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ABSTRACT 

 

        Magnetic stimulation is becoming more and more popular recently as a kind of 

medical treatment for brain function. By generating an alternating magnetic field from 

the electromagnetic probe, the induced electric field will be generated in a small region 

and stimulate a single or a group of neuron(s). 

        A functional magnetic stimulation system consists of two parts: 1) electromagnetic 

probe/coil, and 2) magnetic stimulation circuit. For the electromagnetic probe, several 

possible structures for different application were discussed. For single neuron 

stimulation, magnetic probe with a sharp tip was investigated. Furthermore, an optimal 

shape for the sharp tip was determined by analytical calculation and COMSOL 

Multiphysics® finite element simulation. A prototype probe was fabricated and the 

induced electrical field of the probe was measured combining with the magnetic 

stimulation circuit and an electrical field detector. For brains of some small animals like 

rats, a cylindrical-shaped coil was studied and the optimized shape is determined by 

COMSOL Multiphysics® finite element simulation.  

        For the magnetic stimulation circuit, a charging & control method was analyzed. 

Connected with a pulse generator and DC power source, the magnitude and pulse width 

are measured. The relationship between electronic and electromagnetic parameters was 

calculated and simulated with Multisim®. Furthermore, the application of an LR filter to 

suppress the noise was studied by calculation and simulation with Multisim®.   
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CHAPTER I 

INTRODUCTION AND LITERATURE REVIEW 

1.1  Magnetic Stimulation 

Magnetic stimulation has been used in a variety of diagnostic and therapeutic 

applications [1][2][3][4]. It functions by producing an alternating magnetic field, which 

will induce an electrical field to interact with the neurons. Compared with electrical 

stimulation, the main advantage of magnetic stimulation is its non-invasiveness and deep 

penetration capability. Current magnetic stimulation devices work by combining the 

electromagnetic coil and magnetic stimulation circuit. Several kinds of models have 

been applied to explain the mechanism of magnetic stimulation [5][6][7].  

The mechanism of magnetic stimulation is related to a single nerve fiber. As shown 

in Figure 1.1, the direction of the electric field can be divided into two parts: parallel and 

perpendicular to the nerve fiber. The membrane potential can be affected by either of 

these two parts of the electric field. However, the perpendicular part has much less 

impact on the membrane potential and can be neglected.  

In addition, the electric field distribution will strongly affect the stimulation 

outcome. For a long straight nerve fiber in a homogeneous field, the membrane potential 

is unaffected, and thus causes no stimulation effect. By contrast, for a long straight nerve 

fiber in a spatially varying field, the charge is accumulated near the membrane. The 

more rapid the electric field changes per length, the more the neuron will be affected. In 

other words, the gradient of the electric field along the nerve fiber will dominate the 

strength of magnetic stimulation.  
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Figure 1.1  Single Nerve Fiber Model 

 

For theories explaining the deep brain stimulation, axon cable model is useful for 

the definition of axonal activation, as is shown in Figure 1.2 [8]. The reaction of the 

axon model was simulated by acquiring several kinds of ion channel kinetics indices.  

 

Figure 1.2  Schematic of the Axon Cable Model with the Associated Geometry 

Dimensions Marked in Diagram 

 

Based on the actual stimulation mechanism, typical magnetic stimulation methods 

include: transcranial electrical stimulation (TES) [10], transcranial direct current 

stimulation (tDCS) [11], high-definition transcranial direct current stimulation (HD-

tDCS) [12], transcranial alternating current stimulation (tACS) [13], transcranial random 

noise stimulation (tRNS) [14], cranial electrical stimulation (CES) [15], 

electroconvulsive therapy (ECT) [16][17], transcranial magnetic stimulation (TMS) [18], 

repetitive TMS (rTMS) [19], low field magnetic stimulation (LFMS) [20], and magnetic 

seizure therapy (MST) [17].  
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Before any clinical application is performed, it is a prerequisite to establish a proper 

understanding of the physiological processes involved in magnetic stimulations before 

applying magnetic stimulation techniques to any human brain. Although some methods 

like rTMS have been approved by the FDA (US Food and Drug Administration) [21], 

knowledge on its effect is still limited, and optimization methods are not so obvious. 

Furthermore, the FDA still considers the deep brain stimulation as a significant risk 

operation because the operation is some kind of invasive implant to the human body and 

presents a potential risk to the patients. As a result, it is necessary to apply experiments 

on small animals and/or single neurons to accumulate extensive data related to magnetic 

stimulation in ex-vivo experiments. That is why smaller scale magnetic stimulation 

devices are urgently needed.  

Current magnetic stimulation coils are mainly designed for high current, strong 

magnetic flux density and deep stimulation situations. Their target application is mainly 

for the brains of humans and large animals. Typically, a centimeter-scale Figure-8 coil is 

used to generate an intense field in the junction of the coil, as is shown in Figure 1.3(a). 

Other configurations like circular coil are proposed, as is shown in Figure 1.3(b) [22].  

(a)   (b)  

Figure 1.3  Configuration of (a) Figure-8 and (b) Circular Coil 
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For deep brain stimulation, implanted deep brain stimulation (DBS) electrode is 

commonly used, as is shown in Figure 1.4 [23]. Finite Difference Time Domain 

Modeling based simulation is applied to investigate the influence of geometric 

parameters on electric field distribution.  

 

Figure 1.4  Schematic of Implanted DBS Electrode 

 

Current magnetic stimulation coils lack the needed spatial resolution and targeting 

capability for localized stimulation of single or a small group of neurons. In addition, 

they are usually heavy and bulky, which are not suitable for wearable applications on 

small animal brains. What’s more, for Figure-8 Coil, the active part is obscured by the 

coil itself, which interferes with the observation using an optic device. On the other hand, 

the current circular coil failed to generate an intense electric field in the center, which 

will be discussed in the later chapter.  

 

1.2  Magnetic Stimulation Circuit 

A Traditional circuit diagram of the electromagnetic stimulator is shown in Figure 

1.5 [24]. This implementation consists of the controller, charger, gate driver, and several 

other electric components. Generated form LC oscillation, the shape of the pulse is 

usually sinusoidal. Combining charging and releasing cycle, parameters like pulse 

repetition frequency, train duration, and pulse width are well controlled and remain 
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adjustable. Other circuits like Charge-mode, Half-bridge, Full-bridge, etc. will not be 

discussed here since they are proposed for different applications [25][26][27].  

 

Figure 1.5  Circuit Diagram of Electromagnetic Stimulator 

 

1.3  Magnetic Stimulation for Smaller Scale 

In the past, magnetic stimulation researches for smaller scale have been 

investigated and developed. The dominant stimulator designs on small animals are either 

electrodes for tDCS or coils for TMS/μMS. For traditional electrodes used to implement 

tDCS, the low-current property makes it a favorable low power option. However, the 

required embedding operation makes the electrode method invasive and challenging.  

The main coil designs for magnetic stimulation are circular and figure-8 coils, 

based on the recent research. The non-invasive property makes the magnetic stimulation 

method attractive but required high current is always a problem. Furthermore, the 

dominant circular and figure-8 design usually block the optical light path, which is 

important to the observation of the stimulation area. 
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1.3.1 Magnetic Stimulation on Small Animals 

Magnetic stimulation in small animals is important for biomedical research because 

it can resemble the magnetic stimulation of human, and it requires lower costs and 

energy consumption [28]. Furthermore, such studies on small animals reduce the time 

and risk to humans [29].  

Applying TMS on small animals like mice is still challenging, due to the extreme 

difficulty of applying high energy in a small coil. Furthermore, a large region of neural 

activation is not necessary [28]. Nonetheless, the coils available in the market are so 

large that the whole body of the small animal is usually stimulated. Therefore, small 

sized, light-weight stimulation coil is needed for the applications of small animals [30].  

Electrodes placed on different locations are applied for electrode stimulation in a 

mouse model based on CT (Computed Tomography) data, as is shown in Figure 1.6 [28]. 

The electrodes are two round electrodes placed apart in a small distance over the 

stimulation region. The result of electric field distributions by finite-element simulation 

with COMSOL Multiphysics®. The focality increases as electrodes approach the cortical 

surface. Method of embedding stimulation is proved effective with a very low required 

current/energy but making the placement of electrodes challenging.  

(a)  (b)  (c)  

Figure 1.6  Electrode Placements for (a) Transcranial, (b) Intracranial, and (c) 

Cortical Surface Stimulations 
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A comparison of seven kinds of TMS coil configurations for the stimulation on a 

mouse brain is conducted, as is shown in Figure 1.7 [29]. Furthermore, conclusions on 

the selection of these coils according to their need are presented. The result of electric 

and magnetic fields is calculated by finite-element simulation with SEMCAD X. The 

“Slinky” and “V” coil configuration is a good choice for the stimulation of a smaller 

region. By contrast, the “Animal Halo” coil configuration is better for the stimulation of 

the entire mouse brain region. For some targeted stimulation application, the coil with 

the most focal electric field (“slinky”) could be more advantageous than other coils.  

(a)  (b)  (c)  

(d)  (e)  (f)  

(g)  

Figure 1.7  Different Coil Design: (a) “Slinky”, (b) “V”, (c) “Figure- Eight”, (d) 

Circular, (e) Solenoid, (f) “Helmholtz”, and (g) “Animal Halo” Shape. 

 

A novel design of the focused coil with Sim4life modeling and measurement is 

conducted, as is shown in Figure 1.8 [30]. High relative permeability core is available to 
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be placed within the coil to enhance the magnetic flux density. With a current of 1000 A, 

the surface E-field can reach 93 V/m.  

 

Figure 1.8  Focused Coil with  Inserted Ferrimagnetic Material 

 

The electromagnetic interference between TMS and tDCS is evaluated by applying 

TMS-tDCS simultaneously to an adult male Long-Evans rat. [31]. TMS was delivered 

with a figure-8 coil, and a pick-up coil which generates a proportional voltage to the 

induced electric field was positioned near the coil. In addition, a disposable electrode 

was placed on the scalp, and another electrode was applied to the ventral torso. Three 

different kinds of tDCS wiring paths are applied, as is shown in Figure 1.9. The result 

shows that the magnitude of TMS induced current approaches the magnitude of the 

tDCS current but can be reduced by shorter the electrode wiring. Finally, two practical 

methods for minimizing the interference during simultaneous TMS-tDCS are proposed: 

reducing TMS-voltage or increasing tDCS output impedance.  
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Figure 1.9  TMS-tDCS Interference Setting With Three Different Types of tDCS 

Electrode Wiring 

 

The induced electric field in a mouse model by different circular and figure-8 coils 

in several different orientations is calculated by finite-element simulation with 

COMSOL Multiphysics®, as is shown in Figure 1.10 [32]. It is proposed that the 

secondary component will strongly counteract the main component of the electrical field. 

The conclusion is that the perpendicularly placed circular coils have better focality than 

parallel placed coils. Therefore, when conducting a magnetic stimulation with different 

coils, the orientation should have a higher priority than the size.  

 

Figure 1.10  Different Coil Orientations for Circular and Figure-8 Coils 
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1.3.2 Magnetic Stimulation on Nerve Fibers & Neurons 

The magnetic stimulation on Nerve Fibers and Neurons is named as micromagnetic 

stimulation (µMS). Comparing with traditional electric stimulation techniques, the 

inherent advantages of µMS are: targeted nerve stimulation and reduced induced heating 

in the tissue [33]. Furthermore, the surgical implant causing a risk of infection is not 

necessary for µMS. The main advantage of µMS comparing to traditional TMS is the 

better focality, which means targeted stimulation.   

The target of µMS is aimed to stimulate multiple kinds of neurons: brain/heart 

neurons, retinal neurons, subthalamic nucleus neurons, pyramidal neurons, etc. The 

typical way of doing research on such neurons is to pick a slice sample from small 

animals and stimulate the sample with a tiny coil by applying multiple kinds of current 

waveforms.  

To implement the brain and heart stimulator for neuronal stimulation, a next-

generation µMS coil structure is fabricated and tested [33]. The coil is designed and 

optimized to maximize neural activation in specific directions and minimizing the total 

power consumption, and the general profile is as shown in Figure 1.11. Finally, a 

complete device for micromagnetic delivery was built based on thin film technology.  
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Figure 1.11  Latest Coil Design Profile 

 

To cure retinal degenerative diseases, a non-invasive design of retinal neuron 

stimulation is proposed and experimentally implemented by applying two kinds of coils: 

Air-Core Coil and Wireless Power Charge Coil [34]. The result of field distributions is 

calculated by finite-element simulation with Ansoft Maxwell 3D Magnetic Ratio 

simulator to characterize eddy currents. Then, the duration and strength of the magnetic 

fields with these two kinds of coils are measured. The result shows that the wireless 

power charge coil yields less duration and larger strength. Finally, an in vitro experiment 

with retinal tissues extracted from mice is conducted.  

The µMS modulation on the neural activity of the subthalamic nucleus was 

conducted using brain slices prepared from mice, as is shown in Figure 1.12 [35][36]. 

Electrophysiological experiments were conducted by applying a monophasic rectangular 

pulse with certain duration and several periods. The result shows that the STN 

(Subthalamic Nucleus) neuron response for a period and then remained deactivated for 
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the rest of the µMS. Therefore, the modulation strength of STN neurons is strongly 

related to the frequency and duration of stimulation.  

 

Figure 1.12  Micromagnetic Stimulation of STN Neurons 

 

For the μMS stimulation, air-core multilayer inductors were assembled with copper 

wires was applied to build the μMS coil, and the input was delivered by the function 

generator with amplification transforming the waveform to a short-duration, high-

amplitude, multi-phasic waveform. In addition, Brain slices from mice with prefrontal 

cortex (PFC) were used as the target of stimulation, and patch electrode was placed near 

the effective area to detect the response signal, as is shown in Figure 1.13 [37]. Then, 

waveforms were recorded and calculated with MATLAB software applications. The 

result shows weak activation of single pulse stimulation, but strongly modulated for 

certain kinds of waveforms with a certain duration delivered repetitively at 10 Hz. 

Furthermore, a high dependency on the direction of the coil was determined. The coil 

axis should be orthogonal to the targeted neuron for obvious activation.  
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Figure 1.13 Experimental Setting of Pyramidal Neurons μMS 

 

1.4  Requirement/Objective 

The result of magnetic stimulation highly relies on the electromagnetic field profile 

[25]. Therefore, the effective magnetic stimulation system requires careful selection of 

parameters for both the stimulation circuit and the electromagnetic probe. This chapter 

concludes with the detailed requirements of the profile of the electromagnetic field, 

which highlights the objective of magnetic stimulation system design.  

Based on the published literature, a typical magnetic stimulation method is 

designed to generate trains of bursts with breaks in between. Therefore, parameters 

including the shape of the pulse, interval between pulses (pulse repetition frequency), 

number of pulses for a train (train duration) [9], etc. are important to be determined. 

Another critical factor is the induced electric field intensity.   

For the pulse shape, it can be either rectangular or sinusoidal.  Monophasic and 

biphasic pulses are commonly applied [38]. Different from the monophasic pulse, the 
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biphasic pulse will generate an inverted current at the middle period of one burst, as is 

shown in Figure 1.14. Based on the literature, different current direction and pulse 

configuration will affect the outcome of magnetic stimulation. However, it is hard to 

predict the effect on a specific application.  

(a)   (b)  

Figure 1.14  (a) Monophasic and (b) Biphasic Pulse Shape 

 

Based on the experiment data, High frequency (5-20 Hz) excites and low frequency 

(< 5 Hz) inhibits the neurons [29]. A significant improvement in implicit motor learning 

skill occurs only at a frequency of 10 Hz [38]. For the best effect, pulse trains need to 

last 4 seconds with an interval of 26 seconds between pulse trains are also needed. For 

the amplitude of the induced electric field, an effective magnetic stimulation system 

should be able to induce an electric field above the neuronal activation threshold, which 

is 100 V/m [38].  

 

1.5  Summary of work 

This exploratory study focuses on the design and simulation of new magnetic 

stimulation probes and coils that are light-weight and are capable of providing focused 

magnetic fields for localized magnetic stimulation of small animal brains. Such 
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capability is important for understanding the fundamental physiological process of 

magnetic stimulation. In addition, a driving circuit for the magnetic stimulation probes 

and coils is also designed, fabricated and tested. 

Chapter 2 presents the design of an electromagnetic probe and coil to improve the 

induced electric field. Numerical simulation is conducted to optimize the shape of the 

probe tip. Measurements are performed to verify the induced electric field. Various 

designs of the electromagnetic coil are studied and compared. A cylindrical-shaped core 

structure is proposed based on the results of simulation.  

Chapter 3 presents the design, fabrication, and test of magnetic stimulation driving 

circuit. Simulation is conducted to optimize the circuit component parameters. The test 

results show that a desired current pulse is provided to the probe by the driving circuit. 

The profile of the output can be well controlled by an external pulse generator.  
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CHAPTER II 

TMS ELECTROMAGNETIC PROBE/COIL 

2.1  Electromagnetic Probe 

2.1.1 Design and Analysis 

The typical profile of the probe [39] is shown in Figure 2.1. The probe consists of a 

cylindrical body, circular truncated cone-shaped sharp tip and surrounded coil.  

 

Figure 2.1  Electromagnetic Probe 

 

Maxwell's equations governing the magnetic and electric fields, B and E, 

respectively, are shown in Eqs. 2.1 – 2.4.   

 ∮ 𝐻⃗⃗ ∙ 𝑑𝑙 = ∫ (𝐽𝑐⃗⃗  +
𝜕𝐷⃗⃗ 

𝜕𝑡
)

𝑆
∙ 𝑑𝑆  (2.1) 

 ∮ 𝐸⃗ ∙ 𝑑𝑙 = ∫ (−
𝜕𝐵⃗ 

𝜕𝑡
)

𝑆
∙ 𝑑𝑆  (2.2) 

 ∮ 𝐷⃗⃗ ∙ 𝑑𝑆 = ∫ 𝜌
𝑉

𝑑𝑉 (2.3) 

 ∮ 𝐵⃗ ∙ 𝑑𝑆 = 0 (2.4) 
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        Applying Eq. 2.2 to the probe, and assuming the magnetic field near the sharp tip 

surface are constant, one gets:   

 2𝜋𝑟𝐸 = 𝜋𝑟2
𝜕𝐵

𝜕𝑡
, (2.5) 

where r is the radius of the circulation integral near the surface of the sharp tip. However, 

considering radius r could be larger than the radius of the sharp tip surface R, the 

relationship can be rewritten as:  

 {
𝐸 =

𝑟

2

𝜕𝐵

𝜕𝑡
,   𝑟 < 𝑅

𝐸 =
𝑅2

2𝑟

𝜕𝐵

𝜕𝑡
,   𝑟 > 𝑅

. (2.6) 

The relationship plot between E and r is shown in Figure 2.2:  

 

Figure 2.2  Relationship between The Induced Electric Field E and Radius r. R = 1 

and ∂B/∂t = 1 are Used.  

 

As is shown in Figure 2.2, the maximum of the induced electric field occurs when 

the radius of the circulation integral r equals the radius of the sharp tip surface R. The 

probe is assumed as a half infinity ideal solenoid with a core permeability of μ and 

number of windings per unit length n, the relationship between magnetic flux density B 

and coil current I can be determined by Equation 2.7.  

http://www.baidu.com/link?url=yzZ_nxN0KkZA5B43UulBQ-_GVb61dJG6ZnzWmMPOPxfO3pwbkdmrRKmm_57lhJcGSEEXBWV96rE2YuqmaSAKHjtUJWdhkT0Mx9d-Oea5Xt3
http://www.baidu.com/link?url=yzZ_nxN0KkZA5B43UulBQ-_GVb61dJG6ZnzWmMPOPxfO3pwbkdmrRKmm_57lhJcGSEEXBWV96rE2YuqmaSAKHjtUJWdhkT0Mx9d-Oea5Xt3
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 𝐵 =
1

2
𝜇𝑛𝐼 (2.7) 

        Based on the electromagnetic theory, the sharp tip confines the magnetic field in the 

column body and will guide it to the sharp tip of the cone, which induced much higher 

magnetic flux intensity on the surface of the sharp tip. A magnetic ratio (S) can be 

defined as the ratio between magnetic flux density inside the coil and near sharp tip 

surface (Equation 2.8).  

 
𝐵𝑡𝑖𝑝

𝐵𝑐𝑜𝑖𝑙
= 𝑆 (𝑆 ≥ 1) (2.8) 

        Combining Equation 2.7 and 2.8, the relationship between coil current I, number of 

windings per unit length n, and magnetic flux density B can be determined by Equation 

2.9.   

 𝐼 =
2𝐵𝑐𝑜𝑖𝑙

𝜇0𝜇𝑟𝑛
=

2𝐵𝑡𝑖𝑝

𝜇0𝜇𝑟𝑛𝑆
 (2.9) 

        The differential version of Equation 2.9 is as Equation 2.10.   

 
𝑑𝑖(𝑡)

𝑑𝑡
|
𝑚𝑎𝑥

=
2

𝜇0𝜇𝑟𝑛

𝑑𝐵𝑐𝑜𝑖𝑙

𝑑𝑡
|
𝑚𝑎𝑥

=
2

𝜇0𝜇𝑟𝑛𝑆

𝑑𝐵𝑡𝑖𝑝

𝑑𝑡
|
𝑚𝑎𝑥

 (2.10) 

        Combining Equation 2.5 and 2.10, the relationship between coil current I, number 

of windings per unit length n, induced electric field E, Magnetic Ratio S and the radius 

of the sharp tip surface R can be determined by Equation 2.11.  

 𝐸𝑚𝑎𝑥 =
𝜇0𝜇𝑟𝑛𝑆𝑅

4

𝑑𝑖(𝑡)

𝑑𝑡
|
𝑚𝑎𝑥

 (2.11) 

For a given coil current, in order to maximize the induced electric field, higher 

permeability is needed. Higher number of windings per unit length n and slope of 

alternating coil current is required. What’s more, the shape of the sharp tip needs to be 

http://www.baidu.com/link?url=yzZ_nxN0KkZA5B43UulBQ-_GVb61dJG6ZnzWmMPOPxfO3pwbkdmrRKmm_57lhJcGSEEXBWV96rE2YuqmaSAKHjtUJWdhkT0Mx9d-Oea5Xt3
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optimized to maximize the magnetic ratio. One thing should be noticed is that the larger 

the radius, the easier to generate a higher induced electric field. That’s the reason why it 

is more difficult to generate the same induced electric field intensity in a smaller scale.  

 

2.1.2 Core Material Selection 

For the core material, higher permeability will be needed based on the previous 

analysis. What’s more, saturation is needed to be considered. Saturation occurs when 

the magnetization of the material reaches a limit with the increasing external magnetic 

field, so the total magnetic flux density will not be able to keep the same increasing rate 

due to the vacuum permeability and thus the B-H curve will not remain linear for larger 

H, as is shown in Figure 2.3.  

 

Figure 2.3  B-H Curve Caused by Saturation Effect 

 

Taking this effect into consideration, the B-I relationship will not remain linear. No 

matter how current is increased, the magnetic flux density B will not be able to increase 

higher than saturation magnetic flux density (saturation induction), and this means a 

distortion for the output B of the probe, as is shown in Figure 2.3. Therefore, in order to 
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raise the maximum effective current limit, the material with a higher saturation induction 

is required.  

Based on this information, the electromagnetic property of Hiperco 50/50A is considered 

(Table 1). Hiperco 50/50A is an alloy of 49% Cobalt and 2% vanadium, and it has a 

property of high magnetic saturation induction among all soft-magnetic alloys. For 

comparison, electromagnetic property (Saturation Induction, Permeability) of other 

typical materials is also listed in Table 1. Most of the materials do not have the property 

suits for the implementation, because they do not have a high relative permeability and 

saturation `induction at the same time. Cobalt-iron can be another option.  

Medium Relative Permeability (to air) Saturation Induction (T) 

Metglas 2714A 1000000 0.57 

Mu-metal 20000 0.8 

Cobalt-iron 18000 2.2 

Hiperco 50A 15000 2.4 

Hiperco 50 12000 2.4 

Permalloy 8000 1 

Table 1  Electromagnetic Property of Typical Materials 

 

2.1.3 Simulation 

        The main steps of COMSOL Multiphysics® setting consist of 4 parts: Geometry, 

Materials, Magnetic and Electric Fields and Study. The detailed parameters are shown in 

Table 2.  
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Geometry 

Component Geometry parameter value 

core 

cylindar 
radius (mm) 0.4 

height (mm) 4 

cone 

bottom radius (mm) 0.4 

height (mm) 0.8 - 1.3 

top radius (mm) 0.02 

coil helix 

number of turns 20 

major radius (mm) 0.5 

minor radius (mm) 0.05 

axial pitch (mm) 0.2 

Materials 

Name 
Property Value 

relative 
permeability 

relative 
permittivity 

electrical 
conductivity (S/m) 

air 1 1 1 

nickel steel supermalloy 15000 1 1.74M 

copper 1 1 60M 

Others 

Coil current (A) 10 

Frequency (Hz) 100K 

Table 2  Parameters of COMSOL Multiphysics Settings for Electromagnetic Probe 

        

        For Geometry, the radius of the core is 0.4 mm and the radius of the coil is 0.5 mm. 

The height of the core is adjustable for a different number of turns of the coil, and the 

number of turns per length is fixed. To build up this structure, Primitive Geometries 

(cylinder, cone, extrude, etc.), Booleans (union, difference, etc.) and Partitions are 

applied.  

        For Materials, the main materials are air, nickel steel Supermalloy (Hiperco 50) and 

copper. The main properties are relative permeability, relative permittivity and electrical 

conductivity.  
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       For Magnetic and Electric Fields, the critical setting is mainly for coils. The coil is 

set to numeric type and the coil current is set to 10A.  

        For comparison, parametric sweep and frequency domain settings are needed. 

Parametric sweep is useful for doing a bunch of simulation with one or several changing 

parameters and the setting of the frequency domain is mainly for setting the frequency. 

For this simulation, the parameter sweep from 0.8 - 1.3 mm on the height of the tip is 

applied, and the frequency is set to 100 kHz.  

        The result of Magnetic flux density with 1.3mm tip height obtained by finite-

element simulation with COMSOL Multiphysics® is as is shown in Figure 2.4(a). As is 

shown in Figure 2.4(b), a strong magnetic flux density is generated near the sharp tip of 

the core, which is around 1.5 Tesla. Comparing with the result that the magnetic flux 

density near the surface without a core in the same condition is around 0.2 Tesla, the 

magnetic ratio S can be calculated as Equation 2.12 based on Equation 2.8.  

 𝑆 =
𝐵𝑡𝑖𝑝

𝐵𝑐𝑜𝑖𝑙
=

1.5𝑇

0.2𝑇
= 7.5 (2.12) 

        With a driving current of 10 Amp, the coil generated an electric field of 20 V/m. 

Therefore, around 50 Amp current is needed to generate a 100 V/m induced electric field. 

The result of the induced electric field obtained by finite-element simulation with 

COMSOL Multiphysics® is as is shown in Figure 2.5.  
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(a)  (b)  

Figure 2.4  Magnetic Flux Density: (a) Arrow Volume and (b) Along Axis with 

1.3mm Tip Height 

          

(a)  (b)  

Figure 2.5  (a) Upper and (b) Side View of Induced Electric Field 

 

        There is a stronger induced electric field generated near the side of the core than the 

tip. In this simulation, the intensity generated near the side of the core is around 140 V/m 

with the same driving current of 10 Amp, which is 7 times larger than near the tip.  

Therefore, the side of the core can be selected for a regular application requiring higher 

electric field intensity stimulation, and the sharp tip is a better selection for finer, limited 

region, and lower intensity cases. Another parameter is the length of the sharp tip. For a 

different length of the tip, the performance is different. Therefore, parameter sweep is 
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performed with COMSOL Multiphysics®, as is shown in Figure 2.6. The length of the 

tip is from 0.8 mm to 1.3 mm. From Figure 2.6, The maximum electric field is induced 

when the height of the tip is around 1.2 mm for 0.4 mm bottom radius cone. Therefore, 

1.2 mm is the best tip height for a core with 0.4 mm radius.  

  

Figure 2.6  Induced Electric Field for Different Tip Height from 0.8 mm to 1.3 mm 

 

2.1.4 Implementation 

        A prototype needle probe and the induced electric field detection circuit is 

constructed (Figure 2.7). For the needle, it is composed of 1 × 0.36 × 20 mm cubic 

Hiperco50 core winded with AWG38 copper coil for 50 turns. The additional copper 

wire is wined for 5 turns on the side of the coil and the voltage of this detection coil 

equals the integration of induced electric field on the side of the coil. Now that side of 

the coil is being used, assuming R as Rcore and S equal to 1, the induced electric field 

follow the Equation 2.13 based on Equation 2.11.  
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 Emax =
μ0μrnR

4

di(t)

dt
|
max

 (2.13) 

 

Figure 2.7  A Prototype Needle Probe and the Induced Electric Field Detection Coil 

 

        Therefore, to reach the 100 V/m induced electric field requirement, a sharper 

current pulse is required. If the voltage of the detection coil is acquired, and the number 

of turns and the parameters of the probe are known, the induced electric field can be 

estimated by Equation 2.14.  

 𝐸 =
𝑈

𝑙
=

𝑈

2𝑛(𝑎+𝑏)
 (2.14) 

        For this implementation, to reach the induced electric field of 100 V/m, the required 

voltage can be calculated as Equation 2.15.  

 𝑈 = 2𝑛(𝑎 + 𝑏)𝐸 = 2 × 5 × (1 + 0.36) × 100𝑚 = 1.36𝑉 (2.15) 

 

2.1.5 Conclusion 

The design of the electromagnetic probe is estimated to generate the 100 V/m 

induced electric field on the tip with a 50 Amp current pulse in the coil. What’s more, if 
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the side of the core than the tip is being used, about 7 times stronger induced electric 

field can be generated, which means that only 7 Amp current pulse is needed for 100 

V/m induced electric field application.  

A prototype needle probe and an induced electric field detection coil are designed 

and implemented to verify the simulation result. It is calculated that a 1.36V voltage is 

required to reach the induced electric field of 100 V/m near the side of the probe.  

 

2.2  Electromagnetic Coil 

The experiment on the probe is successful. However, it is not available for 

generating a large area of an intense electric field. The figure-8 coil is the most common 

case, but it is not convenient for optical equipment to directly observe the stimulation 

area. Therefore, a hollow cylindrical-shaped core structure is proposed, and several 

kinds of configurations are compared.  

 

2.2.1 Design, Analysis & Simulation 

The optimized shape is the truncated-cone-shaped structure because it is very 

suitable to put on a mouse head. The profile and current direction are as shown in Figure 

2.8. The coil structure is formed by revolving a rectangular shape. The detailed 

parameters for COMSOL Multiphysics® simulation are shown in Table 3. 
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Geometry 

Componen
t 

Geometry parameter value 

coil Rectangular(2D) 

width (mm) 4 

height (mm) 46 

rotation(degree) 26.565 

revolve Y axis, distance center: 28mm 

number of turns 50 

Others 

Coil current (A) 10 

Frequency (Hz) 100K 

Table 3  Parameters of COMSOL Multiphysics Settings for Truncated-Cone-

Shaped Electromagnetic Coil 

 

 

Figure 2.8  Truncated-Cone-Shaped Electromagnetic Coil 

 

The result of Magnetic flux density obtained by finite-element simulation with 

COMSOL Multiphysics® is as is shown in Figure 2.9. From Figure 2.9, a strong 

magnetic field is generated in the inner space of the coil. However, based on the 

simulation result of the induced electric as shown in Figure 2.10, such a structure fails to 

generate an effective electric field in the center region where the mouse brain lies in.  
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Figure 2.9  Magnetic Flux Density of Truncated-Cone Structure 

 

(a)  (b)  

Figure 2.10  (a) Upper and (b) Side View of Truncated-Cone Induced Electric Field 

 

To fix this problem, different current direction for the same configuration is 

attempted. The profile and current direction are as shown in Figure 2.11(a). The 

structure is formed by revolving a work plane geometry, as is shown in Figure 2.11(b). 

The detailed parameters for COMSOL Multiphysics® simulation are shown in Table 4. 
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Geometry 

Component Geometry parameter value 

coil Shape (2D) 

outer radius (mm) 10 

Inner radius (mm) 6 

circle center distance 
(mm) 

46 

rotation (degree) 26.565 

revolve Y axis, distance center: 28mm 

number of turns 50 

Others 

Coil current (A) 10 

Frequency (Hz) 100K 

Table 4  Parameters of COMSOL Multiphysics Settings for Another Truncated-

Cone-Shaped Electromagnetic Coil 

 

(a)  (b)  

Figure 2.11  Another Truncated-Cone-Shaped Electromagnetic Coil (a) 3D (b) 

Plane Geometry 

 

The result of Magnetic flux density obtained by finite-element simulation with 

COMSOL Multiphysics® is as is shown in Figure 2.12. The interesting part is that the 

generated magnetic field is mainly confined inside the coil. Therefore, the interference 

of the magnetic field is minimized when compared with the first one.  
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(a)  (b)  

Figure 2.12  (a) Upper and (b) Side View of Magnetic Flux Density of Modified 

Truncated-Cone Structure 

 

The simulation result of the induced electric is shown in Figure 2.13. A strong 

electric field is generated near the top of the structure. However, a less strong electric 

field is generated in the center of the structure. Therefore, such structure is also not so 

effective to generate a strong electric field in the center region where the mouse brain 

lies in. Nevertheless, a higher electric field is observed in the effective region.  

 

Figure 2.13  Induced Electric Field of Modified Truncated-Cone Structure 

 

To generate an effective even distributed field in the inner region, another 

cylindrical structure is attempted. The cylindrical structure is simply derived by 
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changing the rotation angle in Table 4 to 0 degree. The profile and current direction are 

as shown in Figure 2.14.  

 

Figure 2.14  Cylindrical-Shaped Electromagnetic Coil 

 

The simulation result of the magnetic flux density and the induced electric field 

obtained by finite-element simulation with COMSOL Multiphysics® is as shown in 

Figure 2.15.  

(a)   (b)   

Figure 2.15  (a) Magnetic Flux Density and (b) Induced Electric field of Cylindrical 

Structure 
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        For the cylindrical-shaped structure, the distributing magnetic field is also well 

confined inside the coil. With a driving current of 10 Amp, the coil generates an evenly 

distributed electric field of 30 V/m in the inner region. Therefore, 33 Amp current is 

required for 100 V/m induced electric field. For higher electric field application, a 

cylindrical-annulus-shaped core can be added to this structure to enhance the intensity of 

the electric field further. For the Hiperco 50A with a relative permeability of 15000, the 

induced electrical field can be 15000 times higher, which means only 0.002 Amp current 

is needed. However, the property of saturation induction will affect the induced 

electrical field in practice.  

 

2.2.2 Weight & Heat Consideration 

       Considering that it is designed for use on the mouse head, weight and heat 

dissipation consideration are critical for making this design practical. For the cylindrical 

coil design, assume that the radius of the copper wire and height of the cylindrical-

shaped structure to be rw and h, and the number of turns to be Nt. The space between 

wires is neglected compared to the radius and height. The mass of the electromagnetic 

coil can be calculated as 

 𝑚 = 2𝜌𝑐𝑜𝑝𝑝𝑒𝑟𝜋𝑟𝑤
2ℎ𝑁𝑡 (2.16) 

        The resistance of the coil can be calculated as  

 𝑅 = 𝜌
𝑙

𝑠
=

2𝜌𝑐𝑜𝑝𝑝𝑒𝑟ℎ𝑁𝑡

𝜋𝑟𝑤2
 (2.17) 

         Therefore, the power consumption can be calculated as  
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 𝑃 = 𝐼2𝑅 =
2𝐼2𝜌𝑐𝑜𝑝𝑝𝑒𝑟ℎ𝑁𝑡

𝜋𝑟𝑤2
 (2.18) 

         Based on Equation 2.16 - 2.18, in order to generate a larger region of the electrical 

field, h and Nt will increase, which in turn increases the weight and heat dissipation. 

Applying thicker wire for the coil will benefit power consumption, but it will also make 

the weight heavier. Increasing current will benefit the intensity of the induced electric 

field, but also higher the power dissipation. If an additional core is applied for this 

design, the intensity of the induced electric field will be significantly higher, but the 

mass and heat dissipation will be dramatically increased.  

 

2.2.3 Conclusion 

        The final design is a cylindrical-shaped electromagnetic coil with the proper current 

direction. Without a core, it is estimated to generate the required 100 V/m induced 

electric field on the tip with a 33 Amp current pulse in the coil. A high-permeability 

cylindrical-annulus-shaped core can be added to enhance the electric field further or 

lower the required current. Other designs are not considered because of the 

unavailability of generating a strong electric field in the proper region. A trade-off is 

found between weigh, heat, induced electric field, and size for this coil design.   
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CHAPTER III 

MAGNETIC STIMULATION CIRCUIT 

3.1  Design and Analysis 

As is illustrated in the previous chapters, the traditional topology of the 

electromagnetic stimulator is shown in Figure 1.5. Adapting from this topology, the 

schematic of the design is shown in Figure 3.1 [40]. The gate is driven and controlled by 

a function generator V2, and direct current voltage source V1, Resistor R1, and Inductor 

L1 consist the charger part for capacitor C1. In addition, the probe is regarded as an 

inductor L2.  

 

Figure 3.1  Prototype Schematic of Magnetic Stimulation Circuit 

 

3.1.1 Charging Cycle 

For charging cycle, SCR S1 is shut down, so the functional components will only be 

Charger including V1, R1, L1, and capacitor C1. If 𝐿1 = 0, based on the basic circuit 

theory, the voltage of VC can be derived as   

 𝑉𝐶(𝑡) = 𝑉1(1 − 𝑒
−

𝑡

𝐶1𝑅1) (3.1) 

The peak current will be 
𝑉1

𝑅1
 when t = 0.  
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For higher R1, the amplitude of the peak current can be lower, which is beneficial 

for circuit protection. However, higher R1 or C1 will also longer the charging time, 

making the circuit not suit for high-frequency stimulation situation.  

If 𝐿1 ≠ 0 and 𝑅1
2𝐶1 > 4𝐿1, based on the basic circuit theory, Equation 3.2 can be 

derived.   

 

{
 

 
𝑑𝐼

𝑑𝑡
=

𝑈𝐿1

𝐿1

𝐼 = 𝐶1
𝑑𝑈𝐶1

𝑑𝑡
=

𝑈𝑅1

𝑅1

𝑉1 = 𝑈𝐿1 + 𝑈𝑅1 + 𝑈𝐶1

 (3.2) 

        Combining with the facts of Equation 3.3.   

 {
𝑈𝐶1|0 = 0
𝐼 = 𝐼𝐿1|0 = 0

 (3.3) 

VC and I follow the relationship of Equation 3.4 – 3.5:  

 𝑉𝐶(𝑡) = 𝑉1(1 +
2𝐿1

𝐶1𝑅1
2−4𝐿1−𝐶1𝑅1√𝑅1

2−4
𝐿1
𝐶1

𝑒

−𝑅1+√𝑅1
2−4

𝐿1
𝐶1

2𝐿1
𝑡
+

2𝐿1

𝐶1𝑅1
2−4𝐿1+𝐶1𝑅1√𝑅1

2−4
𝐿1
𝐶1

𝑒
−
𝑅1+√𝑅1

2−4
𝐿1
𝐶1

2𝐿1
𝑡
）  

(3.4) 

 𝐼(𝑡) =
𝑉1

√𝑅1
2−4

𝐿1
𝐶1

𝑒
−
𝑅1
2𝐿1

𝑡
(𝑒

√𝑅1
2−4

𝐿1
𝐶1

2𝐿1
𝑡
− 𝑒

−
√𝑅1

2−4
𝐿1
𝐶1

2𝐿1
𝑡
) =

2𝑉1

√𝑅1
2−4

𝐿1
𝐶1

𝑒
−
𝑅1
2𝐿1

𝑡
𝑠ℎ(

√𝑅1
2−4

𝐿1
𝐶

2𝐿1
𝑡)  

(3.5) 

If parameter V1=2V, R1=100Ω, L1=50mH, C1=20μF, the relationship between I and 

t is shown in Figure 3.2.  
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Figure 3.2  I-t Relationship When L1 ≠ 0 and R1
2C1 > 4L1 

 

Comparing with the 𝐿1 = 0 situation, if a proper value for L1 is chosen, this circuit 

can be optimized by making the charging cycle faster and preventing the circuit from 

suffering a huge current.  

However, if 𝐿1 ≠ 0 and 𝑅1
2𝐶1 < 4𝐿1, based on the Equation 3.2 - 3.3, the derived 

VC and I will follow Equations 3.6 – 3.7.   

 𝑉𝐶 = 𝑉1 −
𝑉1

√4
𝐿1
𝐶1
−𝑅1

2
𝑒
−
𝑅1
2𝐿1

𝑡
[𝑅1 𝑠𝑖𝑛 (

√4
𝐿1
𝐶1
−𝑅1

2

2𝐿1
𝑡) + √4

𝐿1

𝐶1
− 𝑅1

2 𝑐𝑜𝑠 (
√4

𝐿1
𝐶1
−𝑅1

2

2𝐿1
𝑡)] (3.6) 

 𝐼 =
2𝑉1

√4
𝐿1
𝐶1
−𝑅1

2
𝑒
−
𝑅1
2𝐿1

𝑡
𝑠𝑖𝑛(

√4
𝐿1
𝐶1
−𝑅1

2

2𝐿1
𝑡) (3.7) 

For V1=2V, R1=100Ω, L1=1H, C1=20μF, the relationship between I and t is shown 

in Figure 3.3. If the value of L1 is not appropriate, the voltage will suffer a fluctuation 

and it will take much more time to be stable, which should be avoided.  
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Figure 3.3  I-t Relationship When L1 ≠ 0 and R1
2C1 > 4L1 

3.1.2  Releasing Cycle 

For releasing cycle, SCR S1 is switched on, so the charger and capacitor will be 

connected to the probe L2.  

During the releasing cycle, capacitor C1 will be affected by both charger and probe. 

However, in order to design a functional circuit, charging time will be set in an order of 

milliseconds whereas the pulse width of the releasing current will be in an order of 

microseconds. Therefore, the influence from the charger could be neglected. Based on 

this situation, the functional components will only be capacitor C1 and probe L2, with a 

certain amount of parasitic resistance.  

When parasitic resistance is neglected, the releasing circuit can be regarded as a 

typical LC oscillation circuit. Therefore, the derived Vprobe and Iprobe can be expressed as   

𝑉𝑝𝑟𝑜𝑏𝑒 = 𝑉1 𝑐𝑜𝑠
𝑡

√𝐿2𝐶1
(3.8) 

𝐼𝑝𝑟𝑜𝑏𝑒 = 𝑉1√
𝐶1

𝐿2
sin

𝑡

√𝐿2𝐶1
(3.9) 
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As a result, the parameters of resulted current pulse including amplitude and pulse 

width can be well controlled by the parameters of electronics components including the 

voltage of DC source V1, Inductance of the probe L2 and the capacitance C1. Higher V1, 

C1 or lower L2 will increase the amplitude of the current pulse, and higher C1 or L2 will 

higher the width of the pulse.  

3.1.3 Improvement: LR Filter 

For this implementation, the occurrence of high-frequency glitch can affect the 

overall performance of the system. To reduce the noise, the low pass filter is useful for 

this situation. The expected effect is to get rid of the high-frequency glitch as well as 

minimize the negative effect on the low-frequency current pulse.   

The most commonly used filter is the RC filter shown in Figure 3.4(a). However, it 

is not applicable to this implementation. The reason is that the capacitor in parallel with 

the probe will form an LC resonator. Therefore, the solution is to apply an LR filter, as is 

shown in Figure 3.4(b).  

(a)  (b)

Figure 3.4  (a) RC and (b) LR Filter 
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For an LR filter, the network function is  

 𝐻(𝑠) =
𝑅

𝑅+𝑗𝜔𝐿
 (3.10) 

To make the LR filter effective for this implementation, 3dB bandwidth should 

between the signal and noise frequency, as is shown in Equation 3.11.  

 𝑓𝑠𝑖𝑔𝑛𝑎𝑙 < 𝑓3𝑑𝐵 =
𝑅

2𝜋𝐿
< 𝑓𝑛𝑜𝑖𝑠𝑒 (3.11) 

For the releasing cycle part, the schematic is as shown in Figure 3.5. To determine 

the value of Z1, Z2, and Z3, the current can be calculated as.  

 𝐼 =

𝑍2𝑍3
𝑍2+𝑍3

(𝑍1+
𝑍2𝑍3
𝑍2+𝑍3

)𝑍3
=

𝑍2

𝑍1𝑍2+𝑍2𝑍3+𝑍1𝑍3
 (3.12) 

With impedance of these components applied, the current and the magnitude of the 

current is expressed as  

 

 𝐼 =
1

𝑗𝜔(𝐿𝑓𝑖𝑙𝑡𝑒𝑟+𝐿𝑝𝑟𝑜𝑏𝑒)−𝜔
2𝐿𝑓𝑖𝑙𝑡𝑒𝑟𝐿𝑝𝑟𝑜𝑏𝑒/𝑅

 (3.13) 

 |𝐼3| =
1

𝜔√(𝐿𝑓𝑖𝑙𝑡𝑒𝑟+𝐿𝑝𝑟𝑜𝑏𝑒)
2
+(𝜔𝐿𝑓𝑖𝑙𝑡𝑒𝑟𝐿𝑝𝑟𝑜𝑏𝑒/𝑅)

2

 (3.14) 

To effectively filter the high frequency noise and retain the low frequency current 

pulse, Equation 3.15 should be satisfied near the coil current signal frequency.  

 𝑍𝑓𝑖𝑙𝑡𝑒𝑟_𝑖𝑛𝑑𝑢𝑐𝑡𝑜𝑟 ≪ 𝑍𝑝𝑟𝑜𝑏𝑒 ≪ 𝑅 (3.15) 
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Figure 3.5  Circuit Diagram of Releasing Cycle Part 

3.2  Implementation 

3.2.1 Parameter Selection & Simulation 

Based on Equation 3.9 and requirements discussed in previous chapters, the pulse 

width should be within 2.5μs, the relationship between L2 and C1 should follow Equation 

3.16 – 3.17.  

𝑡𝑝𝑢𝑙𝑠𝑒 = 𝜋√𝐿2𝐶1 = 2.5𝜇𝑠 (3.16) 

√𝐿2𝐶1 =
𝑡𝑝𝑢𝑙𝑠𝑒

π
= 0.80𝜇𝑠 (3.17) 

To acquire the inductance of the electromagnetic probe, an LCR Meter is used. 

For inductance, it has two models: serial and parallel model, as is shown in Figure 3.6.   

Figure 3.6  Serial & Parallel Models for LCR Meter for Inductance Measurement 



 

41 

 

Using LCR meter, the test result of the electromagnetic probe is as Table 5.  

Frequency (Hz) 100 120 1K 10K 20K 100K 

Ls/Lp (F) 30μ/100m 30μ/3m 15μ/57m 12μ/16u 11μ/11μ 10μ/11μ 

Table 5  Test Result of LCR Meter 

 

For this implementation, the frequency is around 100K and serial model should be 

applied, so the L2 is 10μF. Therefore, the capacitance can be calculated from Equation 

3.18 based on Equation 3.16 – 3.17.  

 𝐶1 =
𝑡𝑝𝑢𝑙𝑠𝑒

2

π2𝐿2
=

(0.80×10−6)2

1×10−5
= 6.4 × 10−8𝐹 ≈ 64𝑛𝐹 (3.18) 

        To reach an induced electric field of 100 V/m, the magnitude of the current pulse 

should be at least 7A. Combining with the result of simulation and Equation 3.9, the 

least voltage for V1 is determined as  

 𝑉1 = 𝐼𝑚𝑎𝑥√
𝐿2

𝐶1
= 7 × √

10μ

64𝑛
= 87.5𝑉 (3.19) 

        For the implementation of the charging cycle, L1 is set to 0. To protect the circuit, a 

larger value of R1 should be chosen to avoid huge current burning the circuit. However, 

based on Equation 3.1, the higher the R1, the longer the charging cycle. The time 

constant τ of the charging cycle should be much faster than the period of bursts, which is 

around 10 Hz. Therefore, the value of R1 should be determined by  

 
𝑉1

𝐼𝑐ℎ𝑎𝑟𝑔𝑒_𝑚𝑎𝑥
< 𝑅1 ≪

1

𝑓𝑏𝑢𝑟𝑠𝑡𝐶1
 (3.20) 

        Another consideration for R1 is SCR. The peak current should never exceed the 

breakdown current of the SCR. Otherwise, the charging cycle will break down, and the 



 

42 

 

magnitude of the current pulse will be limited. Therefore, R1 should be high enough to 

acquire a higher current pulse in the coil of the probe.  

        The V2 is a pulse generator, which should be able to generate a pulse train of 10 Hz.  

The duty ratio can be calculated by Equation 3.21.  

 𝐷𝑢𝑡𝑦 𝑅𝑎𝑡𝑖𝑜 =
𝑡𝑝𝑢𝑙𝑠𝑒

𝑇𝑏𝑢𝑟𝑠𝑡
= 5𝜇𝑠 × 10𝐻𝑧 = 5 × 10−5 = 0.005% (3.21) 

        In order to verify the calculation, simulation with Multisim®  is performed, the 

schematic and simulation result is shown in Figure 3.7 - 3.8. the magnitude of the 

current is 28.2A and the pulse width is 2.52μs, which corresponds to the calculation 

results.  

  

Figure 3.7  Circuit diagram of the Current Pulse Generator Applied from Fig 3.1 

Based on Calculation 

 

 

Figure 3.8  Simulation result of Fig 3.7, Coil Current IL2 
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3.2.2 Combining with Probe & Testing Result 

Based on the schematic as is shown in Figure 3.1 and 3.10, the implementation of 

the circuit is as shown in Figure 3.9. Based on the analysis of the previous section, the 

final parameters of each component are listed in Table 6. 

 

Figure 3.9  A Picture of The Circuit on The Breadboard. 

 

Component R1 (Ω) C1 (F) L2 (H) SCR 

parameter 1360 0.33μ 10 μ S8035K 

Table 6  Parameters of Each Component Used in Fig. 3.9 & 3.10 

The final schematic and simulation result of magnetic stimulation circuit is shown 

as Figure 3.10 – 3.11. Notice that a small 1Ω resistor R2 is connected to the 

electromagnetic probe to measure the current of the probe. Based on the simulation 

result, the magnitude of the current pulse is 14A, and the width of the pulse is 5μs.  
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Figure 3.10  Circuit Diagram of Magnetic Stimulation Circuit with Parameters, 

Adapted from Fig 3.7 

 

 

Figure 3.11  Simulation result of Fig 3.10, Coil Current IL2 

 

When V1 is set to 90V and V2 is set as Figure 3.12, the overall result for the current 

pulse and voltage of the detection coil is as shown in Figure 3.13.  

 

Figure 3.12  Waveform of Function Generator (V2) 
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Figure 3.13  Current Pulse (Yellow) and Voltage of The Detection Coil (Purple) 

 

As is shown in Figure 3.14, the scales of the current pulse are 10V and 2.5μs for 

one grid. Based on the measurement, the magnitude of the current pulse is 44V, which 

means the current reaches 44A. The width of the pulse is 2.6μs.  

(a)  (b)  

Figure 3.14  (a) Amplitude and (b) Pulse Width of the Coil Current IL2 

 

As is shown in Figure 3.15, the scale of the Detection Coil is 500mV for one grid. 

Based on the measurement, the voltage of the Detection Coil is 1.34V. Therefore, the 

induced electric field is as Equation 3.22. This induced electric field meets the 

requirement of magnetic stimulation.  

 𝐸 =
𝑈

2𝑛(𝑎+𝑏)
=

1.34

13.6m
= 98.5 𝑉/𝑚 (3.22) 
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Figure 3.15  Measured (Voltage) Amplitude in The Detection Coil. 

  

The calculation result is not exactly the same as the implementation. The main 

reason should be the error of measuring the inductance of the probe. Another 

explanation is that the electrical property of probe is not simply equivalent to an inductor, 

but rather to other more complicated models. The fluctuations in the function generator 

(V2) and DC source (V1) can also contribute to the error. Based on the experiment data, 

the actual inductance of the probe should be smaller than 10μH. For Figure 3.10, if L2 is 

adjusted to 2μH and the same simulation is performed, the simulation result will be 

similar to the testing result, as is shown in Figure 3.16.  

 

Figure 3.16  Simulation Result of Fig  3.10 with 2μH Inductor L2, Coil Current IL2 
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From Figure 3.14 – 3.15, the noise glitch is observed for both the current pulse and 

the detection coil at the very beginning of the current pulse, the zoom-in view is shown 

as Figure 3.17 – 3.18.  

(a)  (b)  

Figure 3.17  (a) Amplitude and (b) Pulse Width of The Current Pulse Noise 

 

 

Figure 3.18  Amplitude of the Detection Coil Noise 

 

The glitch is generated from the switching action of SCR, which is called switching 

noise. The scales of the current pulse noise are 5V and 50ns for one grid. Based on the 

measurement, the peak-to-peak magnitude of the current pulse noise is 14.4V, which 

means the magnitude of the noise reaches 7.2A. The period of the noise is around 32ns, 

which means the frequency of the noise is around 31.25MHz. On the other hand, the 

scale of Detection Coil Noise is 200mV for one grid. Based on the measurement, the 
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peak-to-peak voltage of the Detection Coil is 672mV, which means the magnitude of the 

noise reaches 336mV.  

Comparing with the signal, the proportion of the noise is as Equation 3.23 – 3.24.  

 
𝐼𝑝𝑢𝑙𝑠𝑒_𝑛𝑜𝑖𝑠𝑒

𝐼𝑝𝑢𝑙𝑠𝑒
=

7.2

44
= 16.4% (3.23) 

 
𝐼𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟_𝑛𝑜𝑖𝑠𝑒

𝑉𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟
=

336m

1.34V
= 25% (3.24) 

The effect of noise is not so significant comparing to signal, which is acceptable. It 

is feasible to apply the appropriate LR filter to finer the waveform, but the magnitude of 

the current will suffer. 

Based on that the noise frequency around 30MHz and the signal frequency is 

around 200kHz, from Equation 3.11, the relationship between L and R for the filter is 

shown as Equation 3.25.  

 1.26 × 106 <
𝑅

𝐿
< 1.89 × 108 (3.25) 

Taking Equation 3.15 into consideration, if setting R as 20Ω and L as 0.2μH and 

adding an additional 5A 30MHz current source in parallel with charging part as noise, 

the schematic and simulation result is as shown in Figure 3.19 – 3.20.  

  

Figure 3.19  Schematic after Applied LR Filter and Current Noise into Fig 3.10 
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(a)  (b)  

Figure 3.20  Simulation Result of Fig 3.19, Coil Current IL2 (a) Without and (b) 

With LR Filter 

 

Comparing Figure 3.20(a) with Figure 3.20(b), the high-frequency noise is 

significantly suppressed, but the magnitude of the current drops from 17.0A to 15.2A, 

which is the 89.4% of the original one. Therefore, the LR filter is not applied for this 

implementation. 

 

3.3  Conclusion 

The system combining electromagnetic probe and magnetic stimulation circuit is 

functional and proved to be able to generate the 100 V/m induced electric field on the 

side of the coil with a 0.5 Amp current pulse in the coil of the probe. The experimental 

data is not exactly the same as the result of simulation due to several reasons, but it 

provides a good reference for the implementation.  

The LR filter is proved to be functional for suppressing noise based on the 

simulation with Multisim. However, from the experimental result, the noise does not 

significantly affect the induced electric field. Taking the attenuation of the current pulse 

into consideration, the LR filter is not applied for the final implementation.  
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CHAPTER IV 

CONCLUSION AND FUTURE WORK 

A miniaturized electromagnetic probe is designed, fabricated and tested to provide 

focused fields for localized magnetic stimulation. The electromagnetic probe consists of 

a core with a sharp tip and a surrounding inductive coil.  To enhance the field generation, 

the magnetic core is made of a ferromagnetic alloy with high magnetic permeability and 

magnetic saturation level.  

To optimize the probe design, a detailed finite-element simulation with COMSOL 

Multiphysics® is performed to study the effect on field generation by a few key factors, 

including material composition, magnetic properties, core shape and size, number of 

turns of the coil, etc. It is discovered that the induced electric field near the side of the 

core is higher than near the tip.  

For experimental validation, a prototype electromagnetic probe is fabricated and 

connected to the developed magnetic stimulation circuit. A home-made pick-up coil is 

used to measure the induced electric field at the side of the core. The result shows that 

the system is able to generate the desired electric field.  

Another electromagnetic coil is designed and tested to provide even distributed 

intensity of the induced electric field for a larger area of magnetic stimulation. The 

electromagnetic coil is wired in a cylindrical shape, and a cylindrical-annulus-shaped 

core could be applied to enhance the magnetic flux density. To optimize the right 

structure for larger area magnetic stimulation, finite-element simulation with COMSOL 
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Multiphysics® is performed for a cylindrical-shaped coil structure. The key factors 

studied include size, number of turns, weight, and heat generation, etc.  

A magnetic stimulation circuit for the small probe is designed, fabricated and tested. 

The main performance specs of the stimulation circuit are pulse width, amplitude, 

duration and pulse repetition rate, etc. This circuit is designed to operate in two cycles: 

charging and discharging cycles. The pulse width and amplitude are related to several 

parameters including capacitance/inductance, operation voltage, etc. The duration and 

repetition rate are controlled by the frequency and the duty ratio of the pulse generator, 

which switches the circuit between these two cycles, and thus control the duration and 

repetition rate.  

To optimize the circuit design, a detailed simulation with Multisim® is conducted to 

determine the relationship between the profile of the output current pulses and key 

circuit parameters, including operation voltage, capacitance, inductance, frequency, the 

duty ratio, etc. Combining with the result of the simulation, circuit parameters are 

optimized to meet the performance requirement. For experimental verification, a 

prototype stimulation circuit is fabricated and tested. The testing results show that it is 

able to provide a desired current pulse for the probe and coil.  

This study demonstrates the feasibility of micromagnetic stimulation system for 

magnetic stimulation of small animal brains in ex-vivo condition. In the future, in-vivo 

applications of the micromagnetic stimulation system on small animal brains will be 

explored.  
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