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Novel Design of Hollow Coils for TMS to Minimize the Heat without
Reducing Magnetic Field Intensity
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Abstract

Transcranial magnetic stimulation (TMS) is a non-invasive neurom odulation technique used to treat various neurological disorders,
including major depression. Since the cerebellum is a complex structure connected almost throughout the central nervous system, TMS
has gained popularity in the field of cerebellar neurostimulation and promises to stimulate cerebellar activity non-invasively. The TMS
coil structure and material play significant roles in achieving the focality of the coil. However, few studies have proposed various struc-
tures of solid coils, such as figure-of-eight (FOE) and butterfly-shaped coils to increase the focality of the coil. However, it is observed
that there is always a trade-off between the field intensity and the temperature of the coil. In this study, new designs of TMS coils
were proposed to reduce the temperature of the coil without significantly reducing the magnetic field intensity. Finite-element simulation
tools such as ANSYS Maxwell® and FEMTET® were used to simulate the field intensity and thermal analysis. The proposed design
included hollow coils, double-layered hollow coils, and enamel-layered hollow coils.
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Fig. 1. Virtual models of human head where the high-
lighted areas are (a) skin, (b) skull, (c) brain
frontal, and (d) cerebellum.
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Table 1. Electrical properties of the human head.

. Relative permeability Conductivity
Tissue .
(€,) (o) (Unit: S)
Skin 41.40 0.87
Skaull 11.27 0.23
Brain 45.80 0.76
Cerebellum 44.13 0.96
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Fig. 2. Smgle layered hollow coil.
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Table 2. Physical dimensions of single layered hollow coil.

Number | Outer diameter | Hollow width | Copper thickness
of turns (D) (D) )

10 120 mm 3 mm 1 mm

(a) # HE

(a) Top view

(b) 9%
(b) Cross sectional view
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Fig. 3. Double layered hollow coil.
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Table 3. Physical dimensions of double layered hollow coil.
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Table 5. Physical dimensions of enamel single layered hollow

coil.
. Hollow Copper Enamel
oNfu?ut:z: Outer ((ga;meter width thickness thickness
’ (Dy) w) (we)
10 140 mm 3 mm 1 mm 0.5 mm

Number . Hollow width Copper
of turns Outer diameter (D;) (Dy) thickness (w)
20 120 mm 3 mm 1 mm

(@) W= (b) A=

(a) Top view (b) Cross sectional view
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Fig. 4. Enamel layered hollow coil.
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Table 4. Physical properties of enamel.

Properties | Thermal conductivity Volume resistivity

Enamel | 0.26~0.54 W/(m * K) 10.13~10.16 Q-cm
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Table 6. Physical dimensions of enamel coated double layered
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Table 8. Comparison of design and physical details of the

hollow coil. coil.
Number | Outer diameter| Hollow Copper Enamel Coil . La- Ou fer .
. . thickness Turns | diameter | Height
of turns (Ds) width (Dj) |thickness (w) type yers
(we) (D)
20 140 mm 3 mm 1 mm 0.5 mm
Hollow 1| 10 {120 mm| 5 mm
coil
Double
hollow 2 20 120 mm |15 mm
coil
Single
layer
=l &) ) J
:_1':' 6. 81}.0 i?—"‘% ./Kaﬁﬂ ) enamel 1 10 140 mm| 6 mm
Fig. 6. Design of existing figure 8 coil. hollow
coil
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Table 7. Physical dimensions of conventional figure of 8 coil.
Nomber of Double
Himoer-o Outer diameter (D,) | Copper thickness (w) layer
turns enamel 2 20 140 mm|17 mm
10 (5 .on each 160 mm S mm hollow
side) .
coil
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Table 9. Excitation parameters for simulation.

Current
4,000 A

Voltage
1,750 V

Frequency
3 kHz
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Fig. 7. Distance between coil and (a) human head skin,
(b) human brain, and (c) cerebellum.
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Fig. 8. H-field intensity of the single layered hollow coil
on (a) frontal brain, and (b) cerebellum.
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Fig. 9. H-field intensity of the double layered hollow coil
on (a) frontal brain, and (b) cerebellum.
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Fig. 10. H-field intensity of the enamel coated single
layered hollow coil on (a) frontal brain, and (b)
cerebellum.
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Fig. 11. H-field intensity of enamel coated double layered
hollow coil on (a) frontal brain, and (b) cerebellum.
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Table 10. Comparison of H-field intensity of designed coils coil, (b) double layered hollo coil, (c) enamel

coated single layered hollow coil and (d) enamel

with figure of eight (FOE) coil from other’s )
coated double layered hollow coil.

work.
Coil Tumns Magnetic field| Magnetic field B AAS 393 8 A 1YY € 9 A7 Al
(brain) (cerebellum) 4 v
Single layer hollow coil| 10 040 T 0.032 T Table 11. Comparison of thermal and H-field intensity analyses
of designed coils with figure of eight (FOE) coil.
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col Magnetic Magnetic
Single layer enamel ; Temper
gle lay Coil Turns field field
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hollow coil (brain) (cerebellum)
Double layer enamel | 107 T 0.090 T Single layer | o\ g0 | oot | 0
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Figure 8 coil” 10 042 T 0.030 T Double layer | 120 T 0,09 T 563.0
hollow coil ' ) °C
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Fig. 13. Temperature distribution of hollow coil on (a) human
head skin, (b) brain frontal, (c) cerebellum.
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Table 12. Thermal analysis on human head model.

A
Average Average verage
temperature
. temperature temperature
Colil type . on
on human on brain cerebellum
skin (C) frontal (C) .
(©)
Single layer 522 412 250
hollow coil
Double fayer |, | 323 250
hollow coil
Single layer
enamel 67.5 52.1 272
hollow coil
Double layer
enamel 51.0 40.5 25.0
hollow coil
Figure 8 coil 75.6 52.3 27.1
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