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Transcranial Magnetic Stimulation (TMS) is a method of non-invasively modulating the excitability of the brain. TMS relies on the
principle of electromagnetic induction in producing an electric field that stimulates neurons. Measuring the effect of TMS in real time
and being able to determine its spatiotemporal resolution increase its potential in both research and clinical applications. In this paper,
the authors model the electric fields of three TMS coils: Quadruple Butterfly Coil (QBC), Triple Halo Coil (THC) and the Magventure
B65 coils, by performing computational finite element (FE) analysis using the Sim4life software. To evaluate the accuracy of the
electromagnetic models, we devised a novel experimental protocol that compares the maximum field intensity stimulated using modeling
with the induced voltage experimentally measured within a phantom brain in response to TMS.
Index Terms— computational finite element (FE) analysis, electromagnetic coils, gel-based phantom, Transcranial Magnetic
Stimulation (TMS).
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I. INTRODUCTION

ranscranial Magnetic Stimulation (TMS) is a non-invasive
method of electrically stimulating the brain. It involves the
use of time varying magnetic field generated from
electromagnetic coils in inducing electric field in the brain [1].
TMS does not require surgery or anesthesia, thus providing a
minimally invasive method of modulation. It has been used as
a tool in neuroscience and increasingly as a treatment to patients
with depression that do not respond to medications [3], [4].
With ongoing developments in TMS technology, the
versatility of TMS is certain to increase. One area of TMS
research aimed at greater versatility is the development of
electromagnetic coils that are able to deliver more focal
stimulation or coils that stimulate at a greater depth. There have
been several designs proposed for the coils used in TMS [5], [6]
to achieve higher focality and deeper penetration of the
magnetic fields, with some already been commercially
available like the figure of eight coil [7], [8]. A novel coil with
increased focality is the Quadruple Butterfly coil (QBC) [9],
and a coil capable of reaching deeper brain structures is the
Triple Halo Coil (THC) [10]. The Magventure B65 coil is
designed by [11] and also commercially available.
A clear understanding of the temporal and spatial
resolution of both standard and novel TMS coils on the human
brain would inform the optimal use of TMS for research and
clinical applications. In the present research, the authors
evaluate the performance of electromagnetic modeling of
electric fields of three coils in a gel-based phantom. We
hypothesize that accurately modeling the electromagnetic fields
of these coils can be used to predict induced voltage measured

using intracranial electrodes embedded in a gel-based phantom,
and further, that these results would help to determine the safety
of using novel TMS coils in the human brain.
To test this hypothesis, we model the magnetic fields of the
Quadruple Butterfly Coil (QBC), Triple Halo Coil (THC) and
the Magventure B65 coils by performing computational finite
element (FE) analysis using the Sim4life software [12]. To test
these models, we use a novel experimental paradigm that
involves calculating the induced electric field intensity (EField) in the gel phantom and comparing it to the predictions
generated using the models. Specifically, the induced
differential voltage in the gel phantom were measured at
different points by using intracranial electrodes and
measurements were compared with results from the FE analysis
as a test for the precision of our electromagnetic modeling.
The experimental paradigm for measuring the effects of
TMS on the gel phantom with intracranial electrode and
comparison with simulation results employed in this research
would be vital information for further development and
assessment of the novel coil design for future clinical
applications.
II. METHOD

A. Finite Element Simulation
Sim4Life software, an electromagnetic quasi-static low
frequency solver [12], was used to simulate the experimental
model. A gel phantom was modelled with dimensions
200x200x200 mm and the electrical conductivity and relative
permittivity of the gel phantom was specified as confirmed with
literature values [13], [14]. The Sim4Life software was used to
simulate a single pulse of current of amplitude 5000 A and an
operational frequency of 2500 Hz was inputted for each coil.
With the origin (0,0,0) at the center of the surface of the gel
phantom, the QBC and B65 coils were positioned at a distance
of 10 mm above the surface of the gel phantom to account for
both the insulation of the coils and the thickness of the
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container. The THC, because of its configuration, was
positioned just at a distance of 100 mm on the vertical center
from the origin of the gel phantom. The setup of these coils in
the finite element simulations are represented in the Fig. 1
below.

Fig. 1. a.) 3D perspective view of the setup with the B65 Coil,
QBC and THC. This arrangement was used in the finite element
simulation (figure has been tilted to give a better understanding
of the arrangement). The coordinate system is such that the
positive Z-axis is projected upwards from the center of the
surface of the gel phantom. b.) Coronal view of the setup.
B. Experimental Method
A gel phantom made from Polyacrylic acid (PAA) gel was
fabricated according to the ASTM (American Society for
Testing and Materials, 2011) standards section F2182 [13], [14]
which is the standard test method for medical devices. The gel
phantom is made from Sodium Chloride (NaCl), Polyacrylic
acid and water. The electrical properties of the PAA gel is
reflected in the Table 1.
Table 1: Electrical Properties of Gel Phantom
Electrical Conductivity
Relative Permittivity

0.47 S/m
80

The gel phantom was placed in a custom-made container. The
container was made with polymethyl methacrylate (PMMA)
sheets of dimension 203x203x203 mm (8x8x8 inches) and a
wall thickness of 4.76 mm (3/16 inches). A 32 contact grid
electrodes (model number FG32C-SP10X-000) sourced from
Ad-Tech Medical Instrument Corporation [15] was used to
measure the induced differential voltage readings from the
experimental setup. The grid electrode is made of PlatinumIridium disk contacts with an exposed disk diameter of 2.3 mm
and a 10 mm spacing between each contact and with an in-situ
impedance of 1.0 – 3.0 kOhm at 1 kHz. Basically, the
intracranial electrode was used to probe the differential voltage
generated by the TMS induced E-field. The differential voltages
were measured between adjacent contacts of the intracranial
electrode at different vertical (Z-axis) and horizontal distances
(X- and Y- axis) and visualized using an oscilloscope
(Tektronix TDS2022, 200MHz Bandwidth). A Magventure,
Magvita TMS Cool B65 coil was placed at the base of the
container for ease of setup and was used for the stimulation of
the gel phantom. This coil was able to deliver stimuli of over 40
Hz repetition rate and a maximum initial magnetic flux density
of 36 kT/s when operated at 100%. This B65 coil has a 2 x (2 x
5) number of windings, inner diameter of 1.4 in (35 mm), outer
diameter of 3 in (75 mm) and a winding height of 0.5 in (12

mm) [11]. The induced voltage readings were taken with the
stimulator operating at 100% output. The experimental setup
and the positioning of the coil is represented in Fig. 2.

Fig. 2. Experimental setup and positioning of the B65 coil on
the gel phantom Fig. a.) Coil positioning with the center of the
gel aligning with the center of the B65 coil. b.) Positioning of
the B65 coil over a head model when TMS is administered. c.)
Coordinate of the B65 coil with the X- and Y- axis of the coil
aligning with that of the gel phantom.
III. RESULTS AND DISCUSSION
The B65 coil and gel phantom was modeled and the induced
electric field within the gel phantom were extracted. The
induced electric field values were extracted at the origin (0,0,0)
and at different vertical (Z-axis) and horizontal distances (Xand Y- axis) in the gel phantom. The readings were taken such
that on the coronal plane (XZ-plane) and the longitudinal plane
(YZ-plane), measurements at 10, 20, 30 and 40 mm away from
the center of gel phantom on the X-axis and Y-axis, and at every
10 mm vertically downwards on the Z-axis were extracted. The
induced electric field values from the simulation are presented
in Table 2.
Table 2. Induced Electric Field (E-Field, V/m) from simulations
conducted with the B65 coil. The Z-distance is measured from
the bottom face of the coil vertically downward into the gel
phantom such that a distance of 10 mm corresponds to the
location Z = 0 on the axis.
Induced Electric Field (V/m) from simulations using the B65 coils
X (mm)
Z (mm)
0
10
20
30
40
10
132.93
126.12
102.31
61.52
15.69
20
84.53
79.62
64.69
41.17
13.48
30
54.74
51.53
42.16
27.86
10.98
40
36.06
34.00
28.08
19.14
8.57
50
24.10
22.77
18.97
13.25
6.44
60
16.27
15.40
12.92
9.18
4.67
70
11.04
10.46
8.81
6.31
3.25
Y (mm)
Z (mm)
0
10
20
30
40
10
132.93
124.29
102.15
75.69
52.75
20
84.53
80.39
69.38
54.97
40.84
30
54.74
52.59
46.74
38.69
30.19
40
36.06
34.88
31.63
26.99
21.84
50
24.10
23.43
21.54
18.80
15.62
60
16.27
15.87
14.75
13.08
11.10
70
11.04
10.80
10.12
9.09
7.85
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Fig. 3 shows a graph of the induced electric field along the
coronal plane and at a 10, 20, 30 and 40 mm distance away from
the origin on the X-axis.
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Table 3. Induced Voltage measurements from experiments
conducted with the B65 coil. The Z-distance is measured from
the bottom face of the coil vertically downward into the gel
phantom such that a distance of 10 mm corresponds to the
location Z = 0 on the axis.
Differential Induced Voltage (V) readings on Grid Disk
Intracranial Electrode (32 Channel) at 100% Stimulator Output
X (mm)
Z (mm)

0

10

20

30

40

10
20
30
40
50

4.56
2.12
1.28
1.00
0.86

3.44
1.56
1.14
0.94
0.82

2.76
1.26
0.92
0.86
0.80

1.66
0.94
0.76
0.66
0.62

1.10
0.68
0.63
0.63
0.60

60

0.78

0.78

0.74

0.60

0.58

70

0.76

0.76

0.74

0.58

0.58

Y (mm)
Z (mm)

0

10

20

30

40

Fig. 3: Induced electric field (V/m) (from simulation with the
B65 coil) on the coronal plane.

10
20
30

4.56
2.12
1.28

3.80
1.80
1.24

2.80
1.60
1.10

1.74
1.04
0.82

0.90
0.80
0.75

Fig. shows a graph of the induced electric field along the
longitudinal plane and at a 10, 20, 30 and 40 mm distance away
from the origin on the Y-axis.

40
50
60
70

1.00
0.86
0.78
0.76

0.96
0.76
0.70
0.68

0.94
0.70
0.70
0.68

0.74
0.70
0.68
0.64

0.70
0.64
0.60
0.60

Fig. 5 shows the induced differential voltage along the coronal
(XZ-) plane of the gel phantom and also at a 10, 20, 30 and 40
mm distance away from the origin on the X-axis. On this graph,
we see a decline in the readings as the distance increases along
the Z-axis. Along the X-axis, we also see a decline as the
measurements moves away from the center of the gel phantom.

Fig. 4. Induced electric field (V/m) (from simulation with the
B65 coil) on the longitudinal plane.
For the experimental result, the induced differential voltage
was measured at the origin (0,0,0) and at different vertical (Zaxis) and horizontal distances (X- and Y- axis) in the gel
phantom. The readings were taken such that on the coronal
plane (XZ-plane), measurements at a distance of 10, 20, 30
and 40 mm away from the center of gel phantom on the X-axis
and at every 10 mm vertically downwards on the Z-axis were
recorded. The Z-axis distance accounted for the differential
voltage readings at each of the adjacent contact points in the
intracranial electrode. Likewise, the same method was
employed in recording measurements along the longitudinal
plane (YZ-plane). The induced voltage measurements from
the experiment are reported in
Table .

Fig. 5. Induced differential voltage (from experimental data
using the B65 coil) on the coronal plane.
Fig. 6 shows the induced differential voltage along the
longitudinal plane (YZ-) of the gel phantom and also at every
10 mm distance away from the origin on the Y-axis. On this
graph, we see a decline in the values as the distance increases
along the Z-axis just like the plot on the coronal plane. Along
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the Y-axis, we also see a decline as the measurements move
away from the center of the gel phantom.

Fig. 6. Induced differential voltage (from experimental data
using the B65 coil) on the longitudinal plane.
Looking at the induced differential voltage on both the coronal
and longitudinal plane (Fig. 5 and Fig. 6), we see that the graphs
both exhibit a decline as the distance along the Z-axis increases.
This decline is expected according to the Biot-Savart Law but
we expect that the curve be exponential and not to flatten out
from the position of Z = 50 mm. We hypothesize that this might
be due to the increased potential at the electrode/gel interface.

4

and positive X- direction until X = 50 mm and then starts to
increase again at X = 60 mm till it peaks at X = 80 mm and then
resumes its downward decline until X = 100 mm.

Fig. 8. a.) A triple lobe structure is observed on the electric field
profile of the B65 coil in the X-axis. b.) Slice view along the
coronal plane of the gel phantom.
The electric field profile along the Y-axis is illustrated in Fig.
9. As expected, the gel is induced with the highest electric field
at the center and decreases in both direction of the Y-axis.

A linear regression model was developed to estimate the
correlation between the E-field from simulations and the
induced differential voltage from experiments. With the
regression analysis, R-square value of 0.873 (P-Value < 3.80 e10) was obtained.
Fig. 9. a.) Electric field profile of the B65 coil in the Y-axis. b.)
Slice view along the longitudinal plane of the gel phantom.
Additional simulations were run to compare the Magventure
B65 coils, QBC and THC. The slice view of the induced electric
field along the coronal plane at the origin is shown for the three
coils in Fig. 10. We observe that at the origin, the QBC delivers
stimulation at a higher electric field than the other two coils.

Fig. 7. Graph showing correlation between the electric field
(V/m) extracted from simulation and induced differential
voltage (V) measured from experiments.
To better understand the distribution of the induced electric
field by the B-65 coils, Fig. 8 illustrates the electric field profile
along the X-axis. A triple lobe structure is observed in Fig. 8
and this is because of the geometry and configuration of the B65
coil. It is observed that along the X-axis from the center at X =
0 mm, the gel is induced with the highest electric field. The
induced electric field begins to decrease at both the negative X-

Fig. 10. Slice views of the induced electric field along the
coronal plane at origin (0,0,0) for a.) B65 coil b.) QBC c.) THC.
The views have been normalized with the maximum value of
the induced electric field that the B65 coil induces in the brain.
Fig. 11 presents the induced electric field from the three coils
at the location 40,0,0. This graph shows that at X = 40 mm, the
induced electric field of the QBC and B65 coils begin to tend
toward zero with increasing Z distance while the induced
electric field of the THC increases with increasing Z distance
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making the THC a good coil for achieving stimulation at greater
depth.
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