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Abstract 7 
 8 

In this study we present the development of a prototype device, designed for micro-magnetic stimulation 9 
of excitable cells in vitro. Each platform consists of a 6x6 two-dimensional array of micro-coils, in an 10 
attempt to achieve highly localised magnetic flux patterns. The coils are fabricated with standard micro-11 
fabrication techniques, including steps of photolithography, dry etching and electroplating. The further 12 
interfacing of the micro-magnetic chip into a biocompatible platform is also described. The samples are 13 
characterised electrically, while a finite element method simulation study is performed and reveals a 14 
141mV-strong electric potential induced in the vicinity of a micro-coil. Since applications in neuronal 15 
cells is our primary focus, modelling with NEURON software is used for demonstrating the capability 16 
of the platform to activate adjacent cells. Finally, an experimental validation of the proof of concept is 17 
performed with the measurement of induced current into a custom-made phantom gel that shows similar 18 
electric properties with brain tissue.  19 

 20 

1. Introduction 21 
 22 
Precise control over the activity of a large number of excitable cells, such as neural cells, has been a long-term 23 
goal of the scientific community. Until now, different approaches have been suggested for stimulation of neural 24 
cell and tissue, such as electric, optical, thermal and magnetic stimulation. Electric stimulation is probably the 25 
most known method[1,2] where a potential difference is applied between two, or more, electrodes to excite cell 26 
activity. Electric stimulation has been performed in application of in vitro cell culturing, while in vivo 27 
approaches vary in the extend of invasiveness. There are many commercially available platforms for electric 28 
stimulation, which face the problems of over time electrode degradation and corrosion, biofouling and 29 
phenomena occurring in the interface between electrode-electrolyte which limit their capabilities. To overcome 30 
corrosion problems, platforms for electrical stimulation with high-k dielectric insulation have been proposed 31 
[3]. In optical stimulation, on the other hand the source of activation is light. Optogenetics is a promising and 32 
relatively new way of neural cell stimulation[4], which has attracted significant attention over the past years. 33 
However, since cells are not responding to light signals, they need to undergo a photosensitization procedure 34 
prior to their exposure to stimuli. This procedure usually involves the copy and transfer of the appropriate genes 35 
to the cells, adding complexity to the method, while at the same time, raising issues about the possible future 36 
application to humans[5]. Thermal stimulation has also been proposed as a successful stimulation method, 37 
where a localized gradient of temperature is created near the cell area. Different ways to create the localized 38 
gradient of temperature have been proposed[6,7]. 39 
Transcranial magnetic stimulation (TMS) is used to elicit neuronal activity in the brain, non-invasively and has 40 
been developed over the past decades [8–11]. TMS is used for the clinical treatment of a number of different 41 
diseases, from Parkinson disease, Alzheimer and Schizophrenia to depression. In this method, a magnetic coil 42 
is used externally to the scalp in order to generate a magnetic field, which easily passes through the skull and 43 
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induces electric currents that stimulate the targeted brain region. Over the years, modelling and circuit design 44 
considerations for systems of micro-magnetic stimulation have been proposed [12–16]. Recent studies have 45 
demonstrated that millimetre or sub-millimetre electromagnets, can activate neuronal tissue or cells both in 46 
vitro and in vivo[17–20], bringing in the foreground the possibility that micro-magnetic stimulation coils, small 47 
enough to be implanted within the brain, may prove to be an effective alternative to existing stimulation 48 
devices.  49 
The focus of this study is the scaling of TMS to the microscale, with the use of an array of electrically 50 
addressable micro-coils, designed to create spatiotemporal magnetic flux profiles on demand. The main 51 
challenge of this novel non-invasive neuro-stimulation tool is that micro-coils need to hold certain current 52 
capacity, so as to induce an electric field strong enough to stimulate cells, as cells need to reach their threshold 53 
potential in order to fire. Specifically, we present all the steps towards the design and construction of a micro-54 
magnetic platform for magnetic stimulation in vitro. The realization of a planar 6x6 array of micro-coil is 55 
important so as to cover a wider area of neural cells in a cell culture. The micro-coils in the arrays are creating 56 
magnetic flux density profiles with a spatial resolution equivalent to the micro-coil size, creating in such a way 57 
a non-invasive equivalent of a micro-electrode array. Each micro-coil is addressed individually and all the 58 
micro-coils of an array create equivalent magnetic flux profiles. Besides the fabrication development, different 59 
studies were used to characterize the behavior of the micro-arrays. Simulations with a finite element method 60 
(FEM) software and modeling with NEURON software, are used as a validation of the capability of the platform 61 
to excite neuronal activity. Additionally, the testing of the micro-coil with a phantom gel, which mimics the 62 
electric properties of brain tissue, is presented, as a first step towards the bio-experiment. The electric currents 63 
induced in the phantom gel during the activation of the micro-coils are measured and compared with other 64 
successful mechanisms of extracellular electric stimulation.  65 
 66 

2. Methods 67 
 68 
2.1 Micro-fabrication procedure 69 
The procedure that was followed in order to fabricate the micro-inductors on a chip is illustrated in figure 1, for 70 
the case of a single coil and consists of two photolithographic steps. Firstly, a thin layer of Au is deposited, 71 
playing the role of a ground plane for the micro-coils of the array. The ground plane is made of Au and is 72 
deposited by an electron beam evaporator in the thickness of 50nm. The use of a ground plane simplifies the 73 
configuration in the two dimensional array as every coil will need a single pad connection instead of. It also 74 
enables the galvanic connection of all the metallic structures in a wafer piece to the same electric potential, 75 
during the electroplating step. A 5nm thick Cr layer was added for adhesion purposes. On top of the ground 76 
plane an insulating layer of SiN is deposited with a thickness of 100nm by reactive sputtering. The first optical 77 
lithography in combination with inductively coupled plasma (ICP) etching of SiN creates the central vias of the 78 
micro-coils, which enable the electrical connection of every coil to the Au ground plane. A second optical 79 
lithography and the lift-off of a 100nm Au seed layer defines the metallic tracks of the coils on top of the 80 
dielectric.   Electroplating   is  then  used  to  further  increase  the  micro-coils’  thickness  in  the  micro  scale.   81 
The results presented below concern micro-coils with a thickness of 1.7µm. After this stage the chip is 82 
wirebonded to the packaging, an electrical insulating epoxy of high viscosity is used to protect the fragile 83 
wirebonds and to place a cell culturing well on top of the packaging. The high viscosity is important, so as to 84 
avoid epoxy to spread on the effective area of the chip and cover the micro-magnetic array. The cell culturing 85 
well is needed so as to define the cell medium during the bio-experiment. The whole chip (plus the effective 86 
area) is finally covered with a 800nm thick layer of Parylene-C so as to create a biocompatible surface. The 87 
film of Parylene-C assures not only the biocompatibility of the surface, but also the electrical insulation of all 88 
the conducting parts left exposed (patterned micro-coils). At the same time, the thickness of the Parylene-C 89 
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layer defines the distance between the micro-coils and the cell medium. The magnetic field is stronger in the 90 
vicinity of the micro-coils and this is why the deposited Parylene-C film is chosen to be relatively thin.  91 
 92 

 93 
Figure 1. Schematic representation of the developed process flowchart for prototyping our micro-coil platform. 94 
 95 

2.2 FEM calculations 96 
A series of calculations were performed using COMSOL Multiphysics software. The design of the micro-coil 97 
geometry, used for the fabrication of the photolithography mask, was imported to COMSOL 4.4 using the 98 
AC/DC module. The 3-D model consists of a single micro-coil geometry on top of a Si wafer and positioned 99 
inside a uniform volume of air, representing the surrounding during the electrical testing. The biasing signal of 100 
the micro-coils was set 200mV in magnitude was solved in the frequency domain.  101 
 102 
2.3 Electric measurements 103 
An impedance sweep of our device was performed on a Keithley semiconductor parameter analyser. The testing 104 
biasing signal was 30mV and three set of measurements were taken. The resistance and reactance of the devices 105 
are calculated by measurements of the impedance magnitude and phase angle, while the inductance is extracted 106 
through the obtained values of reactance. 107 
 108 
2.4 Modelling with NEURON software  109 
NEURON simulation environment[21], is used to create a model for simulating the effects of magnetic 110 
stimulation in a neural cell. As described in study[14], assuming a neural axon lying parallel to the plane of the 111 
micro-coil, the electric field which is induced in the vicinity of the coil could be expressed as a product of a 112 
spatial and a temporal component. The spatial component of the induced electric field in the x direction can be 113 
calculated externally and then inserted to NEURON code. As our platform should work over a wide range of 114 
biological preparations and can be used versatilely with different cell cultures or tissue slices, a variety of cell 115 
morphologies is expected. Throughout this study, we employed the model presented in[14] and modified this 116 
to account for an axon with a length of 70μm and diameter of 10μm, comparable to the dimensions of the micro-117 
coil. The axon is centred above the coil and is assigned active Hodgkin-Huxley channels. The exported values 118 
of Ex(x) from COMSOL, for constant values of y (direction of axon in the xy plane) and z (vertical distance of 119 
axon from the plane of micro-coil), are then inserted to NEURON to calculate the spatial derivative of Ex in the 120 
direction of x and include it in the calculations of the induced electric field term in the cable equation. The cell 121 
is divided into discrete segments, on each of which an induced electric current is calculated, representing the 122 
magnetic stimulation effect on the segment. The temporal part of the solution, is calculated as described in the 123 
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methods of study[14] in every time step. The R, L, C values of the stimulator circuit are also modified to the 124 
measured values of our equivalent circuit, obtained from the electric characterization of the system presented in 125 
section 3.3. More specifically, the values of the RLC equivalent circuit used are: R=22Ohms, L=1.69μH and 126 
C=14nF, considering the self-resonant frequency at 10MHz. Finally, the input stimulus has amplitude up to 127 
200mV and stimulus durations between of 2μs-2ms.  128 
 129 
2.5 Fabrication of the phantom gel  130 
A phantom gel is a solution was fabricated in the lab so as to mimic the electric properties (electric permittivity 131 
and conductivity) of brain tissue. The phantom solution consistency is based on a previous study[22], however 132 
certain changes in the ingredients were needed so as to have a better fitting between the electrical properties of 133 
the gel and those of measured brain tissue for a lower frequency range. Additionally, an increase in the amount 134 
of the gelling agent hydroxy-ethyl cellulose (HEC) is introduced to achieve a semi-solid consistency, which is 135 
needed in our experiments. The phantom gel materials, used in the experiments below are presented in Table 1.  136 
 137 

Table 1. Phantom gel materials and composition. 138 

 % by weight 

Sugar  54.4 

Water 39.2 

HEC  3.9 

Salt (NaCl) 2.4 

Bacteriacide 0.1 
 139 

3. Results  140 
 141 
3.1 The fabricated prototype and the electric setup of the stimulator  142 
A scanning electron microscope (SEM) image of a single fabricated device and an example of a 6x6 array of 143 
micro-coils is presented in figure 2 (a) and (b) respectively. The micro-coil presented here, has a deterioration 144 
threshold regarding the current capacity it could hold and this is calculated at 20mA, as described on study [23]. 145 
Figure 2(c) shows the finalised prototype of our platform where the cell culture well is placed. The micro-array, 146 
located at the centre, is left clear of epoxy. A printed circuit board designed in house enables the individual 147 
activation of each coil on the packaged device.  148 

 149 
Figure 2.  Illustrations of the fabricated platforms (a) SEM microphotograph of a single planar micro-coil and 150 
(b) for the 6x6 array of micro-coils. (c) The fabricated prototype of the micro-stimulating platform. 151 
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The activation setup, consists of a function generator, used to deliver a pulsed input signal to each micro-coil. 152 
An OPAMP is also used, in a buffer configuration, so as to achieve a good matching between the low resistive 153 
device and function generator while the input of the coil is observed with an oscilloscope. Finally, fluorescent 154 
microscopy will be used for monitoring cell activation in real time.  155 
The geometric characteristics of the fabricated micro-inductors, used below in all the experiments and 156 
simulation studies are summarised in Table 2. The distance between two consecutive coils in the array is also 157 
50μm.  158 
 159 

Table 2. Geometric characteristics of our micro-coils. 160 

  Value Unit 

Wire thickness  1.7  µm 
Wire width 2  µm 

Spacing  2  µm 
Number of turns 5  

Surface area of coil 50x50 µm2 

 161 

3.2 FEM simulations 162 
The planar distribution of the magnetic flux density produced by the micro-coil is presented in figure 3(a). The 163 
distance is chosen based on the distance where the cell medium will be realistically placed, above the Parylene-164 
C encapsulation layer. As expected, the magnetic flux density maximum is above the centre of the micro-coil 165 
and reaches a value of 9.17mT at 800nm above the coil. Since the small size of the inductors is a limiting factor 166 
for the characterization of their magnetic performance, the computational method is a useful tool to identify the 167 
magnetic behaviour of the coils. 168 

Figure 3(a) Planar distribution of the magnetic flux density in a distance z=800nm above the micro-coil. (b) 169 
Planar distribution of induced electric voltage above the micro-coil at z=3µm. 170 
 171 
The spatial distribution of the electric voltage induced by the micro-coil is also presented in figure 3(b), at the 172 
xy plane at a distance of 3µm above the micro-coil. The induced electric potential or the induced electric field, 173 
calculated by Faraday’s law of induction given in equation (1), is an important figure of merit for this device. 174 
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   (1)
t

∂
∇× = −

∂
BE  175 

E and B are the vectors of the electric and magnetic field respectively.  176 
The spatial derivative of the electric field in x and y directions is calculated and has a maximum of 177 
dEx/dx=~109V/m2 at a distance z=5μm away from the micro-coil, well above the value of 11kV/m2 which has 178 
been reported in [20,24] as the threshold of stimulation for peripheral axons. This result corresponds to a current 179 
input of 9mA. The reason behind the significantly higher value from the threshold arises from the possibility 180 
of placing the cells in great proximity to the coil. In terms of fabrication, the proximity is mainly determined 181 
by the thickness of the Parylene-C insulating layer which covers the micro-coil. As a result, even with a 182 
significantly lower current amplitude from 9mA, we could still be above the activation threshold. 183 
 184 

3.3 Inductive coupling between micro-coils 185 
The activation of one micro-coil in the array, is expected to induce a voltage in adjacent micro-coils within the 186 
array. In order to quantify the effect of crosstalk we perform an experiment where a micro-coil (primary) is 187 
biased with a known sinusoidal signal and the voltage is measured in real time at first neighbouring micro-coils 188 
(secondary). 189 

Figure 4. The inductive measurement methodology and results. (a) Primary activated micro-coil in the array, 190 
shown in green and secondary recording micro-coils in red. (b) Schematic of inductive measurement 191 
methodology. (c) The recorded output for a sinusoidal input, arising as an average of two simultaneous 192 
recordings at the secondary coils. 193 
 194 
Figure 4a shows an example of the primary activated coil in the array, in green and the secondary ones, in red. 195 
The schematic of figure 4b, explains the methodology of an inductive measurement. The signal in the secondary 196 
coils is recorded for a sinusoidal input at an arbitrary frequency of 100Hz and peak to peak value of 100mV. 197 
The measurements were performed with a four probe system and a semiconductor parameter analyser. The 198 
recorded waveform from the secondary coils is presented in figure 4c. The recorded waveform, result from the 199 
average between two simultaneous recordings on two adjacent coils of similar separation distance. When a 200 
sinusoidal current (I) flows through the primary coil, the voltage in the secondary (V) in the frequency domain 201 
is described by equation (2).  202 

 V=iω    (2)ΜΙ  203 

Where M is the mutual inductance and ω the angular frequency of the signal. The result indicates that for an 204 
input signal with a peak to peak value of 100mV, the induced voltage in the secondary coil decreases 205 
approximately by an order of magnitude and is recorded at 7mVpp. Recording limitations do not let as increase 206 
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further the input signal frequency to kHz-MHz range, however equation 2 clearly shows that the increase of 207 
frequency results in lower values of mutual inductance.  208 

3.4 Electric characterization of fabricated chip 209 
The fabricated chip was electrically characterised so as to identify the RLC equivalent circuit which describes 210 
its behaviour. A frequency sweep was performed, over a frequency range from 500kHz-10MHz, based on which 211 
the inductance and quality factor of the system are extracted. In figure 5(a), the impedance magnitude and the 212 
phase angle of the complex impedance vector are presented. Figure 5(b), shows the extracted values of 213 
inductance and quality factor Q, during the electrical test. 214 
Observing the behaviour of Z amplitude and phase in figure 5 (a), we notice that the self resonant frequency of 215 
the system, should be at around 10MHz, as Z magnitude reaches a peak and phase starts to decrease after a 216 
plateau. Above the self resonant frequency, the capacitance behaviour of the system would be dominant. 217 

 218 
Figure 5. (a) Measured magnitude and phase of the complex impedance vector. (b) Inductance and quality 219 
factor Q of the system. For both cases, a logarithic scale is used for the horizontal axis of frequency. 220 
 221 
3.5 NEURON modelling 222 
As described in the methods section, an axon 70μm in length and 10μm in diameter is placed at a plane 10μm 223 
away from the centre of the microcoil modelled with NEURON software. The code was alternated to describe 224 
our design, with the measured R,L,C values and the specific spatial distribution of electric field, which is 225 
determined by the geometry of the micro-coils under study. The planar distribution of the electric fiels is 226 
presented in figure 6(a), while in figure 6(b) the spatial distribution of the x component of the electric field is 227 
illustrated, both of them for the plane where z=10μm.  228 
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 229 
 230 
Figure 6. Planar distribution of (a) electric field (E) and (b) x component of electric field (Ex), for a distance 231 
of 10μm above the micro-coils. (c) Plot of x component of electric field along x, for a specific value of y.  232 
 233 
The graph shows also the relative position of the axon to the micro-coil. Finally, figure 6(c) is giving the plot 234 
of Ex along the increase of x, for y=0 where the axon is located. The values of this plot are exported from 235 
COMSOL and used in our NEURON code. The transmembrane potential elicited in the axon modelled, is 236 
presented in figure 7 along with time, revealing the activation of the cell for a stimulus of 200mV with a duration 237 
of 0.4ms.  238 

 239 

 240 
Figure 7. Stimulus manages to activate the neural cell. The activation of the cell is illustrated by the 241 
transmambrane potential elicited in the axon over time.  242 
 243 
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3.6 Testing with a phantom gel 244 
At first, we performed an electric characterisation of the gel that is presented in figure 8 in otder to define the 245 
its electric permitivity and resistivity. The electric characterization of the gel, was performed with the parallel 246 
plate capacitor method, appropriate for the frequency range of 500kHz-1MHz.  247 

 248 

 249 
Figure 8. Electric permittivity and conductivity values for the frequency range of 500kHz-1MHz. Measured 250 
values of the fabricated phantom compared with measured values in real neural tissue. Error bars representing 251 
standard error. 252 
 253 
The gel is set as a dielectric between the metallic plates of a capacitor with a thickness of 3mm, so as to have 254 
negligible impact on the measurements from the air trapped between the gel and the metallic plates. Three sets 255 
of measurements of electric permittivity εr and electric conductivity σ were taken and their mean values, 256 
displayed with circle markers in the graphs, are directly compared to the values of real biological brain tissue, 257 
given by [25]. The relevant biologically expected values, displayed with square markers, are the mean values 258 
of white and grey matter for every frequency. 259 
At the next step, a chip with a single micro-coil geometry, covered with Parylene-C, was used in order to 260 
identify the induced current density evoked into the gel by the activation of the micro-coil. The signal used for 261 
the biasing of the micro-coil was an AC signal of 500kHz, for a number of different amplitudes between 20-262 
200mV. A burst of rectangular pulses was also tested as a biasing signal, but was not preferred for this 263 
experiment, due to charging phenomena on the gel. The measurements were performed with the use of Keithley 264 
semiconductor parameter analyser and the use of a probe station. The probe was also set to a number of different 265 
positions above the centre of the microcoil, starting from the surface of the Parylene-C film (z=0) to a distance 266 
of 1000µm, set with the use of a micropositioner and a microscope. The results are displayed in figure 9 and 267 
are part of one set of measurements inside the gel. For every position of z, four different measurements were 268 
taken for the different voltages applied (peak to peak values). Repetitions of the measurements have been 269 
performed, but decided not to be included, as there was a difficulty in relocating the needle into the x,y.z 270 
position due to the semi-solid consistency of the gel and could be misleading. Data from the repetition of the 271 
experiments, for a different x,y,z position in the gel and above the micro-coil, as well as for different biasing 272 
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frequencies, which are not included in this study, show similar behaviour and induced currents in the range of 273 
10µΑ. 274 

 275 
Figure 9. The current induced in the phantom solution, for a different nuber of positions away from the micro-276 
coil and for a different setting of peak to peak applied voltage used as bias to the micro-coils. All the 277 
measurements were performed for the frequency of 500kHz. 278 
 279 

4. Discussion 280 
 281 

The impedance of the prototype device defined experimentally, in combination with the results of the spatial 282 
distribution of the electric and magnetic field resulting from the electromagnetic study in COMSOL, are 283 
providing us with useful information regarding the characteristic behaviour of the system. These characteristics 284 
are then inserted into NEURON environment, in order to simulate the magnetic stimulation mechanism. In 285 
reality, cells or biological tissue reacts on the electric field, rather than on the magnetic field itself. This is why 286 
the induced electric field values are needed for the simulation in NEURON. The simulation shows that a 287 
simplified cell geometry, placed in a distance similar to the realistic case, feels the presense of the induced 288 
electric field and an action potential is elicited and propagates along the axon. 289 

Following the simulation study, a proof of concept of our device was experimentally tested with a phantom gel. 290 
The electric characterisation of the phantom gel, reveals that the electric conductivity values for a range of 291 
frequencies are very close to that of brain tissue, while the electric permittivity results could not reach the same 292 
extend of similarity. However, the value of conductivity is influencing more significantly the induced current 293 
density in a leaky dielectric. Specifically, the current density in a leaky dielectric is given by equation (3).  294 

 295 

   (3)
tfree bound σ ∂

= + = + +∇×
∂
PJ J J MΕ  296 

J is the current density which consist of two parts: Jfree current density by free carriers and the Jbound current 297 
density attributed on the relocation of bound charges. E the applied electric field vector, P the polarisation field 298 
vector produced by the dielectric and M the magnetization vector of the material. Since the material has not 299 
magnetic properties, the last part of equation (3) could be omitted. For the frequency range of interest, and by 300 
moving to the frequency domain as we study harmonic signals, a simple comparison between the two terms is 301 
enough to give the dominant factor in the current density of the dielectric: 302 
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   (4)free bound>>J J  303 

The explanation arises by equations (5) and (6) below. Jbound in equation (6) takes a range of values, defined by 304 
the frequency ω of the harmonic signal, but in any case gives a Jbound smaller at least by an order of magnitude 305 
from Jfree. 306 

1 110  10   (5)free
S
m

σ − − = ≈ ≈ 
 

J E EΕ  307 

( ) ( )5 1 12 4 31 10 10 10 10   (6)bound r
Fi i s
mοω ωε ε − − − = − ≈ ≈ 

 
J P = Ε E E  308 

As a result, despite the electric permitivity significant difference between measured and biological values, it is 309 
possible to use the suggested phantom and extract safe results. Regarding the difference in conductivity, which 310 
should be also taken into consideration, it is easy to assign more realistic values to our results by a simple 311 
multiplication, as the current depends linearly on the value of conductivity. 312 
The measurment of the induced current in the gel, in figure 9 proves the functionality of the device and as 313 
expected shows a decreasing tendency as we move away from the micro-coil surface. The amplitude of the 314 
induced current is extracted in the steady state with the use of a harmonic signal of 500kHz. The maximum 315 
value is received, for z=0 just above the Parylene-C surface, while for every position z, the induced current 316 
increases along with the increase of the biasing voltage amplitude. A direct comparison of these results with 317 
those of study[26], show that the proposed platform produces equivalent current amplitudes to electrical pulses 318 
applied extracellularly in the cell medium. More specifically, that study reported that neural cells of the spinal 319 
border cells or motoneurons, have their lowest threshold of activation (for a minimum distance from the cell) at 320 
stimulus amplitudes of 0.15-0.20μΑ and 0.35-0.40μΑ respectively. Figure 9 shows that for the minimum 321 
distance the results are significantly higher, even by interpolation to the more realistic expected values of 322 
conductivity (devide by a factor of 3 the conductivity values received from figure 8).  323 
However, the threshold of cell activation is not determined only by the amplitude of the stimulus but also by its 324 
duration and is given by the strength-duration relation. The strength-duration curve is not fully understood for 325 
the magnetic stimulation mechanism[17]. Therefore, our approach in the real bio-experiment would be to start 326 
from a specific stimulus duration and run over a range of stimulus amplitudes, which should be below the 327 
deterioration threshold of the micro-coils. This procedure will be repeated for gradually alternating the stimulus 328 
duration, until cell activation will be observed. Furthermore, in a realistic scenario of cell stimulation, a pulsed 329 
method of stimulation could be combined with a sinusoidal signal of higher frequency, as in [19], where a burst 330 
of sinusoidal periods led to suppression of neuronal activity.  331 
In the study presented here, stimulus duration has been tested with NEURON and cell stimulation for purely 332 
pulsed stimuli was observed with amplitudes up to 200mV and durations between 2μs-2ms. Stimulus with an 333 
amplitude of 200mV and duration of 1μs did not elicit cell activity. The range of stimuli we tested was based 334 
on similar studies of microscale magnetic stimulation[17–19].  335 
Finally, micro-coils should be able to work over a wide range of biological preparation, a fact that implies that 336 
the bioexperiment itself would determine the specific needs for the characteristics of the system. In case further 337 
improvement of the results is needed to achieve cell stimulation, this could be achieved by thicker coils, with 338 
larger cross section, able to hold a higher current capacity and produce stronger electromagnetic field. Also, a 339 
signal with a steeper time variance, such as a pulse of same amplitude and frequency, would result in an even 340 
higher induced current magnitude as describes by Faraday’s law.  341 

 342 

 343 
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5. Conclusions 344 
 345 

This study described the development of a bio-device consisting of 36 separately addressable micro-inductors, 346 
designed to create magnetic profiles with microscale resolution. We demonstrate the fabrication from the chip 347 
level to a biocompatible package. The performance of the device is tested both numerically and experimentally. 348 
In summary, the RLC characteristics of the system, received from the electric characterization, are used to 349 
calculate the temporal component of the stimulating effect on NEURON. The induced electric field, extracted 350 
from COMSOL calculations is also imported to NEURON to define the spatial component of the stimulation. 351 
The numerical study showed that an action potential is created and propagated along the axon of a neural cell, 352 
placed at 10µm away from the inductor. Furthermore, a phantom gel with similar electric properties as the brain 353 
tissue was developed and used to quantify the current induced by the activation of a micro-coil. This work sets 354 
up the scheme for alternative methods to control the behaviour of neural cells in vitro, having at the same time 355 
as a main advantage the non-invasiveness of the method. Future steps of this work concern a successful 356 
biological validation of the proposed platform, as well as a detailed study on the electrothermal phenomena 357 
(Joule heating, electromigration) which lead to the degradation of the micro-coils and limit their durability. At 358 
the same time, the morphology of the chip could be easily transferred to flexible substrates, finding possible 359 
applications in the field of implantable bio-devices. 360 
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