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Abstract—A chronically implantable, wireless neural interface
device will require integrating electronic circuitry with the inter-
facing microelectrodes in order to eliminate wired connections.
Since the integrated circuit (IC) dissipates a certain amount of
power, it will raise the temperature in surrounding tissues where it
is implanted. In this paper, the thermal influence of the integrated
3-D Utah electrode array (UEA) device implanted in the brain was
investigated by numerical simulation using finite element analysis
(FEA) and by experimental measurement in vitro as well as in
vivo. The numerically calculated and experimentally measured
temperature increases due to the UEA implantation were in
good agreement. The experimentally validated numerical model
predicted that the temperature increases linearly with power
dissipation through the UEA, with a slope of 0.029 C mW over
the power dissipation levels expected to be used. The influences of
blood perfusion, brain metabolism, and UEA geometry on tissue
heating were also investigated using the numerical model.

Index Terms—Finite element analysis (FEA), microelectrode,
neural interface, neuroprosthesis, temperature increase, thermal
impact, Utah electrode array (UEA).

I. INTRODUCTION

OVER the last decades, neural prosthetic devices have been
used in various applications to restore and rehabilitate dis-

abled sensory and motor functions such as hearing, vision, limb
movement, and bladder control, and to control chronic pain,
spasticity, and tremor. Still, issues of safety remain about the
chronic use of these active implanted devices. One safety con-
cern of major interest is the consequence of using such im-
plants on the heating of implanted tissues as these devices be-
come more intelligent with the incorporation of active high-den-
sity, functional electronic components and as the number of
recording and/or stimulation channels increases.

As is well known from hyperthermia therapies, temperature
increases above a certain level can kill cells, change metabo-
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lism, or induce physiological abnormalities [1]–[4]. As an ex-
treme clinical case, it is reported that a patient with an implanted
deep brain stimulator (DBS) suffered significant brain damage
after diathermy treatment, and subsequently died [5], [6]. In
their study, postmortem examinations showed acute deteriora-
tion in the tissue near the lead electrodes of the DBS induced
by excessive tissue heating. Even more moderate temperature
increases in tissue can cause significant damage to various cel-
lular functions. A temperature increase of more than 3 above
normal body temperature has been reported to lead to physiolog-
ical abnormalities such as angiogenesis or necrosis [2]. Cortical
spreading depression was observed to be elicited by heating the
cerebral cortex of anesthetized rats by 3.4 [3]. In guinea pig
olfactory cortical slices, aberrant activity began at 2 over
normal [4]. It has also been reported that temperature increases
greater than 1 can have long-term effects on the brain tissue
[7]. To prevent any of these thermal consequences, the neural
interface devices must be shown not to cause significant tem-
perature increases in the implanted tissue.

The increasing use of neuroprosthetic implants presents new
potential thermal concerns. In studies on temperature elevation
of the eye due to an implanted retinal stimulator [8]–[10], a
2-D model of the human eye and head was used. A finite-differ-
ence time-domain method (FDTD) was employed to predict the
thermal effects of the implant. Although the authors expanded
the 2-D head-eye model to a 3-D model [11], [12], their study
was limited to a measurement of the in vivo temperature only
in the center of the dog’s eyeball. Their study did not show the
spatial distribution of the temperature in the tissue near the im-
plant. Also, as the position of the measurement probe was not
controlled precisely, the comparison of simulated and measured
temperatures might contain errors. According to their study, a
60-electrode retinal stimulator resulted in a maximum temper-
ature rise of 0.8 on the surface of the chip as it dissipated
a power of 12.4 mW. More recently, there has been a study re-
porting thermal effects of a single electrode used for deep brain
stimulation (DBS) [13]. Their numerical study predicted that
clinically used stimulation currents can induce temperature in-
creases up to 1 near the DBS electrodes.

To the authors’ knowledge, there have been no studies ad-
dressing the thermal consequences induced by the use of ac-
tive 3-D microelectrode implants integrated with electronic cir-
cuitry. In this study, the thermal impact of power dissipation by
implanted 3-D microelectrodes, specifically, the Utah electrode
array (UEA) [14], [15] was investigated using numerical anal-
ysis as well as experimental measurement. The UEA is a 3-D
silicon-based structure consisting of a 10 10 array of tapered
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Fig. 1. Scanning electron micrograph of the UEA.

silicon spikes, each with a base width of 80 and a length of
1.5 mm, as shown in Fig. 1. Currently, progress is underway
to turn the conventional wired UEA into a fully implantable
wireless device [16]–[19], in which all the necessary functional
components such as power source and signal processing and
telemetry electronics are densely integrated with the microelec-
trode array. The implantable electronic circuitry is embodied
in a custom designed integrated circuit (IC) [18], which ampli-
fies and processes detected neural signals, and transmits them to
an extracorporeal receiver. Since the integrated UEA/IC system
dissipates a certain amount of power during operation, it will
increase the temperature in surrounding tissues where it is im-
planted.

In Section II, the numerical and experimental methods will be
described to predict the temperature increases in the brain due to
power dissipation by the implanted UEA/IC integrated system.
In Section III, the developed numerical model will be first vali-
dated by in vitro and in vivo measurements of temperature rises.
Using the validated model, further numerical study will be per-
formed to investigate the spatial heat distribution, the effects of
blood perfusion and metabolic heat generation in the brain and
UEA geometry on the temperature increases. In Section IV, con-
clusions will follow.

II. METHODS

A. Numerical Analysis of Temperature Increases in the Brain
Due to an Implanted 3-D Microelectrode Array

1) General Description of Numerical Model: Heat transfer
from the implanted microelectrode array to its surrounding
tissue was simulated using the finite element analysis (FEA)
method. A finite element analysis software FEMLAB version
3.2b (Comsol Inc., Burlington, MA) was used. To model
the thermal transport induced by a 3-D microelectrode array
device, the so-called bioheat equation [20] was adapted. This
model includes heat conduction, the most important mechanism
of heat transfer within biomaterials [21], convection through
blood flow, metabolic heat generation in the tissue, and the
heat generation by the IC. In this study, only steady state heat
transfer was investigated since chronic temperature rises in the
tissue was of our interest. The tissues of interest were assumed
to be homogeneous and isotropic. Under these assumptions,

Fig. 2. (a) Modeling of the UEA and surrounding tissue for numerical simula-
tion. Zoomed-in cross sectional view of the integrated UEA/IC system and the
brain (b) not covered and (c) covered by the skull and scalp.

heat transfer is described based on the Pennes bioheat equation
[20], by

(1)

where , , , and are the mass density , specific heat
capacity , thermal conductivity , and tem-
perature (K) of tissue, respectively. The subscript represents
values of perfusing blood. represents time (s), the volume
flow rate of perfusing blood per unit volume ((ml/s)/ml), the
metabolic heat production in the tissue , and the
external heat source , i.e., heat generation by the IC.

To solve the differential equation (1), the boundaries of the
selected region except the surface exposed to the air was consid-
ered to be at body temperature, provided the volume to be ana-
lyzed is chosen to be sufficiently large. In this study, the volume
to be analyzed was selected to be 50 mm from the array location
in lateral (x-, y-) as well as vertical (z-) directions, as shown in
Fig. 2(a). At the surface contacting with air, it was assumed that
the heat transfer occurs in the form of free convection into air,
which is described as

(2)

where is the outward normal vector, the heat transfer coeffi-
cient , the external temperature (K), and and

the thermal conductivity and temperature (K) of
tissue, respectively. The temperature and the heat transfer
coefficient of air were assumed to be 24 and 5
[22], respectively. Heat transfer by radiation at the surface into
the air was neglected.
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The used FEM solver was stationary linear solver using con-
jugate gradients method with algebraic multigrid preconditioner
[22], [23]. The relative tolerance and maximum number of iter-
ation were set to be and 25, respectively.

2) Model Geometry: The implanted UEA/IC system was
modeled in a 3-D Cartesian (x, y, z) coordinate, as shown
in Fig. 2. The IC chip, as a heat source, was modeled to
have a uniform heat distribution throughout the volume of

. To reduce the calculation load to a level
that can be coped with by the computational resource, the con-
ical shape of electrodes was modeled as rectangular rods, each
having a diameter of 80 and a length of 1500 , although
preliminary simulations using reduced single electrode models
showed that with tapered electrode, the temperature rise was
10% greater than with rectangular electrode. Simulations using
reduced single electrode models also showed that a 3- -thick
Parylene layer that is used to insulate the electrodes of the UEA
[24] increases the temperature rise by 4% compared to the
model where no Parylene insulation was taken into account.
Based on this result and due to the fact that it requires tremen-
dous computational resource to calculate the thermal field of
geometries with a high aspect ratio, in which the dimensions of
the UEA and the insulation layer are different by 3 magnitudes
of order, the effect of the electrode insulation layer was not
considered in this study.

Two different models were used throughout this study: one
is to validate the numerical model with experimental measure-
ments, in which the UEA/IC system is not covered by the skull
and scalp, and exposed to the air [see Fig. 2(b)]; the other is to
simulate the actual implantation condition in the brain with the
skull and scalp present above the implant system [see Fig. 2(c)].
The thicknesses of the scalp and skull were assumed to be 3 and
5 mm, respectively [25], as shown in Fig. 2(c). The curvature
of the brain, skull, and scalp was not considered. For the brain
tissue, the thickness was selected sufficiently large to be able
to assume the temperature at the boundary of the selected re-
gion be equal to body temperature (37 ). The grey matter
and white matter were considered to have the same thermal
and physical properties. The cerebrospinal fluid (CSF) layer be-
tween the skull and the cerebral cortex was not considered due to
its relatively small thickness and the fact that the CSF likely acts
as a convection mechanism. This would take heat away from
heated tissue and as a consequence, the temperature rise using
the model without considering CSF can be assumed to be the
upper limit of maximum temperature increases.

By using mesh generation function embedded in FEMLAB
version 3.2b, mesh of the models was optimized to have errors
within 1% compared to the converged values using finer meshes,
as shown in Fig. 3. The optimized FEA models have 78 465
tetrahedral elements and 107 256 nodes for model Fig. 2(b) and
87 299 elements and 118 325 nodes for model Fig. 2(c), re-
sulting in a calculation time of about 60 s on a Sun X4100 server
(Sun Microsystems, Santa Clara, CA).

3) Material Properties: Biomaterials such as brain, bone, or
skin are usually inhomogeneous and anisotropic, and material
properties such as the thermal conductivity are widely varying,
depending on the measurement methods, measurement sites,
and the size of samples taken for measurements [21], [26]–[31].

Fig. 3. Example of mesh convergence test for the thermal model in Fig. 2(b)
used to predict temperature rises due to an active brain implant.

The material properties and physiological parameters of the tis-
sues used in our study were chosen from various literature and
are listed in Table I. The thermal conductivity, specific heat ca-
pacity, and mass density of tissues were mostly taken from [31],
which compiles a variety of data from different primary sources
[21], [26]–[30]. It is reported that the presence of blood perfu-
sion results in a slightly higher “effective” thermal conductivity
[29]. This means that the thermal conduction can occur more ef-
fectively when body fluid transports heat throughout the tissue.

The values for physiological parameters of tissues such as
blood perfusion rate and metabolic heat production also vary in
the literature [32]–[35]. In our study, the blood perfusion rates
were taken from [33], in which the values are presented in vol-
umetric flow rate per unit mass ((ml/min)/kg), and converted to
volumetric flow rate per unit volume ((ml/s)/ml). The metabolic
heat production was assumed to be 10 383, 26, and 1100
for brain, skull, and scalp, respectively [35]. Besides the tissue
properties, the physical and thermal properties of silicon, from
which the UEA and IC are made, are also listed in Table I.

B. Experimental Measurement

Besides the numerical study described above, in vitro experi-
ments were performed using a sample UEA. To mimic the heat
generation by the IC, a Ti/Pt micro heating element was de-
posited on the backside of the UEA, as shown in Fig. 4, so that
an amount of power can be supplied from an external power
source and dissipated through the microelectrodes. The micro-
heater element has a meander shape with a width/spacing of 70

and an effective area of , which is equivalent to
the area of the IC [18]. The thicknesses of the deposited metal
films were 50 nm for Ti and 600 nm for Pt. The electrical re-
sistance of the fabricated microheaters measured ,
which was comparable to the IC’s load [18]. Agarose gel (1.5%)
was used to simulate the brain tissue as it has a thermal conduc-
tivity of 0.6 [31], which is similar to that of the
brain. It was contained in a petri dish with 10 cm diameter and
5 mm depth. The UEA was inserted into the agarose gel so that
the heat was dissipated into the volume. An amount of power
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TABLE I
PHYSICAL AND PHYSIOLOGICAL PROPERTIES OF TISSUES AND ENGINEERING MATERIAL

USED IN THE SIMULATIONS [31], [33], [35], [36]

Fig. 4. Photograph of a UEA with a deposited Ti/Pt micro heating element on
the backside to mimic the heat generation by the integrated IC.

TABLE II
TECHNICAL SPECIFICATIONS OF THE IR THERMAL IMAGING

CAMERA USED FOR TEMPERATURE DETECTION

from an external source (SourceMeter 2400 from Keithley In-
struments, Cleveland, OH) was supplied to the micro heating
element through insulated Pt wires in a diameter of 125 .
3 of Parylene was deposited on the microheater in order to
protect the deposited metal trace and electrical contacts between
Pt wires and the heating element.

To detect the spatial temperature distribution on the array and
its surrounding medium, an infrared (IR) thermal camera (Ther-
maCAM PM390 from Inframetrics, currently FLIR Systems,
Wilsonville, OR) was used. The technical specifications of the
infrared camera are listed in Table II. The IR camera was cal-
ibrated before each set of measurements. To eliminate the dis-
tortion of thermal images due to different emission properties of
Pt heating element and Si substrate [37], [38], the surface of the
heating element was coated with thin black paint by spraying so
that the surface emission was assumed to be close to the ideal
black body. The thickness of the sprayed paint was measured to
be 14.8 . After coating, the electrical resistance remained the
same as before coating. During measurements, the temperature
of the dish containing agar gel and the UEA/heater system was
maintained constant in a thermally regulated water bath (En-
docal RTE-8DD from Neslab, Newington, NH). The tempera-
ture of the water bath was kept at 37 so that the temperature
at the boundary of the volume of agar gel was also kept at 37 .

Since the in vitro experiment employing agar gel cannot re-
flect the contribution of convection through blood perfusion,
which in fact plays a significant role in thermal regulation of
a living body, in vivo experiments were also performed. The
UEA/heater system was next implanted in the cerebral cortex of

Fig. 5. In vivo experiment using the UEA implanted in the cerebral cortex of
an anesthetized cat. Cortex of the cat remained exposed during measurements.

an anesthetized cat, as shown in Fig. 5. A small square opening
(about ) was made in the skull, and the dura was re-
moved. The cortex of the cat remained exposed during measure-
ments. The temperature on the surface of the UEA and cortex
was again measured in the steady state, using the IR thermal
imaging camera.

In both in vitro and in vivo measurements, five infrared im-
ages were taken at each level of power dissipation as the power
dissipation amount ranged from 0 to 40 mW, which covers three
times the range of possible power amounts dissipated though the
integrated IC [18]. The representative values of the temperature
distributed on the array surface were taken by spatial averaging
of the detected image data in postprocessing. The five spatially
averaged temperatures were again averaged at each power dis-
sipation level. Both in in vitro and in vivo conditions, two con-
secutive measurements were performed and the average values
of these two measurements are presented in Fig. 8.

III. RESULTS AND DISCUSSION

A. Experimental Validation of Numerical Model

An example of the calculated temperature distribution in the
electrode array and its surrounding tissue is shown in Fig. 6 for a
UEA/IC system that sits on the brain but not covered by the skull
and scalp [see model in Fig. 2(b)]. For the simulation, the IC was
modeled to dissipate a power of 13 mW, the maximum power
dissipation of the IC to be expected in full operation mode [18].
Examples of the thermal images of the surface of the UEA and
the surrounding medium are shown in Fig. 7 for both in vitro and
in vivo conditions. In experimental measurements, the influence
of the Pt lead wires on the heat transport was negligible since the
resistive loss in the wires was only 0.2% of that in the heating
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Fig. 6. Computed temperature distribution in the brain and the UEA/IC inte-
grated system. (a) Cross-sectional view and (b) top view on the brain surface.
Blood perfusion and metabolism in the brain were taken into account and the
body core temperature was 37 C. Temperature distribution was modeled for a
13 mW power dissipation, a maximum power amount expected to be dissipated
by the IC.

element itself. Also, the conductive heat loss through the lead
wires, which was observable in 2–3 mm of the soldered ends of
the wires (see Fig. 7), was negligible since the volume where
the heat transport occurs in the wires is much smaller than in
the UEA, i.e., roughly 0.5% of the volume of the UEA.

Fig. 8 shows the maximum temperature rise as a function
of the amount of power dissipation over the power dissipation
range expected for an integrated UEA/IC system. The plots are
from numerical simulations with and without considering per-
fusion, and from both in vitro and in vivo measurements. We an-
alyzed the temperature and temperature rise on the UEA as the
temperature in the surrounding medium such as tissue or agar
will be no greater than the UEA temperature (see Fig. 6). It is
also noteworthy that the measured temperature on the surface
of tissue or agar next to the UEA, as seen in Fig. 7, is not the
maximum temperature in the tissue [see Fig. 6(a)].

Numerical calculation using the model of a UEA/IC system
that is not covered by the skull and scalp as shown in Fig. 6 pre-
dicted that the temperature increases linearly with power dis-
sipation, with a slope of 0.089 when no blood perfu-
sion is considered and 0.051 when blood perfusion is
taken into account. The temperature increases were measured
to be 0.067 for in vitro and 0.050 for in vivo

Fig. 7. Thermal images of the surface of the UEA and surrounding medium in
(a) in vitro (agarose gel) condition with no power and (b) with 13 mW power
dissipation, (c) in vivo (cerebral cortex of a cat) condition with no power and
(d) with 13 mW power dissipation.

Fig. 8. Temperature increase in the UEA obtained from numerical simulations
and from both in vitro and in vivo measurements as a function of power dissi-
pation through the UEA.

conditions. Note that the amount of temperature rise with the
increase of power dissipation was taken from the fitted lines in
Fig. 8 showing the significant digits of 0.001 while the mea-
sured temperatures were taken with a resolution of 0.1 . Both
in vitro and in vivo measurements were well within the compu-
tationally predicted limits; the minimum temperature increase
when blood perfusion was taken into account and the maximum
temperature increase when no perfusion was considered. From
the numerical simulation, blood perfusion in the brain decreased
the temperature rise by 42% compared to the case of no blood
perfusion. The numerical simulation taking the blood perfusion
into account and the measurement were in good agreement with
an error of 2.5% for the in vivo and 29% for the in vitro mea-
surements. The in vivo measurement showed a 22% lower tem-
perature increase than the in vitro measurement, reflecting the
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Fig. 9. (a) Temperature increase on the surface of the array and surrounding
tissue due to power dissipation through the implant, normalized with maximum
temperature rise that occurs at the center of the implant. Distance (along the x
axis) is normalized with half the side length of the array, representing the center
of the array at x = 0 and the edge of the array at x = 1. (b) Temperature in-
crease in the tissue along with the electrode length, normalized with maximum
temperature rise that occurs on top of the implant. Distance from the brain sur-
face (along the x axis) is normalized by the electrode length, representing the
electrode length from x = 0 to x = 1. Negative x axis represents the height of
the UEA’s base plate and the integrated IC [see Fig. 2(b) or (c)].

effect of the blood circulation in the brain removing heat away
from the implanted tissue.

The good agreement of the simulated and measured results
shown in Fig. 8 indicates that this numerical method can be
used to further analyze the thermal impacts of the implanted
microelectrode array in parametric study.

B. Numerical Results

1) Spatial Heat Distribution: Both numerical simulations
and measurements employing thermal image detection on the
surface of the implant system and surrounding medium sug-
gest that only a narrow region near to the array is thermally
affected by power amount dissipated through the active UEA

Fig. 10. Computed temperature increase in the UEA as a function of blood
perfusion rate and metabolic heat generation.

implant (see Figs. 6 and 7). Fig. 9 shows the simulated tempera-
ture rise as a function of distance from the implant, both laterally
and vertically. Fig. 9(a) shows that the temperature increase on
the surface of the surrounding tissue away from the implant by
half the implant size is 12% of the maximum temperature rise
that occurs in the implant. In Fig. 9(b), the heating effect along
with the electrode length deep in the tissue is simulated. In the
tissue away from the brain surface by 2 and 3 times the elec-
trode length, the temperature rise is 36% and 12%, respectively,
of the maximum temperature increase which occurs on top of
the implant system.

2) Influence of Blood Perfusion and Metabolic Heat Genera-
tion: The results of Fig. 8 show that both numerical and exper-
imental temperature rise observations were lower when blood
perfusion was taken into account, by 42% from numerical sim-
ulation and 22% from measurement. In Fig. 10, the influence of
the blood perfusion rate and metabolic heat generation on the
temperature increase was simulated. Without blood perfusion,
the maximum temperature increase was 0.089 . When
the blood perfusion of the brain was 0.009(ml/s)/ml, the tem-
perature increase was 0.051 regardless of the metabol-
ically generated heat amount. It is observed that the metabolic
heat production in the brain does not greatly affect the temper-
ature increase while the blood perfusion affects it significantly.

3) Influence of the Presence of Scalp and Skull Covering the
Implant and the UEA Geometry: The temperature increase due
to a fully implanted UEA device covered by the skull and scalp
[see the model Fig. 2(c)] was simulated, as shown in Fig. 11.
The maximum temperature increase using this fully implanted
model resulted in 0.029 , while it was 0.051
when the UEA was not covered by the skull and scalp (see
Fig. 2(b) for the used model and Fig. 6 for the simulated re-
sult). When the UEA, as a heat source, is covered by thermally
conductive medium such as skull and scalp, heat can be trans-
ported to the surrounding medium more efficiently. Thus, the
maximum temperature on the UEA decreases.

Next, the thermal influence of the 100 electrodes of the UEA
was numerically simulated, as shown in Fig. 12. The tempera-
ture increase was 0.031 when no electrodes exist (see
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Fig. 11. Computed temperature distribution when the UEA is implanted in the
cerebral cortex and covered by the skull and scalp. (a) Cross-sectional view and
(b) top view on the brain surface.

Fig. 12. Cross-sectional view of the computed temperature distribution when
the UEA has no electrodes, to see the influence of the multiple electrodes of the
UEA.

Fig. 12) while it was 0.029 when 100 electrodes exist
(see Fig. 11). The 100 microelectrodes increase the surface area
of the UEA by 38%. Due to the increase in surface area con-
tacting with the tissue through the 100 electrodes, the tempera-
ture increase was 6% less than the case where no electrodes are
included. However, the increase in surface area through mul-
tiple microelectrodes does not affect the temperature rise sig-
nificantly because the electrodes are populated so densely in a

small volume that the thermal gradient within the volume is not
that high.

IV. CONCLUSION

In this study, the thermal impact of a powered 3-D UEA, im-
planted in the brain for cortical neural signal recording, was in-
vestigated using FEA simulations and experimental in vitro and
in vivo measurements. The numerical simulation using a model
of the UEA that is not covered by the skull and scalp predicted
that the temperature increases linearly with power dissipation
through the UEA, with an amount of 0.051 . The nu-
merical simulation was validated through in vitro and in vivo ex-
periments by noninvasive temperature detection employing an
IR thermal camera. The numerical calculation and experimental
measurement were in good agreement. Using this experimen-
tally validated numerical model, the temperature increase due to
power dissipated by the UEA implanted in the brain and covered
by the skull and scalp was predicted to be 0.029 . This
corresponds to a temperature increase of 0.38 for a power
dissipation of 13 mW through the UEA, which is the maximum
power dissipation expected by the integrated IC for our applica-
tion. These results implicate that the temperature increase due
to power dissipated by a 3-D UEA system implanted in the brain
is in a safe range, i.e., lower than the 1 range that is stated as
the allowable temperature increase in the literature.

The spatial distribution of tissue heating, the influences of
blood perfusion, metabolic heat production in the brain and
UEA geometry on the temperature increase were quantitatively
investigated using the developed numerical model. Although
this study focuses on a specific microelectrode structure, the
developed numerical model and methodology can be used to
predict tissue heating due to other electrode implants of dif-
ferent geometries, by modifying the geometry of the numerical
model.

The use of an IR camera to detect the temperature of the UEA
system implanted in the tissue has the advantage that it is nonin-
vasive, and thus allows the measurement of temperature without
causing any artifacts such as bleeding that is inevitable when a
temperature probe is inserted in the tissue. With this method,
however, it is not possible to detect the temperature in deep tis-
sues since it detects only surface temperatures. Also, this tech-
nique cannot be used to measure temperatures when the skull
covers the implanted system. In order to gain such information,
we plan to monitor the temperature of the neural interface de-
vice during operation, using an on-chip temperature sensor.
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