameter requires precise calibration not only individually but also in relation to the others,
as they collectively influence the final resist profile. Through comprehensive investigation,
we identified AZ6090 photoresist as particularly suitable for this application due to its
capability of achieving 90um thickness while maintaining properties like the well-
characterized AZ4562 photoresist. The following sections will review how to find the most
suitable the processing parameters for this photoresist, which also could be a case for general

ultra-thick photoresist optimization.

4.1.3.1.1 1°*Round Optimization

Among the various process parameters involved, exposure time was identified as the most
critical factor governing photoresist patterning quality. Insufficient exposure prevents
complete photochemical conversion of the resist, leading to development failure, while
excessive exposure causes unwanted dissolution of protected areas and subsequent feature

distortion. To systematically optimize this key parameter, an initial screening experiment was
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conducted using strategically selected exposure durations of 10s, 20s, 40s, and 60s. This wide
interval approach enabled efficient identification of the approximate optimal range. All other
process conditions were carefully controlled: spin coating at 1000 rpm for 30 seconds, a
precisely programmed soft bake with gradual temperature ramping from 60°C to 105°C over
30 minutes (increasing 15°C every 10 minutes), and after exposure, developing in MF319 for

3 minutes.

The resulting patterns, shown in Figure 22. A-D, demonstrate distinct quality variations
across the tested exposure spectrum. The 10s condition showed very vague development with
residual resist, while 40s and 60s exposures exhibited noticeable feature degradation. 20s
gives the best results. After measuring the thickness variation of the resist (Figure 22 E), as
there is still no flat wafer surface occur and the expected thickness should be 80-90um, while
the developed thickness is 60 um only, the resist is still not completely removed. This might

result from under-development or suggest the optimal exposure likely lies within 20s to 40s.
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Figure 22. (A)-(D) Samples after development with 10s 20s 40s and 60s exposure. (E) The
thickness measurement of 20s sample.

4.1.3.1.2 2" Round Optimization

To rule out the possibility of photoresist residue caused by insufficient development time, we
tested the 20s-exposed samples with different development durations of 5, 7, and 10 minutes.

The results are shown in Figure 23. Optical microscopy examination revealed no significant
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deformation. However, thickness measurements of the photoresist demonstrated that the 5-
minute development yielded the optimal outcome. The smooth surface at the pad areas (wafer
surface) indicated complete photoresist removal, while the jagged profiles at the bottom of
coil trenches, elevated above the wafer surface, suggested incomplete resist removal -

characteristic of underdevelopment. In the end there was still 15 pm or so of photoresist left.
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Figure 23. (A)-(C) Picture results and thickness measurements of samples with 5-, 7-, and 10-

min development.

In contrast, the 7-minute development showed clear signs of overdevelopment. The upper
portions of photoresist that should have remained in the coil trenches were eroded, while the
bottom portions still exhibited underdevelopment like the 5-minute results. This phenomenon
likely indicates that the original 20-second exposure duration remained insufficient for

complete photochemical conversion throughout the entire resist thickness. In 10-minute
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sample, this phenomenon is more serious. The measurements suggest the need for increase of

exposure time.
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Figure 24. (A)-(D) 3" round results of sample with 30s and 35s exposure. (E)-(G) 4" round
results of sample with 30s, 35s, and 40s exposure. (H)-(J) 5™ round results of sample with
40s, 50s, and 60s exposure.
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4.1.3.1.3 3™ Round Optimization

To enhance observation clarity, the original gold-coated Si wafers were replaced with Si
dioxide substrates, which exhibit a characteristic blue-purple coloration. This modification
creates a distinct visual contrast between fully developed areas (revealing the substrate color)
and regions with residual photoresist. Using identical spin-coating and soft-bake parameters
as the first-round experiment, new samples were exposed for 30s and 35s followed by 5-
minute development. As shown in Figure 24. A-D, the 30s-exposed sample showed faint
substrate coloration indicating partial but incomplete resist removal, while the 35s exposure
resulted in clear overdevelopment. This outcome suggests none of the previously discussed
factor is the reason for this underdevelopment. A possible explanation is the soft-bake
temperature profile, where insufficient solvent evaporation from the photoresist may have
compromised its structural stability during subsequent process. The incomplete solvent
removal likely caused the resist to swell or deform upon contact with the developer solution,

preventing consistent pattern transfer across the entire thickness.

4.1.3.1.4 4™ Round Optimization

The soft-baking process was modified by extending the duration to approximately 40 minutes
while maintaining a gradual temperature increase. The revised protocol began at 60°C with
incremental 10°C rises every 5 minutes until reaching 130°C, which was maintained until
completion. To enhance solvent evaporation efficiency, the spin-coating speed was increased

to 1500 rpm, resulting in a reduced photoresist thickness to approximately 60um.

The samples were tested under three different exposure times: 30s, 35s, and 40s, each
followed by a 5-minute development. As illustrated in Figure 24. E-G, the 40s exposure
yielded optimal results, while both 30s and 35s exposures achieved partial development
success. This success results from thinner resist thickness around this area, which is normal in
small samples. Notably, the unremoved photoresist in the 30s and 35s samples exhibited
cracking patterns, potentially attributing to the much higher soft-baking temperature. Building
upon these successful outcomes, the subsequent experimental phase will employ a 1000 rpm

spin-coating speed to achieve a thicker photoresist layer of about 80um.

4.1.3.1.5 5™ Round Optimization

To accommodate the increased photoresist thickness, the exposure time was correspondingly
extended to 40s, 50s, and 60s. The soft-baking protocol was slightly modified to initiate at
55°C, followed by incremental 10°C increases every 5 minutes until reaching 125°C, which
was maintained until completion. With a constant 5-minute development time, the results are

shown in Figure 24. H-J. The 50s exposure yielded optimal patterning quality, while the 40s
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samples exhibited underdevelopment. The 60s exposure, likely due to excessive exposure

energy combined with the 5-minute development duration, resulted in poor photoresist

adhesion to the wafer surface (Figure 24. J).

A
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C AZ 6090
| | AZ6090
D Photolithography Light
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| | | ||
F

Photoresist removal

| | | | |

Figure 25. A-G The schematic fabrication process of cleanroom strategies. H Samples after
development. I Samples after photoresist removal after electroplating.

4.1.3.1.6 Final Recipe

Based on these findings, the optimized fabrication process (Figure 25. A-G) for the 1000 rpm

spin-coating strategy (80um thickness) are determined to be:

1.
2.
3.

Soft bake on a hotplate.

Prepare the substrate. Deposit Gold seed layer (20-40 nm Au, on 10 nm NiCr).

Pour the resist on the sample slowly.

Spinning with 1000rpm for 30s. (*To avoid bubbles, the baking temperature should
increase slowly to let the solvent evaporate gradually. Start with 55°C, increase 10°C

every 10min until 125°C and keep this temperature with 5 min.)

Clean the edge and back of the sample with acetone-dipped cotton bud.
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6. Expose using soft contact mod for 50s.

7. Post-exposure-bake on a hotplate at 100°C for 1-2 min.

8. Develop in MIF319 for Smin according to current results we have.

4.1.3.1.7 Electroplating

After obtaining the optimized lithography parameters, batch production of samples was
attempted for electroplating. However, the electroplating results proved unsatisfactory,
revealing several critical limitations:

1) Metal Adhesion Failure: The deposited metal exhibited poor adhesion stability.
During post-processing steps like photoresist removal, rinsing, and drying, the metal
frequently detached from the metal or substrate, creating lower thickness and open
circuits that fail entire coils nonfunctional. Figure 26, A-C illustrate three types of
adhesion condition. In B and C, the thickness measurement results are like Figure 26.
D and E. In D, the metal detached from the metal under it, while in E, the metal

almost detached directly from the substrate surface.
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Figure 26. (A)-(C) Samples with different attach quality after photoresist removal. (D)-(E)
Two thickness measurement results showing the detach of metal.

2) Photoresist Degradation During Plating: The extended immersion in warm ionic
solutions (required for electroplating) combined with mechanical stresses from metal
deposition caused detach of photoresist. As the resist barriers failed, the plated metal
bridges formed continuous shorts between intended isolated features. Figure 27

exactly shows the situation. By comparing A and B, the deformation of resist is
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obvious, and in D, after removing the resist, the metal connected clearly. Besides, E
and F thickness measurements illustrate that although the bottom shows connections,
the top part still isolated. It can be assumed that the resist partially peeled off from the
wafer surface, which only make the bottom part connect. This phenomenon can also

be observed in other relative successful samples like shown in Figure 28.

3) Insufficient Thickness Achievement: Even in relatively successful samples avoiding

the above failures, the maximum achievable Au thickness (15-30pum, Figure 28)

remained far the target ~80pm requirement.

(E) : =

|
—

| S O e
BT M IR s R

= Meta cd;nne"cted | 3 =i

pm
Rl
o

(ST 8 i e e
e

Metai connected

pm

—
.

Figure 27. (A) Sample before electroplating. (B) Sample after electroplating. (C) Photoresist
deformation under microscope. (D) Sample after photoresist removal. (E)-(F) Two thickness
measurement results showing metal connections caused by photoresist deformation.

4) Ununiformed metal growth: There is a 2h-electroplated sample in Figure 28. A. The

deposited metal surface is very fluctuated and rough. In another sample with longer 3h
electroplating, the more exceeded part at the beginning will grow faster because it will
have larger surface catching irons from the solvent which will lead to the results in
Figure 28 B. This can also be found in Figure 26. E and Figure 27. E and F. The metal

looks like mountains with different height will lead to poor electric properties of coils.
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These fundamental limitations, encompassing adhesion chemistry, structural stability during
processing, and  thickness  scalability, collectively = demonstrate  that this
photolithography/electroplating approach cannot reliably produce high-performance coils at
scale. Consequently, this fabrication route has been deemed unsuitable for the current coil

design specifications.
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Figure 28. Two thickness measurement results of relatively well-electroplated samples with
(A) 2-hour electroplating, and (B) 3-hour electroplating. Dashed boxes contain the fluctuated
surfaced, and solid line boxes contain metal connection parts.

4.1.4 Craft Blade Cutter

Due to the fabrication defects identified in the previous two sections, the reliance on
specialized environments such as cleanrooms, and the use of high-cost equipment,
particularly considering that wearable devices have significantly lower requirements for
materials and fabrication precision compared to implantable devices, here proposes an
economical and efficient mini-coil production method: physical cutting. A comparison of
consumption between the method with a conventional cleanroom photolithography

fabrication process is given in Table 6.
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Table 6. Comparison between cutter fabrication, laser fabrication and cleanroom
photolithography fabrication method.

Property Cleanroom fabrication Lazer fabrication Cutter fabrication

Fabrication Cleanroom Cleanroom free Cleanroom free

Environment

Equipment cost ~ Cleanroom, photolithography, deposition Laser equipment ($100,000s Cutter ($100s level)
etc. (81,000,000s level) level)
Material cost Metal deposition ($10s / nm), photoresist Laser-processible substrate PVC sheets & Metal tapes ($10s)
($100s /L) ($10-100s / slice)

Fabrication 2-4 days / 1 wafer (10s — 100s of 20-60 min / sample 5-10 seconds / sample
Time scales samples)

Processing No (re-make photomask needed) Yes (programable design) Yes (programable design)

Speeds
Risk Toxic chemicals used (e.g. TMAH) Laser hazard Low risk
Resolution 100s nm - pm level 10s um 100-150 pm

4.1.4.1 Design and Fabrication

To fit with this fabrication method, a design method based on Python programming (code is
given in Appendix 7.3) with geometry variables is proposed: inner and outer radius (ri and ro),
number of turns (n), and wire width (w) as shown in Figure 29 a. The fabrication process was
done using a digital blade cutting machine (Silhouette Cameo Cut) as illustrated in Figure 29.
This machine has a blade tip size of approximately 100 um and a resolution of around 150
um. As shown in Figure 29, conductive Al tape (60 um thickness), was attached to flexible,
thin, and transparent PVC sheets (80 um thickness, A4 size: 154 mm x 242 mm), which was
the substrate. Then cut the Al layer using the digital blade cutter to form the flexible coils. To
ensure precise cutting, the Silhouette Studio software was used to adjust parameters including
blade depth, cutting force, cutting speed, and the number of passes. The optimized software-
settings included a blade depth of 3, a force of 24, and a speed of 3, as slower speeds and
slightly higher forces were found to improve accuracy. Al was chosen for its availability and
cost-effectiveness, but the technique can also be translated to other conductive metal foils,
such as Cu. The parameters can be adjusted for thicker films to enable higher current
capacities, by increasing the cutting force and number of passes, making the technique
versatile for diverse applications in flexible electronics. Various coil configurations were
fabricated, including different number of turns (5, 10, 15, Figure 30. d, e, f and Figure 29. a),

and shapes (circular, rectangular, hexagonal, Figure 30. e, b, ¢, and Figure 29. b). Circular
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coil is the most used design, while angles will bring more dynamic distribution patterns and

two common polygon shapes (rectangular and pentagonal) are selected.

Circular

i
Rectangular

Bottom: PVC Digital Blade Cutter Batch Production Hexagonal

- Design Flexibility
- Rapid Prototyping
- Large Area Manufacturability

- Cleanroom Free

- Material Versatility . Cost Effective

Figure 29. a) circular coil with 5, 10, and 15 turns, b) 10-turn coil with circular, rectangular,

and hexagonal shapes, ¢) zoom-in microscope picture of cut edge from each shape coil, d) the

first test of cutting with only PVC and only Aluminium. e) The arches with different angles. f)
Fabrication process and advantages of this method.

In following sections, the inductance, resistance, and magnetic field strength for prototype
(circular shape) coils with different turns were evaluated to determine the optimal number of
turns first, and then coils with this number of turns were fabricated in three shapes: circular,
rectangular, and hexagonal. The three coil shapes were then evaluated based on key
performance metrics, including intrinsic parameters such as inductance, resistance, and factor
and external characteristics, such as heat generated and magnetic field strength. The intrinsic
parameters directly influence the electromagnetic behavior and efficiency of the coils. For
instance, inductance determines the frequency response, particularly in the higher frequency
of 10 kHz to 1 MHz range, which is critical for applications like magnetic hyperthermia and
wireless power transfer [317, 318].The Q-factor reflects the coil's efficiency and energy loss
rate, while resistance impacts energy dissipation and heat generation. External metrics, such
as temperature rise during operation and magnetic field strength, are critical for wearable
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applications to ensure safety, stability, and functionality. Since wearable coils often come into
direct contact with the skin, temperature control is particularly crucial, while maintaining a
stable magnetic field strength is essential for medical applications. Additionally, given that
wearable devices frequently undergo bending and flexing during use, the coils were tested
under various bending angles (on 3D printed arch with 30° to 180°) and repeated bending
cycles (up to 1,000 cycles). These tests simulated real-world conditions to assess the
durability and reliability of the coils. All these tests are performed by 3 repetitive experiments

on 3 samples randomly selected from different batches to see how their average acts.

As a result, the measurements focused on five key areas: optimizing the number of turns, coil
performance under different bending angles, performance after multiple bending cycles,
temperature rise under different current inputs, and magnetic field strength across varying
current inputs. To ensure reliability, all measurements were averaged across three samples
and were used to validate the proposed coil design while also offering valuable insights for

future optimization and practical applications.

4.1.4.2 Optimization of the Number of Turns

Circular coils with 5, 10, and 15 turns, all featuring the same line width and spacing, were
fabricated and evaluated. Three key parameters were analyzed and shown in Figure 30. g, h,
and 1i: inductance (averaged over the 10 kHz—1 MHz frequency range), serial resistance
(measured under DC conditions), and magnetic field strength at the coil center (measured

with a 10 Hz, 100 mA sinusoidal input).

As shown in Figure 30. g, the average inductance increased with the number of turns but only
modestly, rising from approximately 6 pH for the 5-turn coil to 7 pH for the 15-turn coil
across the frequency range. Resistance, on the other hand, rose sharply with additional turns
due to the linear growth in the outer diameter and the progressively greater wire length
required for each subsequent turn (Figure 30. h). Magnetic field strength at the coil center
also increased with more turns, but the incremental gain diminished as the number of turns
grew (Figure 30. 1). This diminishing return occurs because turns farther from the center
contribute much less effectively to the central magnetic field, limiting the overall increase.
Therefore, the 10-turn coil emerged as the optimal configuration for wearable applications.
While inductance varied only slightly, resistance and magnetic field strength were the
decisive factors. The 10-turn coil strikes a balance between strong magnetic field generation
and manageable resistive heat, making it the most suitable choice for further testing and

analysis of different coil shapes.
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Figure 30. a) The editable parameters of a coil. 3D schematic diagram of a b) 10-turn
rectangular coil, ¢) 10-turn hexagonal coil, d) 5-turn circular coil, €) 10-turn circular coil, f)
15-turn circular coil. g) The average inductance value in 10 kHz-1 MHz band of 5, 10, 15-
turn circular coil. h) The serial resistance of 5, 10, 15-turn circular coil. i) The magnetic field
of 5, 10, 15-turn circular coil under 10 Hz 100 mA current input.

4.1.4.3 Coil Characteristics at Different Bending Angles

For wearable applications, it is essential to evaluate coil performance under varying degrees
of bending, as these devices must adapt to the contours of the body. To simulate such
conditions, coils were taped onto 3D-printed modules with varying curvatures (Figure 29. e),
representing potential use cases from the wrist to the thigh. The performance of three coil
shapes—circular, rectangular, and hexagonal—was analyzed under different bending angles.
Key parameters, including inductance, quality factor, and resistance, were measured, and are

presented in Figure 31.

Figure 31. a-c illustrates the variation of inductance with frequency (10 kHz to 1 MHz).
Across all three shapes, inductance remained relatively consistent under bending. For angles
150°, the inductance showed a sharp increase in the lower frequency range (10 kHz—100 kHz),
stabilizing at 12—-14 pH above 100 kHz. Beyond 150°, the inductance curves were steady,
with minimal deviation, indicating high stability despite increased curvature. Figure 31.d-f

highlights the Q factor variation with frequency. The Q factor increased with frequency,
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characteristic of inductors with low parasitic resistance. At bending angles 150°, a noticeable
dip in the Q factor was observed between 15 kHz and 30 kHz, likely due to resonance caused
by parasitic capacitance. As the bending angle increased, the effective inductance increased,
shifting the resonant frequency lower and increasing the dip’s impact. Angles exceeding 150°,
resulted in a smoother Q factor curve.
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Figure 31. The coil characteristics under different bending angle. a) - ¢) Inductance value of
circular, rectangular, and hexagonal coil over 10kHz — IMHz. d) - f) Quality factor of
circular, rectangular, and hexagonal coil over 10kHz — 1MHz. g) - i) I-V curve of circular,
rectangular, and hexagonal coil. j) Inductance value of circular, rectangular, and hexagonal
coil at 100 kHz. k) Quality factor of circular, rectangular, and hexagonal coil at. 1) Serial
resistance of circular, rectangular, and hexagonal coil.

Given the significance of 100 kHz for applications like wireless power transfer, Figure 31. j-1
compares the inductance and Q factor for each shape at this frequency under different

bending angles. Inductance remained stable across angles for all shapes, with the rectangular
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coil (Lr) showing slightly higher values than the circular (Lc) and hexagonal (Lh) coils. In
terms of Q factor, all shapes displayed a consistent trend of improvement with larger bending
angles. However, the rectangular coil (Qr) typically exhibited a marginally lower Q factor

associated to its higher resistance.

Figure 31.g-1 show the current-voltage (I-V) responses and resistance values under DC input
across bending angles. The I-V curves were symmetrical, with moderate bending angles
(60°-90°) exhibiting broader current ranges. Resistance values varied significantly with
bending, peaking at approximately 4.0—4.5 Q for moderate angles, more than double the flat-
state resistance (0°). The rectangular coil consistently exhibited resistance values 5-10%
higher than the other shapes, correlating with its slightly lower Q factor despite its higher
inductance. Overall, the inductance of the coils remained stable across all bending conditions,
while the Q factor improved with larger angles, and the resistance exhibited the most
variation, peaking at moderate bending angles. Among the three shapes, the rectangular coil
demonstrated the highest inductance but faced trade-offs in Q factor due to increased
resistance. These results confirm the robustness of the coils under bending conditions and

their suitability for wearable applications.

4.1.4.4 Coil Characteristics after Different Bending Cycles

In wearable applications, devices are subject to repeated folding due to the wearer’s
movements, making it critical to understand the impact of these bending cycles on
performance and durability. To simulate such conditions, electrical characteristics were
recorded after every 100 times bending until 1,000 bending cycles for circular, rectangular,
and hexagonal coil shapes. Each bending cycle began with the coil in a flat state, followed by
bending to a 180-degree arch, and returning to the flat state. Key metrics—inductance, quality

factor, and resistance—are presented in Figure 32.

Figure 32.a-c illustrates the inductance variation with frequency (10 kHz to 100 kHz) across
different bending cycles. All coil shapes exhibited similar frequency response, with
inductance values decreasing slightly as frequency increased. Initially ranging from 7.0-7.5
uH at lower frequencies, inductance dropped to 5.5-6.0 uH at higher frequencies. Repeated
bending cycles caused a gradual decrease in inductance, with reductions of approximately 0.7
puH for circular coils, 0.4 uH for rectangular coils, and 0.5 uH for hexagonal coils. The
circular coil exhibited the most pronounced decline. Figure 32.d-f shows the variation in the

quality factor with frequency for the three coil shapes under different bending cycles. The
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quality factor increased with frequency for all shapes. The quality factor improved during

first 200-300 cycles.

Figure 32.g-1 depict the current-voltage (I-V) relationships and resistance values for the three
coil shapes under different bending cycles. The resistance value exhibited minor fluctuations,
remaining within 1.5 to 2.0 Q across all cycles. Among the three shapes, the rectangular coil
demonstrated the most stable resistance, while the circular and hexagonal coils showed

slightly greater variations.
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Figure 32. The coil characteristics under different bending cycles. a) - ¢) Inductance value of
circular, rectangular, and hexagonal coil over 10kHz — 1MHz. d) - f) Quality factor of
circular, rectangular, and hexagonal coil over 10kHz — 1MHz. g) - i) I-V curve of circular,
rectangular, and hexagonal coil. j) Inductance value of circular, rectangular, and hexagonal
coil at 100kHz. k) Quality factor of circular, rectangular, and hexagonal coil at. 1) Serial
resistance of circular, rectangular, and hexagonal coil.
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At 100 kHz, the electrical characteristics of the coils revealed minimal differences in
inductance across the three shapes. Inductance showed a slight initial increase, reaching
approximately 6.5 uH, before gradually declining after 500 cycles and stabilizing around 6.0
puH. The quality factor exhibited an initial rise from 1.5 to 2.25 within the first 300 cycles.
Beyond 400 cycles, different trends emerged: the circular coil's quality factor decreased
slightly to about 2.0, the rectangular coil rose above 2.5, peaking at 3.0 around 600 cycles,

and the hexagonal coil stabilized near 2.25 with minor oscillations.

Compared to the newly manufactured coils described in previous section, the inductance
initially dropped significantly, from 12 uH to 7.5 pH within the first 100 cycles but is
comparable to the result in number of turn optimization and remained stable and consistent
through 1,000 cycles. The quality factor not only exceeded its initial value under unbent
conditions but also improved steadily with repeated cycles, likely due to changes in resistance
and parasitic capacitance effects. Compared to the results in Section 3.2, repeated bending
cycles may enhance the coil's performance within this frequency range by mitigating resonant
effects. Resistance showed minimal variation and stayed comparable to that of the newly

manufactured coils, further confirming the durability of the designs.

Overall, these results suggest that the coils are highly reliable under repeated bending cycles,
maintaining stable electrical characteristics with minimal degradation, making them suitable

for long-term wearable applications.

4.1.4.5 Coil Application as Filter Component

To verify the stability of the coil inductance in the previous measurements, a high-pass filter
was designed to reflect its characteristics as an inductor. The filter was designed and
simulated using LTspice (The circuit included a 1 Q source resistance in series with a 50 Q
resistor and an inductor of 7 pH with an internal resistance (Rs) of 2 Q. AC sweep analysis
was performed to evaluate frequency response characteristics. Figure 33. a illustrates the
schematic of the, consisting of an input AC voltage source (Vs), a resistor (R) and an inductor
(Ls) in series. The performance of the high-pass filter was evaluated using a SPICE-based
simulator to analyze its frequency response. Two key parameters, gain (G) and cut-off

frequency (fc), were considered critical for assessing filter performance.

G = 201 (VO> (4.1)
= 0910 Vi .
R
Je= 2mL, (42)
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The hardware was tested with a function generator providing a sine wave input of 1V
amplitude (2V peak-to-peak). The output was measured across a 10-turn circular coil
connected in series with a 50 Q resistor, using a digital storage oscilloscope. Figure 33. b and
¢ compare the frequency response characteristics from simulations and experiments, plotting

gain vs. frequency over a range of 10 kHz to 10 MHz.
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Figure 33. a) The experiment set up and corresponding equivalent circuit of RL filter. b) The
frequency response curve from theoretic simulation and measured data. ¢) the theoretic input
and recorded output voltage signal at IMHz.

Approximately 0 dB at high frequencies in the MHz range was recorded. f_ is around 1.1
MHz, closely matching the theoretical value from Eq. 4.2. Experimental results closely
aligned with theoretical simulations. The transfer function of the RL circuit was used to
calculate the rise time of the high-pass filter, which was determined to be 23 ms, indicating a
quick response to signal excitations. A slight deviation in gain at lower frequencies was
observed, attributed to the white noise, parasitic capacitance, and inherent series resistance of

the mini-coil, as discussed in previous sections.
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Figure 34. A) The surface temperature distribution in COMSOL with 1.5 A current input B)
The measured temperature in IR camera C) The magnetic field distribution at plane 4 mm
above coil. D) The magnetic field distribution in human tissue E) The measured magnetic
field strength by TMR sensor under different current input.
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4.1.4.6 Temperature Response to Current

The temperature response is a critical metric for wearable devices due to its direct impact on
safety. This study investigated the thermal performance of the coils under extreme conditions,
particularly resistive heating when the input current exceeded 1 A. Figure 34. A present
COMSOL simulations of surface temperature distribution for the three coil shapes under 1.5A
and for 3seconds. Across all shapes, the highest temperatures were observed near the center
of the coils, reflecting the concentration of current density. The circular coil demonstrated the
lowest surface temperature, ranging from 70°C to 80°C, followed by the hexagonal coil for
temperatures between 90°C to 110°C. The rectangular coil exhibited the highest temperature,

ranging from 120°C to 140°C, likely due to its higher resistance.

Figure 34. B show experimental temperature measurements using an infrared (IR) camera for
different current levels. The temperature increased consistently with higher input currents
across all coil shapes. The experimental results closely aligned with the simulations: the
rectangular coil exhibited the highest average temperature, exceeding 100°C at 1.5 A; the
hexagonal coil reached around 90°C; the circular coil maintained the lowest temperature,
around 80°C. While the trends in the experimental and simulation data were consistent, slight
discrepancies were observed. These differences are likely due to the IR camera measuring
surface temperatures indirectly, which may result in slightly lower recorded values compared

to actual coil surface temperatures.

The findings highlight the significant influence of coil geometry on thermal performance. The
circular coil exhibited superior thermal behavior, with lower temperatures. In most practical
applications, AC signals are the primary choice, and the heat generation is significantly

reduced, expanding the safe operational range of these coils.

4.1.4.7 Magnetic Field Response to Current and Frequency

The magnetic field, as the primary factor interacting with tissues, directly determines the
device's effectiveness. To evaluate magnetic field strength, the coils were tested using the
TMR sensor mentioned before under various frequencies and amplitudes of sinusoidal input
signals. Measurements were taken on a plane 4 mm above the coil surface, approximating

typical skin thickness.

Figure 34. C illustrate the COMSOL simulation results for magnetic field distribution 4 mm
above the coil surface with a DC input of 100 mA. Each coil shape exhibited distinct

magnetic field characteristics: the circular coil produced a relatively uniform field distribution
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with a larger coverage area but the weakest central field strength (150-160 uT); the
hexagonal coil showed slightly higher field concentration and moderately stronger central
field strength (160—170 puT); the rectangular coil demonstrated the highest field convergence,
generating the strongest central magnetic field (180—200 uT).

Figure 34. D gives the cross section of human skin tissue when placing the planar coils on the
top of it. As shown in the figure, the vertical field of the circular coil is the most able to
penetrate the tissue. Although the square coil has the strongest field strength in the center, its
field is not penetrating enough in the vertical direction and decays quickly. While the
performance of the hexagonal coil is better, the circular coil may be still the most suitable

option for human applications.

Figure 34. E presents 3D bar charts of experimentally measured magnetic field strength for
the three coil shapes, illustrating the relationships among current, frequency, and field
strength. Across all coil types, magnetic field strength increased with higher input currents
and lower frequencies. The field strength increased almost linearly with current, while
frequency had a nonlinear influence. Magnetic field strength declined negligibly between 10

Hz and 10 kHz but dropped significantly from 10 kHz to 100 kHz.

At low frequencies (100 Hz), the rectangular coil outperformed the others, producing a
magnetic field approximately 20% stronger. However, its magnetic field decreased more
rapidly with increasing frequency. In contrast, the circular coil exhibited better performance
at higher frequencies, with a slower decline in field strength. The hexagonal coil showed the
greatest stability, maintaining minimal decline across the frequency range. Between 10 Hz
and 10 kHz, the magnetic field strength decreased by approximately: 40% for the rectangular
coil, 25% for the circular coil, and 10% for the hexagonal coil. The discrepancies from the
simulation results may stem from the directional limitations of the TMR sensor, which can

only focus on the main component of the magnetic field.

4.1.4.8 Magnetic Nanopatrticles Actuation

The most important test is whether this coil can interact with MNPs. The driving capability of
circular micro-coils on MNPs was evaluated. These MNP coated with poly (maleic
anhydride-alt-1-octadecene) (PMAO) of 110 nm in diameter (Figure 35. a and b) exhibit
vortex magnetization in their ground state which aligns in plane with the direction of the
magnetic field when applied, allowing for generating torques on a pN scales. In the

experiment, a circular coil was placed beneath a glass slide with a water-based droplet
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containing a relatively high concentration of MNPs (1 mg/mL). A maximum current of 1A
was applied using an EL302RD current source. By manually switching the current, the
magnetic field from the coil was alternately applied and removed to observe mechanical

response of the nanoparticles to these field changes.

EL302RD

000 000
oPP, © e,  ©

Figure 35. a) and b) Nanoparticles under scanning electron microscope ¢) The set up of
tuning experiment. d) The mechanism of MNPs tuning. e) and f) are optical microscope
pictures of MNPs before and after magnetic field applied through mini-coil with response
time and displacement distance marked.

The experimental setup, as shown in Figure 35. c. Place the coil beneath a glass slide and
connecting it to a 1A current source. A water-based droplet containing MNPs is dipped near
the center of the coil and left undisturbed for a period to allow the MNPs to stabilize at the
glass surface. The power source is then toggled on and off, and the MNPs' responses at the
moments of switching are observed under a microscope. The MNP motion is depicted in
Figure 35. d. Initially, MNPs are randomly aggregated and oriented due to their magnetic
properties in concentrated solutions. However, when an external magnetic field is applied, the
MNPs generate an alignment to maintain consistency with the direction of the external field,

hence driving the movement of the MNPs, causing a spatial shift.
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Figure 35. e, f demonstrates that MNPs exhibit clear and significant responses to the current
source on or off. This confirms that coils fabricated using this method can effectively drive
nanoparticles. However, from Figure 35. e and f, it can be observed that the most obvious
movement occurs in the smaller branches of the MNP clusters. This is because the larger
aggregated clusters (like Figure 35. b), though also move, have higher mass, and more
complex interactions between particles, which limits their motion. Additionally, the
movement amplitude gradually diminishes over time, because of the unidirectional current
input which generates a magnetic field in only one direction. When the current is applied,
particles align with the external magnetic field from their initial random orientations. When
the current is turned off, the magnetic field is removed, eliminating the aligning torque.
Consequently, the particles tend to remain stationary rather than returning to their original
positions. As a result, with repeated application and removal of the magnetic field, more
particles stay aligned, leading to a reduction in the overall movement amplitude. This

experiment proved the basic potential of this coil on MNPs control.

4.2  EXPERIMENTS WITH BIOINTERFACE LAB, UNIVERSITY OF ERLANGEN—NUREMBERG (FAU),

GERMANY
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Figure 36. The power system structure.

Have this coil fabricated and successfully interacted with MNPs. The coil was carried to
Germany partner’s lab for experiment on cell stimulation, observing by calcium imaging. The

coil will be powered by the system shown in Figure 36: Oscillator: Keysight InfiniiVision
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DSOX3014T, Function generator: Keysight 33210A, and Amplifier: AMCEON DC-300A.
Coil is connected to amplifier which enlarge the signal from function generator, and oscillator
will monitor the current flows in the coil.

\4 —
N P ; A

Figure 37. The magnetic nanoparticles under micro-scope and the rotation under 1Hz field
from coil in one period.

The same MNPs were used to conduct the previous experiment to verify whether this current
source could also achieve MNP control. Since the MNPs used in the experiment were newly
fabricated and underwent 5 minutes of ultrasonic dispersion, they were primarily distributed

in small clusters. The oscillation of MNPs in response to the signal could be observed under

Figure 38. The kidney cell under microscope (A) without and (B) with fluorescence. The
neurons under microscope (C) without and (D) with fluorescence.
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Once confirmed the coil performance, the cells are prepared for in-vitro experiment as follow.
The kidney cell preparation begins with detachment of the parental cell generation from the
culture vessel. Following isolation, the cells are immersed in nutrient medium before being
transferred to a fresh culture container. The prepared cells are then maintained at a constant
temperature for subsequent experimental applications. (Figure 38. A, B) Neuronal cells are
obtained from neonatal rats immediately following birth. The dissection process involves
extraction of both brain and spinal cord tissues. The spinal cord tissue is mechanically
separated into cellular aggregates, while the hippocampal region undergoes enzymatic
digestion to achieve single-cell suspension. These neuronal preparations are cultured under
controlled temperature conditions. During the culture period, spinal neurons exhibit process
extension from the cellular aggregates, while hippocampal neurons require over one week of
cultivation to reestablish synaptic connections and functional networks. (Figure 38. C, D)

The configuration of the fluorescence imaging system is illustrated in the Figure 39. The laser
beam emitted from the source follows the green optical path in A, propagating vertically
downward to illuminate the cells positioned on the holder shown in B. After passing through
the transparent holder, the laser enters the objective lens and is subsequently captured as

digital images by the computer.

Neuron

N

-

Figure 39. (A) Calcium imaging system setup. (B) Transparent holder placed upon the lens
(C) Neuron tissue in the holder.

Based on this experimental setup, tests were conducted on the coil, but the expected
phenomena were not observed. The experimental failure may be attributed to two primary
factors:

1) There is an incompatibility between the coil and the calcium imaging system. As

illustrated in Figure 39, the system relies on the specific optical properties of calcium
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ions for cellular imaging. When the coil is positioned above the holder, it reflects or
scatters the laser beams that should normally transmit through and exit the system,

significantly degrading the final imaging quality (Figure 40).

(A) ol (B) Coil |

Laser Laser
Image Image

Figure 40. The laser performance (A) before and (B) after placing a coil.

2) The magnetic field strength generated by the coil may still be insufficient to
effectively activate the target cells because the current source cannot generate too
large current (e.g. 10A).

3) Although the movement of nanoparticles was observed, when applied to cells, the
movement resistance will increase significantly because of the exist of cells.

Therefore, the magnetic field strength might be not enough without larger current.

Figure 41. (A) Setup of large solenoid coil. (B)-(C) Two observed examples of activation of
cells by calcium imaging.
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This inadequate field intensity could explain the lack of observed cellular response despite
proper experimental conditions and hence the traditional bulky solenoid (Figure 41. A) was
used instead. The cells are successfully activated by MNPs under large coil’s magnetic field.
This exchange experience directs three crucial factors needs to be considered:

1) The coil design should not only consider in vivo but also in vitro equipment.

2) Current limits should be a more primary consideration.

3) One possible barrier is heat management under tens of Ampere current even high

current source available.

4) The design might need more turns for larger magnetic field and less current.

4.3 SLINKY COIL

Based on the improvement direction obtained above, the design should be compatible with in
vivo and in vitro experiments and does not require too much current. By referencing the
relatively coil designs used in TMS technology and incorporating the unique characteristics
of magnetic nanoparticle neural stimulation, the slinky coil was identified as a suitable coil
configuration (Figure 42. a and c). This design can solve the problems met in previous
experiment chapter. The coil’s shape makes it be able to be placed beside instead of top of the
scope, so it will not block the light route. The coil reduced the current requirement from tens

of Ampere to several Ampere by increasing the number of turns.

4.3.1 Wearable coil configuration and design considerations

Introduced in Section 2.2.1.3.3, this design concentrates the magnetic field at a focal area,
thereby enhancing stimulation in the target region while minimizing field effects in
surrounding areas. Additionally, the slinky coil can be paired with a magnetic core to further
concentrate the magnetic field. Due to its enhanced focal precision and stimulation intensity,
the slinky coil has been utilized in TMS for DBS applications. However, for MNP stimulation,
modifications to the slinky coil design are necessary. Specifically, the slinky coil, originally
designed for human head-sized applications, should be scaled down to the cm level to meet
the precision requirements of MNP stimulation. Additionally, the possible integration of
multiple coils into an array capable of covering the entire brain is being explored to enable
programmable selection of stimulation regions, thereby enhancing the flexibility and

specificity of the stimulation process.

This initiative represents the first effort to miniaturize the slinky coil while maintaining its
ability to produce a strong magnetic field across multiple operating frequencies. Key

considerations include determining the optimal size for miniaturization, ensuring the scaled-
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down coil can generate a sufficiently powerful magnetic field, managing heat dissipation, and
achieving compatibility with both in vitro and in vivo experimental systems. These issues are
interconnected, forming a complex optimization problem that requires multi-dimensional
balancing and validation through experiments conducted from various perspectives.
Addressing these factors is critical to the successful development and application of the

device.

4.3.2 Coil Fabrication and Feasibility Proof
The fabrication process is much simpler than the other coils mentioned above. Start with
designing a holder for wire to wind through Fusion 360. Then, use 3D printer to print the

holder and manually wind the wire on it. A prototype coil with 250 turn 0.22 mm copper wire

wound on PLA holder is shown in Figure 42. c.

Distance to
3 level Z=0 (mm)
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Figure 42. (a) Simulation result of magnetic field distribution map. (b) Magnetic field drop along the

red line in (a). (¢) Prototype sample of slinky coil with 250 turns.

The feasibility of the slinky coil was evaluated through a combination of COMSOL
simulations and prototype fabrication. Considering the size and weight suitable for a mouse
wearable application. A coil holder measuring 2.9 x 1.8 x 1.8 cm (Figure 42. c) was
developed, based on the dimensions of the magnetic core (uris 500). Because the magnetic
field will attenuate along distance, the magnetic core will gather the field and strengthen the
magnetic density which will decrease the attenuation. 250 turns of enamel-coated 0.11 mm
radius Cu wire are selected as 50 turns in each batch will roughly fill the space of the holder,
which also simplifies the calculation. In the COMSOL simulations, the Magnetic and Electric
Fields (MEF) physics module was used to model the magnetic field strength generated by a 5
by 50-turn slinky coil when supplied with a 5 Hz, 1 mA current. The simulation results, along
with images of the coil, are presented in Figure 42. To validate the simulations, experimental

measurements of the magnetic field were conducted under the same input conditions, reading
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the magnetic field 12 mm away from coil is 2.85 pT, while the field strength the same
position from simulation result is 3.2 uT. Although the experimentally measured magnetic
field strength was 10% lower than the values obtained from simulations, the results were
generally comparable. The difference might come from the sensor which can only measure
magnetic field in one direction. Based on these observations, it is estimated that a magnetic

field on the mT scale can be achieved with an input current on the order of amperes.

4.3.3 Parameter optimization for low-frequency application
While there is no fixed formula to describe the spatial distribution of the magnetic field
generated by this coil configuration, general principles of coil-generated magnetic fields can
be applied for estimation. Two primary factors directly related to the current must be
considered: the magnetic field strength and Joule heating. For a coil of fixed size and shape,
the magnetic field strength is proportional to the product of the current and the number of
turns (Eq. 4.3). Meanwhile, the power dissipated as Joule heat is proportional to the product
of the current squared and the resistance. Since the resistance is proportional to the number of
turns (assuming each turn requires an equal length of wire), Joule heating is also proportional
to the product of the current squared and the number of turns (Eq. 4.4). It follows that, under
the condition of maintaining a constant magnetic field strength (i.e., keeping the product of
current and turns, NI, constant), increasing the current I rather than the number of
turns N would result in significantly higher Joule heating. Therefore, the primary
modification to the coil design should focus on maximizing the number of turns to minimize
power dissipation while achieving the desired field strength.
B~NI (4.3)
Phear1 = I?R~I*N (4.4)
However, the N value cannot be increased indefinitely, as it is ultimately constrained by the
coil's physical dimensions and consequent parasitic capacitance. When available space is
fixed, there will be a trade-off between wire thickness and number of turns. Specifically, the
available winding cross-sectional area S is equal to the product of the wire's cross-sectional

area Sy and the number of turns N (Eq. 4.5). When using wire of the same material, the total

resistance of the coil is proportional to the product of N and si Since N is inversely
0

proportional to S, the total resistance is proportional to the 5% or N?(Eq. 4.6). For instance,
0

halving the wire's cross-sectional area allows the number of turns to double, but the resistance
increases by a factor of four. Therefore, the optimal design should aim to minimize N while
using the thickest possible wire to balance these trade-offs. According to Eq. 4.3, the power

of Joule heat will not change when generating same magnetic field (Eq. 4.7).
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S = NS, (4.5)

R ! N2 (4.6)
S? ’
Proars = I?R~I2N2~B2 (4.7)
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Figure 43. Four prototypes made by different kind of wires with different number of turns and the

measurement results of magnetic field generated by them with/without a core under ImA input.

Based on the principles outlined above, four coil samples (Figure 43 left) were fabricated
with the following parameters: 250-turn (0.22 mm wire), 400-turn (0.22 mm wire), 900-turn
(0.15 mm wire), and 1500-turn (0.1 mm wire). The magnetic field strength generated by these
coils was measured at 1.2 cm under a 1 mA, 5 Hz current input, both with and without a
magnetic core. The results, presented in Figure 43, reveal an approximately linear relationship
between the magnetic field strength and the number of turns. With a magnetic core, each 100
turns produced a magnetic field of approximately 1 pT, while without a core, the field
strength was reduced to 0.25 uT. This confirms the necessity of a magnetic core for low-

frequency operation.

Using the principle that the magnetic field scales linearly with current, the required current to
achieve the target field strength of 25 mT (with core) was estimated, as shown in Figure 44.
The low-frequency resistance of the coils was measured to be 5.4 Q, 8.9 Q, 46 Q, and 161 Q,
respectively, allowing for the calculation of the required power supply voltage and
corresponding maximum Joule heating power, as illustrated in Figure 44. These results align

closely with the theoretical predictions, by comparing N=250 turns and N=400 turns, before
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using up more space, it is important to increase N as much as possible (Eq. 4.4). As for the
400, 900, and 1500 number of turns, it has been demonstrated that when the available cross-
sectional area is fully utilized, the thermal power does not increase with N (Eq. 4.7). However,
a higher N requires higher driving voltages, placing greater demands on the source and
introduce significant inductive reactance at high frequencies, which could degrade
performance. Therefore, a 400-turn configuration is likely the optimal solution, effectively

balancing these trade-offs.

(a) Current needed for 25mT (b) Source voltage needed for 25mT
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(c) Joule heat power for 25mT
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Figure 44. The estimated (a) current, (b) voltage, and (c¢) Joule heat power needed to generate 25mT

magnetic field at 12mm distance for coil samples in Figure 43.

4.3.4 Parameter optimization for high-frequency application

The primary challenge in high-frequency applications arises from the high impedance
response of the coil's inductance at elevated frequencies. Using LCR measurements, the
inductance and equivalent resistance of the four coil configurations were determined at 20 Hz
and 100 kHz. The results indicate that the presence of a magnetic core significantly increases
the inductance, while the frequency (20 and 100k Hz) has minimal impact on the inductance

value. In contrast, the equivalent resistance increases at higher frequencies, regardless of
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whether a magnetic core is present. This rise in resistance can be attributed to the skin effect
(under high frequency, the current tends to flow along the skin of wire, which will decrease
equivalent cross section and increase the equivalent resistance), which becomes more
pronounced as operating frequency increases. Additionally, the magnetic core further
amplifies the equivalent resistance due to phenomena such as magnetic hysteresis, which are
inherent to high-frequency magnetic fields. Furthermore, the large inductive reactance
generated by the inductance at high frequencies contribute to a total impedance of at least 10

k€ in magnitude.
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Figure 45. The structural and impedance characteristics of (a) series resonant circuits and (b) parallel

resonant circuits. The (¢) inductance and (d) equivalent resistance of coil samples in Figure 43.

To maximize the current flow in the inductance at high frequency, resonant circuits are
commonly employed. These circuits can be configured in two structures: series resonant
circuits and parallel resonant circuits. In a series resonant circuit, the coil is connected a
capacitance serially, when the inductive reactance and capacitive reactance cancel each other,
resulting in a resistive circuit and minimizing the impedance (shown in Figure 45. a). On the

other hand, a parallel resonant circuit forms a resonant cavity by parallelly connect the coil
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and capacitance (Figure 45. b), where the equivalent impedance may reach to a level of 104 to
105 Q. This configuration allows for a small gross current while enabling large currents to
flow through the capacitor and inductor but needs a very large voltage at the same time.

Simulation and experiments are needed to decide to select which configuration.
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Figure 46. (a) LTspice simulation setup. Simulation results of (b) parallel resonant circuits and (c¢)

series resonant circuits. Magnetic field measurement under both resonant circuit and different current

input of (d) 400-turn sample and (e) 250-turn sample.

To decide which resonant circuits performs better, simulations were conducted using LTspice

with set up as shown in Figure 46. a. The simulations utilized the previously chosen 400-turn
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coil, incorporating its measured inductance and series resistance. The objective was to
determine the source conditions required to achieve a 5 A current through the coil. The
simulation results, presented in Figure 46. b and c, show that the parallel resonant circuit
requires a 12 kV voltage source, with a total current of 80 mA. In contrast, the series resonant
circuit requires only an 80 V voltage source, with the current through the voltage source
matching the 5 A current in the inductor. As a result, the maximum power consumption of the
parallel circuit is 960 W, while that of the series circuit is approximately 400 W. Therefore,

the series circuit may have better performance, but needs further experiments to prove.

Magnetic field at 100kHz measurements were subsequently conducted for both resonant
circuit configurations using the 400-turn coil, with the results shown in Figure 46. d. Although
the parallel configuration appeared to perform better, this was primarily due to its inherent
advantage to use a smaller current to generate a larger magnetic field. To facilitate a fair
comparison, according to the simulation results where the ratio of current flow in power
source is 80:5000, the parallel circuit's output under 1mA was scaled by a factor of 80, and
similarly the series circuit's output under ImA was scaled by a factor of 5000, aligning them
with the simulated currents, to estimate the situation when they have the same expected
current in the coil wire. After scaling, the parallel configuration produced a magnetic field of
214 uT, while the series configuration produced a field of 1.83 mT, which are significantly
lower than the predicted values. Additionally, the linear relationship between magnetic field

strength and current was found to be inconsistent.

To further investigate these discrepancies, a second set of tests was performed using a 250-
turn coil under the same conditions. The results, shown in Figure 46. e, are compared to the
previous experiment: the series configuration demonstrated superior results. Notably, the
series configuration exhibited an unexpected peak value at 2 mA, far exceeding the predicted
outcome (confirmed not to be a measurement error). Furthermore, the influence of the

magnetic core in this experiment contradicted the findings from the first set of tests.

Currently, although no definitive explanation for these observations, our explanation is that
the capacitor may not be precisely tuned to resonate with the coil at the intended frequency. A
deviation between the actual resonant frequency and the target frequency of 100 kHz could
result in suboptimal performance. To address this issue, a potential improvement could
involve the design of a variable capacitor system, enabling adjustment of the capacitance to

identify the optimal configuration for maximizing coil performance.
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4.3.5 Optimization in weight

Given that the coil is intended for use in animal experiments, the weight-bearing capacity of
the experimental subjects must be carefully considered. The 400-turn coil with dimensions of
2.9 x 1.8 x 1.8 cm, including the magnetic core, weighs 16.32 g, which may impose a
significant burden on laboratory mice. To address this issue, a weight reduction strategy was
implemented. By reducing the coil's thickness, using a smaller magnetic core, and employing
more compact winding, a 400-turn coil with dimensions of 2.9 x 1.7 x 1.4 cm was developed.
Measurements indicate that the new coil, including the magnetic core, weighs 10.21 g,
representing a 38% reduction in weight. Additionally, due to the shorter total wire length
resulting from the reduced size, the coil's resistance decreased by approximately 15% to 7.5 Q.
Although the new coil generates a weaker magnetic field than the original coil in the absence
of a magnetic core, measurements show that the magnetic field strength is almost same to that
of the original coil when a magnetic core is used. Therefore, this design achieves a significant
reduction in weight and heat generation while maintaining the desired magnetic field strength.
Further improvements will be pursued by utilizing magnetic cores with higher permeability
and reducing their size. This approach aims to further decrease the weight and resistance of

the coil while maintaining or enhancing its performance.

4.3.6 Thermal Management

Development of optimized thermal insulation and heat-resistant materials to ensure stable coil
operation at potentially high current loads while minimizing thermal impact on biological
specimens. Preliminary evaluation of novel 3D-printing PET-CF material has been used,
demonstrating exceptional thermal stability (over 200°C) while maintaining structural

integrity under significant thermal loads.

4.3.7 Summary

During the exploration of the slinky coil, first successfully achieved the generation of
magnetic fields of tens of mT under low-frequency input conditions and observed the
movement of nanoparticles in the magnetic field. At the same time, verified the linear
relationship between the magnetic field and the current input, which could provide prediction
of different current input. Furthermore, achieved some success in optimizing the magnetic
field under high-frequency signal input. The addition of a resonant circuit proved that the
magnetic field did increase compared to the case without the circuit, but it did not reach a
stable state and could not be predicted based on a linear relationship. This may be due to the
resonant circuit's extreme sensitivity to the resonant frequency, and inaccurate measurements

of the coils and inductances that make up the circuit. This can lead to a small, non-negligible
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gap between the input frequency and the resonant frequency, preventing the resonant circuit

from fully functioning. This may be a key area for future research.
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5 CONCLUSION AND QUTLOOK

This project proposed new techniques for magnetic stimulation technologies, including non-
invasive, invasive, and nano-invasive magnetic stimulation, and explores microfabrication
methods potentially applicable for the next-generation magnetic stimulation. Based on the
review of current technological advancements, potential developmental direction for each
technique is discussed, while recognizing how the coil development affects the technology.
Building upon these assessments, investigation on coil optimization and fabrication of both

invasive and nano-invasive magnetic stimulation technologies is performed.

5.1 INVASIVE MAGNETIC STIMULATION

For invasive magnetic stimulation, a novel coil type, probe micro-coil, is selected as the
research object, and the working principle of its selective stimulation is fully reviewed,
analyzed, and discussed. A hypothesis is brought up to solve existing questioning towards
mechanism of selective invasive magnetic stimulation. Then three possible optimization
routes of probe micro-coil are proposed, following large-scale fabrication of these designs.
During the fabrication, a laser-assisted cleanroom fabrication process, along with a
combination methodology between two system is innovated, hence significantly increasing
the efficiency of the fabrication process. Last, biological compatibility testing confirmed that
coils produced via this fabrication process exhibit excellent biocompatibility while enabling
the incorporation of traditionally non-biocompatible metals (e.g., Al) into the design. This
technological advancement significantly expands the range of applicable materials and
potentially enables low-cost fabrication solutions, which will help cross the barrier to wide-

spread applications of this technology.

The limitation of the research in this area is lack of in vivo/ in vitro experiments. This work
has demonstrated certain limitations in mainstream theoretical explanations and proposed an
alternative hypothesis based on existing experimental results. Although this hypothesis can
well explain the current experimental phenomenon, direct evidence is essential to finally
prove this hypothesis, which needs experiments. The coil design improvements performance
is estimated through simulation and the biocompatibility of the fabrication technique has been
demonstrated, which also needs experiments in real neurons to exam if it can really evoke
neurons in an expected way. Besides, a circuit design might also be needed to perform mobile

and precise control of stimulation.
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5.2 NANO-INVASIVE MAGNETIC STIMULATION

In nano-invasive magnetic stimulation area, two mini-coil designs, planar and slinky coils, are
proposed. As this field remains in its early stages with limited prior research, the coil designs
explored here possess an experimental character. For planar coils, three fabrication methods
are explored: laser processing, ultra-thick photolithography, and physical cutting. Here,
several fabrication advancements are achieved: systematic parametric analysis of laser cutting
parameters; optimization of development protocols for ultra-thick (over 80um) photoresist
layers; introduction of a novel, cost-effective physical cutting fabrication method, cutting
down the overall fabrication expense from millions of pounds to hundreds of pounds. While
the resulting planar coils demonstrated capability for nanoparticle control, their
implementation was ultimately discontinued due to incompatibility with experimental setup
and potentially insufficient magnetic field strength. However, all above fabrication methods
accumulated experience for other microelectronics devices, and, additionally, this coil design
can also be transformed to other applications like wireless power transfer. For the slinky coil,
it is the first time that successfully miniaturize it into cm scale, capable to high-strength (tens
of mT) magnetic fields. During its development, the fundamental design principles for the
coil were summarized, and innovative approaches are explored, employing resonant circuits,
thus enabling high-current operation at high working frequencies. These investigations have
yielded promising preliminary results, though additional research is required to fully realize

the technology's potential.

Since planar coils proved to be unsuitable for this application, future work may focus on
exploring other possible applications such as wireless charging or mini heater. Regarding the
slinky coil development, which remains ongoing, several specific future research directions
have been identified:

1) Controllable Variable Capacitor System: Implementation of a precision-adjustable
capacitor array to enable detailed characterization of coil performance under high-
frequency conditions. This system will permit real-time tuning and optimization of
resonant properties.

2) Circuit Matching: For high frequency application, matching problem is important for
high frequency application, for example, the capacitor system mentioned above.

3) Advanced Magnetic Core Materials: Customized magnetic cores with enhanced
permeability (ur above 2000) and operational frequency characteristics (up to

100MHz) are being procured to replace existing components. These cores will
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undergo precision machining to reduce its size, thereby simultaneously improving
thermal management and weight reduction.
After this, a more general strategies should focus on finishing tuning the resonant circuit
under high-frequency mode. Then in vitro/ in vivo experiments are needed to exam the coil

system.

In summary, the work presented in this project has accumulated substantial knowledge for
next-generation magnetic stimulation coil design and fabrication. These contributions are
expected to help accelerate ongoing research in the field, and firmly believe that completion

of the proposed future work will significantly advance this technological domain.
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7 APPENDIX

7.1 PREPARATION AND EXPERIMENT SETUP

MASMCs were isolated previously from mouse aortas of C57BLK6/J mice (Envigo - UK). A
stock of both cells is stored at —135°C in liquid nitrogen storage within sterile cryogenic
storage vials (E3110-6122, StarLab). They are stored at a density of 1x106 cells/mL in 10 %
Dimethyl Sulfoxide (DMSO) (D/4120/PB08, Fisher scientific, UK). In order to culture the
cells for experiments, vials were defrosted rapidly in a 37°C water bath. 1 mL of culture
media was added to the thawed cells and the cells were spun at 1500 rpm for 5 minutes. The
supernatant was removed, and the pellet was broken up in 1 mL of culture media. The
suspended cells were then transferred to a vented T75 culture flask (430641, Corning, USA).
MASMCs were cultivated in Dulbecco’s Modified Eagle’s Medium (DMEM) (21885025,
Gibco, ThermoFisher) with 10 % Foetal Bovine Serum (10270106, Gibco, ThermoFisher)
and 5 % penicillin (10,000 units) streptomycin (10 mg) (P0781, Sigma-Aldrich, Merck).
Culture flasks containing cells were incubated in an incubator at 37°C with 95% relative
humidity and 5% CO2. Every experiment that required cell culturing was placed within an
incubator with the same temperature, humidity and CO2 levels of 37°C, 95% and 5%

respectively.

Initially, culture media is aspirated and discarded from the T75 flask. The flasks are then
rinsed twice with 5 mL of Dulbecco's phosphate-buffered saline (PBS) (14190094, Gibco,
ThermoFisher) to eliminate excess calcium. Following the removal of PBS, cells are
trypsinized from the flask using 2.5 mL of Trypsin-EDTA solution (T3924, Sigma Aldrich,
Merck). Subsequently, the cells are returned to the incubator for 5 minutes and examined
under a microscope for detachment from the flask. Once detachment is observed, the cells in
Trypsin EDTA are transferred to a sterile centrifuge tube (430790, Corning, USA). The
Trypsin EDTA is neutralized with 2.5 mL of DMEM with HEPES, and the mixture is

aspirated from the tube. A portion of this stock solution is then placed on a hemocytometer
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for cell counting. The centrifuge tube is spun at 1500 rpm for 5 minutes, after which the
supernatant is discarded, leaving a pellet of cells. The pellet is disaggregated and resuspended

in DMEM with HEPES to create a stock solution.

Prior to cell seeding, each experimental material was sterilized with 70% ethanol and rinsed
thrice with dH2O to remove any ethanol residue within a sterile laminar flow hood. These
experimental materials were then placed in their respective well. Cells were subsequently
seeded at the 100,000 densities per well to a sterile 12 well plate cell culture plate
(ThermoFisher, Massachusetts, United States), and incubated for 24 hours.

After 24 hours of cell proliferation, Acridine Orange/Propidium lodide staining solution was
prepared to stain SMCs. Acridine orange was prepared through dissolving 5 uL of 10 mg/mL
of acridine orange (AO) (Sigma-Aldrich, USA) in 10 mL of PBS firstly. 1.5 mL propidium
iodide solution (PI, eBioscience, San Diego, United States) was then mixed with AO to cover
the cell monolayer in equal amount like 25 pLL of AO mixed with 25 pL of PI to form the
final staining with volume of 50 pL. Prior to staining, all previous culture media was
removed, and cell monolayer was washed with PBS to remove any residue. Culture plates
were then carried and mounted to an Olympus IX71 (Olympus Corporation, Japan) for
fluorescent imaging once the staining solution was pipetted to the each well of the culture
plates. Prior to imaging, a specially built heating hood around the microscope was heated to

37°C to improve the atmospheric conditions for MASMCs during imaging.

7.2 ARDUINO CODE

const int analogPin = AQ;
void setup() {

analogReference(DEFAULT);
Serial.begin(9600);

}

void loop() {
int sensorValue = analogRead(analogPin);

float R = 1023.0/sensorValue-1.0;
float T=(3950/(log(R)+13.25))-279.15;
Serial.print(T);

Serial.println("");

delay(100);
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7.3 PytHON CODE

jon (sides, turns, ri, ro):

theta = np.linspace (0, * np.pi * turns, sides * turns + 1)
radius = np.linspace(ri, ro, sides * turns + 1)

= radius * np.cos (theta)
= radius * np.sin(theta)

= ezdxf.new (
= doc.modelspace ()

or 1 in (sides * turns) :
msp.add line ((x[i], y[i]) , (x[i+1], y[i+1]))

.saveas ('C:x: xx/file.dxf')# save as dxf file

draw spiral polygon (
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