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Abstract: The functional longevity of a neural probe is dependent upon its ability to minimize injury
risk during the insertion and recording period in vivo, which could be related to motion-related strain
between the probe and surrounding tissue. A series of finite element analyses was conducted to
study the extent of the strain induced within the brain in an area around a neural probe. This study
focuses on the transient behavior of neural probe and brain tissue interface with a viscoelastic model.
Different stages of the interface from initial insertion of neural probe to full bonding of the probe
by astro-glial sheath formation are simulated utilizing analytical tools to investigate the effects of
relative motion between the neural probe and the brain while friction coefficients and kinematic
frequencies are varied. The analyses can provide an in-depth look at the quantitative benefits behind
using soft materials for neural probes.

Keywords: neural electrodes; brain; finite element analysis; viscoelasticity

1. Introduction

Various neural probes have been developed for neuro-chemical and electrical signal sensing
inside the brain [1–9]. By using chronically implanted probing devices, single neural cell and/or
multi-neural ensemble recording could be available over a long period of time. Efforts continue
to enhance the yield and longevity of chronic neural recordings in laboratory animals. Even with
successful implementation of neural sensing devices in the brain, it is important to address longevity
issues in chronic neural recording. The recording capabilities of microelectrodes have been mostly
limited to a few months; they then degrade over time due in part to neuronal cell degeneration and
cell layer formation on the electrodes from the inflammatory immune response caused by the chronic
implantation and operation [10,11]. It is reported that the inflammatory response to mechanical
impact also gives rise to Interleukin-1β, a proinflammatory cytokine derived from the caspase-1
enzyme [12,13]. Recent studies have shown a promising result for pharmacologic intervention that
proves that the recording capabilities of electrodes can be improved by blocking caspase-1 activity [14].

To mitigate cellular and molecular response to the implanted probe, various materials and
designs of neural probes and the local delivery of anti-inflammatory drug have been investigated to
enhance electrode longevity [15–19]. Some other approaches such as nerve growth factor application
or rejuvenation process using electrical pulses may be another useful strategy to prolong the lifetime of
chronically implanted microelectrodes [20–22]. Many researchers have focused on using soft materials
to mediate tissue and cell damage from mechanical motion in the brain [18,19].

While silicon and metal probes have traditionally been utilized for neural sensing applications, soft
polymer materials may have an advantage due to their greater flexibility and biocompatibility [18,23,24].
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One major problem that occurs when interfacing neural probes and brain tissue is related to the large
difference in Young’s Modulus (105–107 Pa) between them [25]. During chronic recording, the brain is
subjected to movement brought upon by external motion of the body due to cardiac pulse, breathing,
rapid head movement or impact collision. The difference in material stiffness between the brain and
the probe makes the brain microvasculature and neural cells more susceptible to mechanical damage
such as glial scarring. To mitigate these damage mechanisms, it is advantageous to design a probe that
will minimize damage to the brain by limiting relative motion between the embedded neural probe and
brain tissue, and ultimately enhance the quality of neural sensing and functional lifetime of the probe.

There have been several research efforts to implement materials with stiffness values close to
that of brain tissue [26–31]. In Kim’s research, hydrogel coatings were applied to surface of neural
electrodes for better integration and mechanical buffering between the electrodes and neural tissue.
Kipke’s group tested Polydimethylsiloxane (PDMS) probes in an agarose in vitro brain model using stiff
silicon insertion shuttles that can resolve a conflicting issue of precise implantations and mechanical
softness. A composite neural probe with Parylene-C and polyethylene glycol (PEG) with integrated
microfluidic channels was investigated. In this approach, PEG inside the microchannels makes the
probe stiff and allows for precise positioning of the probe into a cortex. The PEG dissolves upon
insertion into the brain resulting in a mechanically soft structure. Work continues in this area to
quantify the mechanical compliance of softer probes for coupling with the brain.

To aid in increasing longevity of neural probes, previous research using finite element analysis
has addressed the effects that micromotion can have on the brain when an embedded neural probe
is present using different coatings and probe material properties [12,32–35]. Studies have also been
conducted examining the brain tissue over a period of weeks using embedded probes of varying
stiffnesses [36]. However, the analyses have been largely limited to static deformation, and limited
research has been performed to understand the effect of transient motion, or frequency, on the brain.
The effects of transient motion have been studied by Zhang [37], who only looked at the brain’s
response to a silicon probe during the motion. Time history displacement test data was acquired from
Differential Variable Reluctance Transducers (DVRT) that were placed on the surface of anesthetized
rat brains [38,39]. The displacements recorded in the brain due to respiration can range between 2 and
25 µm while the frequencies corresponding to those displacements are approximately 1–2 Hz [38,39].
Likewise, the displacements corresponding to cardiac pulse are slightly lower at 1–4 µm [38,39] with
frequencies reaching up to 5 Hz. These measurements were taken with the brain exposed and a portion
of the skull removed.

The major interest of this study is to investigate the transient motion of the brain with frequencies
between 1 and 40 Hz applying mechanically-compliant materials for a neural probe and illustrate the
post-insertion behavior of the probes during head movements that are likely to produce significant
micromotion between the probes and surrounding brain tissue. While rat physiology will be employed
in the studies, the frequencies are chosen such that practical applicability to humans can be extrapolated.
For example, the frequencies in humans that can be generated within the head during walking can
reach approximately 24 Hz at resonance [40]. Previously, transient frequencies at 1 and 5 Hz and
Young’s Moduli ranging from 165 GPa (silicon) to 6 MPa were considered [41]. The latter was driven
by a finding shown in Lee [33] showing silicon microelectrodes to be capable of producing strains
up to approximately 25% within the brain under a 1 µm longitudinal static displacement during
initial insertion, or no coupling between the probe and the brain. The present study, using Finite
Element Analysis techniques, covers a full range of friction coefficients to simulate different events in
the probe implantation period from initial insertion to bonding, as represented by the formation of
microglia/microphages around the implant site.

The intention of this study is to capture the interaction of the probe onto the brain due to
relative micromotion. The configuration assumes that the probe being fixed to the skull complies
with conventional animal experimental conditions using depth probes. It is expected that the relative
motion between the probe and the brain still occurs [42] despite being enclosed in the skull where
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micromotion may be more inhibited. The outcome of this configuration can be applied and useful for
future analysis of floating electrodes on the cortical surface including the cerebrospinal fluid within a
hydrostatically sealed cranial structure. Since the state-of-the-art is gravitating towards manufacturing
mechanically compliant neural probes to increase its longevity, a low modulus value of 200 kPa
resembling hydrogel-type materials is studied and compared with a traditionally used silicon probe in
the assessment of mechanical mismatch reduction between the probe and the brain.

2. Materials and Methods

The same quarter-symmetry finite element model (FEM) and boundary conditions described
in [41] were utilized for this study. Quarter-symmetry boundary conditions assume that, in a full-scale
representation, all kinematic motion and behavior from the interaction between the probe and the
brain is mirrored along all symmetry planes, and has been utilized in previous studies [33,34,36,37].
The probe dimensions for the Michigan electrode were taken for our study and are described in [33],
which represents a typical geometric representation of a silicon microelectrode. The probe was assumed
to be placed in the center of a full brain model. Accordingly, the dimensions of the probe for the
quarter-symmetry model were 7.5 µm thick, 60 µm wide, and 3000 µm long (note that both the
half thickness and half widths were modeled in accordance with quarter-symmetry dimensions).
Since microelectrodes can record from neurons within a radius of approximately 140 µm radius from
the implant site [43], and damage due to micromotion could occur in cells within a 60 µm radius [25],
the dimensions were chosen to be much greater than 140 µm to sufficiently capture deformation
patterns within the brain. Thus, the dimensions of the brain model are 750 µm wide, 750 µm thick
and 5000 µm long. The model contained a total of 11,860 elements and 14,794 nodes. A mesh bias was
applied to concentrate the higher element density towards the interface between the brain and the
probe, where the maximum deformation was expected to occur.

The nonlinear transient finite element code LS-DYNA [44] Version 971 R6.0 was utilized since
the nature of the micromotion profiles was transient. A reduced integration formulation for solid
elements [45] in LS-DYNA was utilized to characterize elements in both the probe and the brain.
Using traditional contact definitions [46] within the software, three coefficients of friction were chosen
for the simulations: 0.3, 0.6, and 1. The coefficients were chosen to simulate different periods of time
for the probe to brain interface. A coefficient of friction of 0.3 signifies a period of initial insertion, or no
coupling, a coefficient of 0.6 simulates increased, yet loose, bonding of the probe to the brain due to
microglia formation, while a coefficient of 1 represents full bonding denoted by the microglia formation.

An elastic formulation on the probe was employed for the 200 kPa Young’s Modulus similar to the
property of some hydrogels (v = 0.33), while a rigid formulation was employed for the silicon probe
to prevent allow for quicker run times in LS-DYNA (E = 165 GPa, v = 0.22). These property values
for silicon were the same values utilized in Lee [33]. A literature survey on properties conducted by
Yang [47] highlights the various methods researchers have used to characterize the brain, including
hyperelastic [48], elastic, and viscoelastic [49–52] formulations, sometimes with user-defined material
models [52,53]. For our application, a linear viscoelastic material model with properties acquired
from [54] for head impact studies was used to characterize the brain since small displacements on the
order of tens of micrometers were included in our modeling. The material properties utilized for the
brain can be found in Table 1. The shear behavior for a linear viscoelastic model is characterized using
the following constitutive equation as a function of time: G(t) = G8 + (Go ´ G8)e´βt, where β is the
decay constant, while being elastic in compression. The bulk modulus utilized here has been derived
from testing [55] and has been commonly used for brain injury research. The shear properties utilized
for this study account for the stiffness in the brain due to ventricles, and, as stated by [56], the ratio
between bulk and shear moduli is approximately 105, to define the incompressible nature of the brain
and its low stiffness in shear. As the intent of this study is to capture the interaction of the probe onto
the brain solely due to relative micromotion, cerebrospinal fluid was absent from the analyses at this
time for simplicity and comparative analysis with previous studies.
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Table 1. Brain viscoelastic material properties.

Density
(kg/mm3)

Bulk Modulus
(GPa)

Short-term Shear
Modulus, Go (kPa)

Long-term Shear
Modulus, G888 (kPa)

Decay constant, β
(m¨ s´1)

Brain 1.05 ˆ 10´6 2.1 10 2 0.08

The top surface of the probe was fixed to represent an attachment of the neural probe to the skull.
All input pulses were applied to the bottom surface of the brain in accordance with micromotion
propagation onto the probe. The frequencies chosen and applied in the analyses, ranging from 1 Hz to
40 Hz, are most pertinent to the transient motion brought upon by rigorous motion that has the neural
probe embedded in their brain. For this study, a low magnitude displacement of 4 µm was chosen
to cover the 1–40 Hz frequency range being considered for the transient analyses. Only longitudinal
motion was considered for the analyses since it has been shown to inflict greater injury by the probe
during mechanical motion [33,34,37]. To assess the behavior of the brain at higher frequencies over
time, the cases were run for three cycles using the 4 µm magnitude using a less stiff probe (200 kPa)
over the 1–40 Hz frequency range. Due to long run times as a result of higher moduli associated with
the probe, analyses using the silicon probe were relegated to only one cycle of motion. The intent was
to capture the deformation of the brain at peak displacement after the probe has been inserted into the
brain, as maximum strain was expected to take place at the initial period of displacement such as the
onset of head impact.

3. Results

Both Von Mises stress and strain were examined in the analyses to take into account the combined
compression-extension and shearing that takes place along the probe interface during brain motion.
Stress and strain values were acquired for FEM elements that are adjacent to the interface, expecting
that the deformation would be greatest in this region of the brain. Tables 2 and 3 show the side
stresses and strains at the tip of the probe-brain interface at maximum displacement of the brain
for the first motion cycle using various friction coefficients for both probes. The stresses increase
monotonically with the applied displacement frequency by over 1000 Pa. Values in the tables show two
things: differences in stress and strain values over various degrees of probe/brain coupling, and peak
deformation values converge as bonding increases along the interface. In addition, the stress level is
kept relatively steady and small compared to silicon when Young’s Modulus is reduced to 200 kPa
over the frequency range of 1 to 40 Hz. Over lower frequencies, the softer probe exhibits high stress
and strain levels compared to the characteristics at higher frequencies due to a conversion of brain
kinetic energy to strain energy in the probe. Around 20–30 Hz, however, a slight increase is seen due
to an increase in impulsive effects between the probe and the brain, though the levels never reach as
high as those seen around 1–5 Hz. The relative reduction in stress and strain compared to silicon does
not go below approximately 95% over the 1–40 Hz frequency range compared to silicon.

Table 2. Maximum stress side interface values for 165 GPa (silicon)/0.0002 GPa probe at the tip.

Frequency Interface Stress (Pa)
with 0.3 COF

Interface Stress (Pa)
with 0.6 COF

Interface Stress (Pa)
with 1 COF

1 Hz 325/14.7 304/6.62 291/3.92
5 Hz 607/12.9 570/5.27 545/2.92

10 Hz 857.5/11.6 813/3.7 764/2.96
15 Hz 1010/10 955/3.38 906/3.46
20 Hz 1149/9.3 1080/4.02 1011/3.67
30 Hz 1310/10 1230/5.06 1146/4.79
40 Hz 1400/10.8 1350/6.2 1260/5.53
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Table 3. Maximum strain side interface values for 165 GPa (silicon)/0.0002 GPa probe at the tip.

Frequency Side Interface Strain
with 0.3 COF

Side Interface Strain
with 0.6 COF

Side Interface Strain
with 1 COF

1 Hz 0.0503/2.14e´3 0.0474/1.03e´3 0.0448/5.67e´4
5 Hz 0.052/1.45e´3 0.049/6e´4 0.0463/3.29e´4

10 Hz 0.0529/9.38e´4 0.0497/3.27e´4 0.0472/2.3e´4
15 Hz 0.0535/7.11e´4 0.05/2.58e´4 0.0478/2.08e´4
20 Hz 0.0539/5.91e´4 0.0511/2.42e´4 0.0487/1.94e´4
30 Hz 0.054/5.24e´4 0.0514/2.42e´4 0.0487/2.06e´4
40 Hz 0.0583/5.05e´4 0.0552/2.74e´4 0.0515/2.33e´4

The effect of frequency change and adhesion on stress and strain can be found in Figures 1 and 2,
all shown for the first cycle of motion for the 200 kPa probe. The hysteresis loop, shown for a friction
coefficient of 0.6, encompasses a wider range of stress and strain at lower frequencies due to a longer
time of contact between the probe and the brain during the first cycle and returning close to its original
state. As the frequency increases to 20 Hz, the stress levels decrease compared with 5 Hz, possibly due
to strain energy being absorbed by the soft probe as a result of the kinetic energy increase. Sinusoidal
effects are present due to the increased presence of friction along the probe-brain interface. However,
when the frequency reaches 40 Hz, the stress levels increase again, possibly due to inertial effects
being present, leading to increased indentation with larger kinetic energies present. The strain levels
also end at the same values before undergoing another cycle of motion. A low friction coefficient
(COF = 0.3) unsurprisingly exhibits high stresses and strains before settling at a strain value during the
first cycle. However, once the friction coefficient reaches 0.6, the stress and strain behavior is nearly
similar to that with a friction coefficient of 1, or total bonding. This behavior suggests similarity with
other degrees of bonding once it has been achieved. The strain, or deformation, energy in the 200 kPa
probe is shown in Figure 3. The energy increases directly both with friction, or the degree of interface
bonding, and frequency in the brain as work done by friction acts to resist the motion in the brain in
creating increased deformation. The silicon probe is not shown as the strain energy was shown to be
negligible due to its relatively high stiffness.
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Figure 1. Stress vs. Strain for a 4-micron amplitude at various applied frequencies using a coefficient of
friction (COF) of 0.6.
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Figure 3. Strain Energy in the 200 kPa probe as a function of friction coefficient and frequency.

Fringe plots for the brain at peak strain levels can be found in Figure 4 for the 20 Hz applied
displacement frequency. The strain levels scale goes to 0.001 while the stress levels scale goes to
1 ˆ 10´7 Pa. This is not a reflection of the peak stresses and strains that occur during the duration
of the displacement cycle, but was chosen to show how the distributions are distributed at peak
displacement. The deformation profiles when the Young’s Moduli of silicon and 200 kPa are employed
are shown. As the Young’s Modulus of the probe decreases, the deformations of the brain also decrease
around the tip region and do not spread out as far from the interface, eventually showing negligible
deformation around the tip when Young’s Modulus is 200 kPa. It is noted also that the stresses and
strains exhibit linear behavior until reaching the taper at position 2.3 mm, where both compression
and shear deformations occur and exhibit their highest values. Sinusoidal effects are present in the
traces due to the coupled role of friction and probe strain energy during motion of the brain.

A time history of strain element response in the tip region, as far away as approximately 73 microns
from the interface and 164 microns from the actual tip of the probe, can be found in Figures 5 and 6 for
both silicon and the probe with 200 kPa Young’s Modulus at 5 Hz and 4 microns to depict the brain
response, or deformation levels from the probe, during vascular pulsation. Each output is compared
with the input micromotion profile. The elements graphed are highlighted in Figure 7. The graphs
show that the highest strain level occurs near the interface where the probe tip is located (denoted
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in red as x = 0 and y = 0) and decreases the farther away one gets from the interface. The locations
plotted in Figures 4 and 5 are denoted by numbers 1–4 in Figure 6. The strain level is highest at
approximately 50 ms, when the pulse reaches its amplitude before decreasing. A discontinuity is
shown at approximately 90 ms within the simulation for a silicon probe in Figure 4, which signifies
that the probe is still in contact with the brain for a short duration as it changes direction in motion.
The discontinuity is not seen in the graphs; however, for the softer probe (200 kPa), indicating that the
probe is soft enough to absorb the energy from brain micromotion and would not result in contact with
the tip for extended periods of time. Compared with use of the silicon probe, the brain experiences a
time lag in peak deformation using a softer probe due to energy absorption within the probe during
motion. As the silicon probe deformation is negligible, peak deformations in the brain do not lag with
respect to time.

Biosensors 2016, 6, 27 7 of 13 

discontinuity is shown at approximately 90 ms within the simulation for a silicon probe in Figure 4, 

which signifies that the probe is still in contact with the brain for a short duration as it changes 

direction in motion. The discontinuity is not seen in the graphs; however, for the softer probe (200 

kPa), indicating that the probe is soft enough to absorb the energy from brain micromotion and 

would not result in contact with the tip for extended periods of time. Compared with use of the 

silicon probe, the brain experiences a time lag in peak deformation using a softer probe due to 

energy absorption within the probe during motion. As the silicon probe deformation is negligible, 

peak deformations in the brain do not lag with respect to time. 

  

(a) (b) 

Figure 4. Strain distribution of the brain using a micromotion displacement of 4 µm and interfaced 

with a (a) silicon probe and (b) 200 kPa stiff probe. 

 

Figure 5. Von Mises Strain versus time along the interface of the Silicon probe with the brain. 

Figure 4. Strain distribution of the brain using a micromotion displacement of 4 µm and interfaced
with a (a) silicon probe and (b) 200 kPa stiff probe.

Biosensors 2016, 6, 27 7 of 13 

discontinuity is shown at approximately 90 ms within the simulation for a silicon probe in Figure 4, 

which signifies that the probe is still in contact with the brain for a short duration as it changes 

direction in motion. The discontinuity is not seen in the graphs; however, for the softer probe (200 

kPa), indicating that the probe is soft enough to absorb the energy from brain micromotion and 

would not result in contact with the tip for extended periods of time. Compared with use of the 

silicon probe, the brain experiences a time lag in peak deformation using a softer probe due to 

energy absorption within the probe during motion. As the silicon probe deformation is negligible, 

peak deformations in the brain do not lag with respect to time. 

  

(a) (b) 

Figure 4. Strain distribution of the brain using a micromotion displacement of 4 µm and interfaced 

with a (a) silicon probe and (b) 200 kPa stiff probe. 

 

Figure 5. Von Mises Strain versus time along the interface of the Silicon probe with the brain. Figure 5. Von Mises Strain versus time along the interface of the Silicon probe with the brain.



Biosensors 2016, 6, 27 8 of 13
Biosensors 2016, 6, 27 8 of 13 

 

Figure 6. Von Mises Strain versus time along the interface of the 200 kPa stiff probe with the brain. 

 

Figure 7. Element locations along interface tip for time history traces corresponding to graphs in 

Figures 5 and 6. 

Finally, examples of stress and strain behavior over multiple cycles of motion can be seen for a 

200 kPa probe in Figure 8 for a 4 µm displacement pulse at both 5 Hz and 40 Hz for a COF of 0.6. At 5 

Hz, the stress and strain behavior is almost identical between the initial and third cycles, indicating 

that the kinetic energy from the brain is not sufficient to produce deformations higher than its initial 

value. At 40 Hz, the stress levels are higher, but also the strains are not as high as they are at lower 

frequencies due to the strain energy of the probe becoming more prevalent with the increase of the 

brain’s kinetic energy. The traces also indicate the role that strain relaxation time plays between 

indentation cycles and their contribution to the strain experienced within the brain. 

Figure 6. Von Mises Strain versus time along the interface of the 200 kPa stiff probe with the brain.

Biosensors 2016, 6, 27 8 of 13 

 

Figure 6. Von Mises Strain versus time along the interface of the 200 kPa stiff probe with the brain. 

 

Figure 7. Element locations along interface tip for time history traces corresponding to graphs in 

Figures 5 and 6. 

Finally, examples of stress and strain behavior over multiple cycles of motion can be seen for a 

200 kPa probe in Figure 8 for a 4 µm displacement pulse at both 5 Hz and 40 Hz for a COF of 0.6. At 5 

Hz, the stress and strain behavior is almost identical between the initial and third cycles, indicating 

that the kinetic energy from the brain is not sufficient to produce deformations higher than its initial 

value. At 40 Hz, the stress levels are higher, but also the strains are not as high as they are at lower 

frequencies due to the strain energy of the probe becoming more prevalent with the increase of the 

brain’s kinetic energy. The traces also indicate the role that strain relaxation time plays between 

indentation cycles and their contribution to the strain experienced within the brain. 

Figure 7. Element locations along interface tip for time history traces corresponding to graphs in
Figures 5 and 6.

Finally, examples of stress and strain behavior over multiple cycles of motion can be seen for
a 200 kPa probe in Figure 8 for a 4 µm displacement pulse at both 5 Hz and 40 Hz for a COF of 0.6.
At 5 Hz, the stress and strain behavior is almost identical between the initial and third cycles, indicating
that the kinetic energy from the brain is not sufficient to produce deformations higher than its initial
value. At 40 Hz, the stress levels are higher, but also the strains are not as high as they are at lower
frequencies due to the strain energy of the probe becoming more prevalent with the increase of the
brain’s kinetic energy. The traces also indicate the role that strain relaxation time plays between
indentation cycles and their contribution to the strain experienced within the brain.
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4. Discussion

Using state-of-the-art tools in Finite Element Analysis, an examination of the behavior of structures
under various loading conditions can be performed, providing insight on what parameters are
important when designing neural probes. For this problem, researchers have been looking at ways to
reduce the strains seen at the tip of the probe along the brain tissue interface as a result of mechanical
mismatch between the neural probe and brain tissue. The results presented attempt to provide guidance
on what is needed to avoid injury to the brain around the probe tip resulting from mechanical motion
of the brain. To the authors’ knowledge, the transient aspects of motion within the brain utilizing
materials for the probe compatible to the brain had not yet been addressed, and, in conjunction,
the benefit probes with lower Young’s Moduli play in providing strain relief under different motion
profiles was investigated in this study. Through incorporation of frequency, the study offers a more
realistic approach to examining the probe to brain interface over time due to micromotion.

The aim of the analysis was to show the motion in the first few moments after the onset of
mechanical impact during various stages of probe insertion. The brain tissue was presumed to be
more vulnerable to the mechanical damage during the initial period of interface. By utilizing probes
closely resembling mechanical characteristics of the brain, the deformation levels can be reduced as
highlighted by the scenarios in this study. A Young’s Modulus of 200 kPa was examined as it was
hypothesized that strain levels at the tip region of the brain could be alleviated. These values for the
probe were tried in several research efforts by implementing hydrogel materials [27,28]. Over time,
while the strain levels may continuously build up, in any micromotion profile, they are considered
miniscule enough using softer probes that they likely would not cause any injury to surrounding
tissue, as evidenced by the hysteresis plots presented. A limitation of the study included run times
that ranged between eight hours to over a day depending on the frequency employed to run the
models on four CPUs. In addition, while some of the micromotion profiles applied were based on
previously conducted rat experiments [34,35,38,39], overall the analyses provide an approximation on
the implications movement from pulsation, breathing, and walking can have on a human patient.

Introducing different friction coefficients to simulate bonding between the probe and the brain
also provides insight as to how the brain is affected over the period of implantation with respect to
frequency and Young’s Modulus. In the event that the brain undergoes rigorous motion due to walking
or head movement, more energy can be absorbed by the probe as the degree of bonding increases over
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time due to better material compatibility. In addition, the simulations suggest that once bonding is
introduced, the strain levels, or potential for scarring, decrease significantly compared with scenarios
where the probe has initially been implanted into the brain and the damage to tissue is more imminent.
However, as astro-glial sheath formation can occur as early as approximately 2 to 4 weeks after initial
insertion into the brain [57], the probe’s ability to record neuronal activity can diminish from separation
between neural spike sources and sensing electrodes on the probe [58,59]. To facilitate bonding to the
brain during implantation, a coating around the probe can help in alleviating deformation levels as
suggested in Lee and Subbaroyan [33,34].

It should be noted that a linear viscoelastic formulation was utilized to characterize the brain in
this study. Previous research investigated the effects of micromotion [33,34] using small displacements
(1–4 µm) in the static regime, accordingly characterizing the brain using an elastic formulation.
However, when dealing with variable strain rates and transient, or impact, motion, it is most
appropriate to characterize the brain using either a viscoelastic or hyperelastic formulation to
effectively capture brain deformation under different micromotion profiles primarily due to shearing
from the probe.

The analyses presented provide an initial step in validating the interfacial effects between
the probe and the brain in accordance with physics due to relative brain motion. More in-depth
examinations on the effects of cerebrospinal fluid on interaction between the probe and the brain can
be conducted in the future as it is expected to dampen motion when the fluid fills the voids within the
brain. Moreover, application of a lower probe Young’s Modulus in the analyses serves as a precursor to
wider applications in neural probe design. Future studies can be extended to include transient models
incorporating stiffer probes integrated with softer materials such as Silk, PEG, or Polydimethylsiloxane
(PDMS), as a surface coating layer of probe or a bioresorbable backing structure. Using a viscoelastic
model for the brain and exploring material alternatives for neural probes provides insight for a next
generation of neural interface technology. In the future, boundary conditions can be modified to
model an untethered probe in the cerebral cortex for chronic recordings in human and large animal
applications in an air-tight seal skull condition, which incorporates a dominant tangential component
of deformation, or an electrode tethered to the skull by way of a flexible cable [42].

5. Conclusions

A series of transient brain motion profiles were employed and the assessment of mechanically
compliant neural probes examined at the interface between the probe and brain tissue was completed.
The frequency was varied between 1 and 40 Hz to determine the behavior of the rat brain under
mechanical motion as a result of various motor functions such as vascular pulsation, respiration,
and walking. The cases were run to three cycles of motion using a probe Young’s Modulus of 200 kPa
as running multiple cycles resulted in negligible change in stress and strain. Deformation levels in the
brain start converging when bonding becomes more present along the interface, as simulated with
higher friction coefficients. The stress-strain profiles also differed vastly between motion cycles as
frequencies increased while low deformation levels were maintained. By applying transient pulses,
the interaction between the probe and the brain as the kinetic energy varies was examined, and revealed
the importance of strain relaxation within the brain on deformation levels between indentation cycles.
Furthermore, at least a 95% reduction in stress and strain was present at the tip when a 200 kPa Young’s
Modulus was utilized for the probe, highlighting the importance of using probes mechanically similar
to that of the brain to reduce long-term injury to surrounding tissue.

Acknowledgments: Special thanks are expressed to Douglas McCreery for his sincere comments on this work.
This work is partially supported by the NSF-CREST Grant (HRD 1036494) and the NSF-RISE Grant (HRD 1345215).

Author Contributions: Both Michael Polanco and Sebastian Bawab conducted the transient analyses of the neural
probe to brain tissue interface and analytical data acquisition. Hargsoon Yoon is the primary designer of the
neural probes. All three authors revised and wrote different sections of the manuscript.

Conflicts of Interest: No conflicts of interest exist among all authors.



Biosensors 2016, 6, 27 11 of 13

References

1. Wise, K.D.; Angell, J.B.; Starr, A. An integrated-circuit approach to extra cellular microelectrodes. IEEE Trans.
Biomed. Eng. 1970, 17, 238–247. [CrossRef] [PubMed]

2. Campbell, P.K.; Jones, K.E.; Huber, R.J.; Horch, K.W.; Normann, R.A. A silicon-based, three-dimensional
neural interface: Manufacturing processes for an intercortical electrode array. IEEE Trans. Biomed. Eng. 1991,
38, 758–768. [CrossRef] [PubMed]

3. Donoghue, J.P. Connecting cortex to machines: Recent advances in brain interfaces. Nat. Neuroscience. 2002,
5, 1085–1088. [CrossRef] [PubMed]

4. Lebedev, M.A.; Nicolelis, M.A.L. Brain-machine interfaces: Past, present and future. Trends Neurosci. 2006,
29, 536–546. [CrossRef] [PubMed]

5. Zhang, J.; Atay, T.; Nurmikko, A.V. Optical detection of brain cell activity using plasmonic gold nanoparticles.
Nano Lett. 2009, 9, 519–524. [CrossRef] [PubMed]

6. Kneipp, K.; Moskovits, M.; Kneipp, H. Surface-enhanced Raman scattering: Physics and applications.
In Topics in Applied Physics; Springer: Berlin, Germany, 2006; pp. 47–66.

7. Wang, J.; Wagner, F.; Borton, D.A.; Zhang, J.; Ozden, I.; Burwell, R.D.; Nurmikko, A.; van Wagenen, R.;
Diester, I.; Deisseroth, K. Integrated device for combined optical neuromodulation and electrical recording
for chronic in vivo applications. J. Neural Eng. 2012, 9, 16001–16014. [CrossRef] [PubMed]

8. Tidswell, T.; Gibson, A.; Bayford, R.H.; Holder, D.S. Three-dimensional electrical impedance tomography of
human brain activity. Neuroimage 2001, 13, 283–294. [CrossRef] [PubMed]

9. Yoon, H.; Hankins, P.; Oh, S.; Haubaugh, R.E.; Varadan, V.K. Heterostructured IrO2/Au nanowire electrodes
and unit recordings from hippocampal rat brain. J. Nanotech. Eng. Med. 2010, 1. [CrossRef]

10. Polikov, V.S.; Tresco, P.A.; Reichert, W.M. Response of brain tissue to chronically implanted neural electrodes.
J. Neurosci. Meth. 2005, 148, 1–18. [CrossRef] [PubMed]

11. Xie, Y.; Martini, N.; Hassler, C.; Kirch, R.K.; Stieglitz, T.; Seifert, A.; Hofmann, U.G. In vivo monitoring of
glial scar proliferation on chronically implanted neural electrodes by fiber optical coherence tomography.
Front. Neuroeng. 2014, 7. [CrossRef] [PubMed]

12. Kozai, T.D.; Catt, K.; Li, X.; Gugel, Z.V.; Olafsson, V.T.; Vasquez, A.L.; Cui, X.T. Mechanical failure modes of
chronically implanted planar silicon-based neural probes for laminar recording. Biomaterials 2015, 37, 25–39.
[CrossRef] [PubMed]

13. Rosenzweig, J.M.; Lei, J.; Burd, I. Interleukin-1 receptor blockade in perinatal brain injury. Front. Pediatr.
2014, 2. [CrossRef] [PubMed]

14. Kozai, T.D.; Li, X.; Bodily, L.M.; Caparosa, E.M.; Zenonos, G.A.; Carlisle, D.L.; Friedlander, R.M.; Cui, X.T.
Effects of caspase-1 knockout on chronic neural recording quality and longetivity: Insight into cellular and
molecular mechanisms of the reactive tissue response. Biomaterials 2014, 35, 9620–9624. [CrossRef] [PubMed]

15. Misra, A.; Kondaveeti, P.; Nissanov, J.; Barbee, K.; Shewokis, P.; Rioux, L.; Moxon, K.A. Preventing neuronal
damage and inflammation in vivo during cortical microelectrode implantation through the use of poloxamer
P-188. J. Neural Eng. 2013, 10. [CrossRef] [PubMed]

16. Gutowski, S.M.; Shoemaker, J.T.; Templeman, K.L.; Wei, Y.; Latour, R.A.; Bellamkonda, R.V.; LaPlaca, M.C.;
Garcia, A.J. Protese-degradable PEG-maleimide coating with on-demand release of IL-1Ra to improve tissue
response to neural electrodes. Biomaterials 2015, 44, 55–70. [CrossRef] [PubMed]

17. Lee, H.J.; Son, Y.; Kim, J.; Lee, C.J.; Yoon, E.-S.; Cho, I.-J. A multichannel neural probe with embedded
microfluidic channels for simultaneous in vivo neural recording and drug delivery. Lab Chip 2015, 15, 1590–1597.
[CrossRef] [PubMed]

18. Altuna, A.; Berzango, J.; Fernandez, L.J. Polymer SU-8-based microprobes for neural recording and drug
delivery. Front. Mater. 2015, 2, 2. [CrossRef]

19. Jeong, J.W.; McCall, J.G.; Zhang, Y.; Huang, Y. Soft microfluidic neural probes for wireless drug delivery in
freely behaving mice. In Proceedings of the 18th International Conference on Solid State Sensors, Actuators,
and Microsystems, Anchorage, AK, USA, 21–25 June 2015; pp. 2264–2267.

20. HajjHassan, M.; Chodavarapu, V.; Musallam, S. NeuroMEMS: Neural probe microtechnologies. Sensors 2008,
8, 6704–6726. [CrossRef]

21. Motta, P.S.; Judy, J.W. Multielectrode microprobes for deep-brain stimulation fabricated with a customizable
3-D electroplating process. IEEE Trans. Biomed. Eng. 2005, 52, 923–933. [CrossRef] [PubMed]

http://dx.doi.org/10.1109/TBME.1970.4502738
http://www.ncbi.nlm.nih.gov/pubmed/5431636
http://dx.doi.org/10.1109/10.83588
http://www.ncbi.nlm.nih.gov/pubmed/1937509
http://dx.doi.org/10.1038/nn947
http://www.ncbi.nlm.nih.gov/pubmed/12403992
http://dx.doi.org/10.1016/j.tins.2006.07.004
http://www.ncbi.nlm.nih.gov/pubmed/16859758
http://dx.doi.org/10.1021/nl801891q
http://www.ncbi.nlm.nih.gov/pubmed/19199762
http://dx.doi.org/10.1088/1741-2560/9/1/016001
http://www.ncbi.nlm.nih.gov/pubmed/22156042
http://dx.doi.org/10.1006/nimg.2000.0698
http://www.ncbi.nlm.nih.gov/pubmed/11162269
http://dx.doi.org/10.1115/1.4001539
http://dx.doi.org/10.1016/j.jneumeth.2005.08.015
http://www.ncbi.nlm.nih.gov/pubmed/16198003
http://dx.doi.org/10.3389/fneng.2014.00034
http://www.ncbi.nlm.nih.gov/pubmed/25191264
http://dx.doi.org/10.1016/j.biomaterials.2014.10.040
http://www.ncbi.nlm.nih.gov/pubmed/25453935
http://dx.doi.org/10.3389/fped.2014.00108
http://www.ncbi.nlm.nih.gov/pubmed/25340046
http://dx.doi.org/10.1016/j.biomaterials.2014.08.006
http://www.ncbi.nlm.nih.gov/pubmed/25176060
http://dx.doi.org/10.1088/1741-2560/10/1/016011
http://www.ncbi.nlm.nih.gov/pubmed/23337321
http://dx.doi.org/10.1016/j.biomaterials.2014.12.009
http://www.ncbi.nlm.nih.gov/pubmed/25617126
http://dx.doi.org/10.1039/C4LC01321B
http://www.ncbi.nlm.nih.gov/pubmed/25651943
http://dx.doi.org/10.3389/fmats.2015.00047
http://dx.doi.org/10.3390/s8106704
http://dx.doi.org/10.1109/TBME.2005.845225
http://www.ncbi.nlm.nih.gov/pubmed/15887542


Biosensors 2016, 6, 27 12 of 13

22. Mercanzini, A.; Cheung, K.; Buhl, D.; Boers, M.; Maillard, A.; Colin, P.; Bensadoun, J.; Bertsch, A.; Carleton, A.;
Renaud, P. Demonstration of cortical recording and reduced inflammatory response using flexible polymer
neural probes. In Proceedings of the IEEE MEMS Conference, Kobe, Japan, 21–25 January 2007; pp. 573–576.

23. Rousche, P.J.; Pellinen, D.S.; Pivin, D.P., Jr.; Williams, J.C.; Kipke, D.R. Flexible polyimide-based intracortical
electrode arrays with bioactive capability. IEEE Trans. Biomed. Eng. 2001, 48, 361–371. [CrossRef] [PubMed]

24. Cheung, K.C.; Renaud, P.; Tanila, H.; Djupsund, K. Flexible polyimide microelectrode array for in vivo
recordings and current source density analysis. Biosens. Bioelectron. 2007, 22, 1783–1790. [CrossRef] [PubMed]

25. Edell, D.J.; Toi, V.V.; McNeil, V.M.; Clark, L.D. Factors influencing the biocompatibility of insertable silicon
microshafts in cerebral cortex. IEEE Trans. Biomed. Eng. 1992, 39, 635–643. [CrossRef] [PubMed]

26. Kim, D.H.; Abidian, M.; Martin, D.C. Conducting polymers grown in hydrogel scaffolds coated on neural
prosthetic devices. J. Biomed. Mater. Res. A 2004, 71, 577–585. [CrossRef] [PubMed]

27. Kozai, T.D.; Kipke, D.R. Insertion shuttle with carboxyl terminated self-assembled monolayer coatings for
implanting flexible polymer neural probes in the brain. J. Neurosci. Methods 2009, 184, 199–205. [CrossRef]
[PubMed]

28. Felix, S.H.; Shah, K.G.; Tolosa, V.M.; Sheth, H.J.; Tooker, A.C.; Delima, T.L.; Jadhay, S.P.; Frank, L.M.;
Pannu, S.S. Insertion of flexible neural probes using rigid stiffeners attached with biodissolvable adhesive.
J. Vis. Exp. 2013, 79. [CrossRef] [PubMed]

29. Sridharan, A.; Nguyen, J.K.; Capadona, J.R.; Muthuswamy, J. Compliant intracortical implants reduce strains
and strain rates in brain tissue in vivo. J. Neural Eng. 2015, 12. [CrossRef] [PubMed]

30. Arreaga-Salas, D.E.; Avendaño-Bolivar, A.; Simon, D.; Reit, R.; Garcia-Sandoval, A.; Rennaker, R.L.;
Voit, W. Integration of high-charge-injection-capacity electrodes onto polymer softening neural interfaces.
ACS Appl. Mater. Interfaces 2015, 7, 26614–26623. [CrossRef] [PubMed]

31. Ware, T.; Simon, D.; Hearon, K.; Kang, T.H.; Maitland, D.J.; Voit, W. Thiol-click chemistries for responsive
neural interfaces. Macromol. Biosci. 2013, 13, 1640–1647. [CrossRef] [PubMed]

32. Zhu, R.; Huang, G.L.; Yoon, H.; Smith, C.S.; Varadan, V.K. Biomechanical strain analysis at the interface of
brain and nanowire electrodes on a neural probe. J. Nanotechnol. Eng. Med. 2011, 2. [CrossRef]

33. Lee, H.; Bellamkonda, R.V.; Sun, W.; Levenston, M.E. Biomechanical analysis of silicon microelectrode-induced
strain in the brain. J. Neural Eng. 2005, 2, 81–89. [CrossRef] [PubMed]

34. Subbaroyan, J.; Martin, D.C.; Kipke, D.R. A finite-element model of the mechanical effects of implantable
microelectrodes in the cerebral cortex. J. Neural Eng. 2005, 2, 103–113. [CrossRef] [PubMed]

35. Muthuswamy, J.; Saha, R.; Gilletti, A. Tissue micromotion induced stress around brain implants.
In Proceedings of the 3rd Annual International IEEE EMBS Special Topic Conference on Microtechnologies
in Medicine and Biology, Kahuku, Oahu, HI, USA, 12–15 May 2005; pp. 102–103.

36. Nguyen, J.K.; Park, D.J.; Skousen, J.L.; Hess-Dunning, A.E.; Tyler, D.J.; Rowan, S.J.; Weder, C.; Capadona, J.R.
Mechanically-compliant intracortical implants reduce the neuroinflammatory response. J. Neural Eng. 2014, 11.
[CrossRef] [PubMed]

37. Zhang, W.; Li, Z.; Gilles, M.; Wu, D. Mechanical simulation of neural electrode-brain tissue interface under
various micromotion conditions. J. Med. Biol. Eng. 2013, 34, 386–392. [CrossRef]

38. Muthuswamy, J.; Gilletti, A.; Jain, T.; Okandan, M. Microactuated neural probes to compensate for brain
micromotion. In Proceedings of the 25th Annual International Conference of IEEE EMBS 2, Cancun, Mexico,
17–21 September 2003; pp. 1941–1943.

39. Gilletti, A.; Muthuswamy, J. Brain micromotion around implants in the rodent somatosensory cortex.
J. Neural Eng. 2006, 3, 189–195. [CrossRef] [PubMed]

40. Rao, B.K.N.; Jones, B. Some studies on the measurement of head and shoulder vibration during walking.
J. Ergonomics 1975, 18, 555–566. [CrossRef]

41. Polanco, M.; Yoon, H.; Bawab, S. Micromotion-induced dynamic effects from a neural probe and brain tissue
interface. J. Micro Nanolithogr. MEMS MOEMS 2014, 13. [CrossRef]

42. Sankar, V.; Sanchez, J.C.; McCumiskey, E.; Brown, N.; Taylor, C.R.; Ehlert, G.J.; Sodano, H.A.; Nishida, T.
A highly compliant serpentine shaped polimide interconnect for front-end strain relief in chronic neural
implants. Front. Neurol. 2013, 4. [CrossRef] [PubMed]

43. Buzsaki, G. Large-scale recording of neuronal ensembles. Nat. Neurosci. 2004, 7, 446–451. [CrossRef]
[PubMed]

http://dx.doi.org/10.1109/10.914800
http://www.ncbi.nlm.nih.gov/pubmed/11327505
http://dx.doi.org/10.1016/j.bios.2006.08.035
http://www.ncbi.nlm.nih.gov/pubmed/17027251
http://dx.doi.org/10.1109/10.141202
http://www.ncbi.nlm.nih.gov/pubmed/1601445
http://dx.doi.org/10.1002/jbm.a.30124
http://www.ncbi.nlm.nih.gov/pubmed/15514937
http://dx.doi.org/10.1016/j.jneumeth.2009.08.002
http://www.ncbi.nlm.nih.gov/pubmed/19666051
http://dx.doi.org/10.3791/50609
http://www.ncbi.nlm.nih.gov/pubmed/24121443
http://dx.doi.org/10.1088/1741-2560/12/3/036002
http://www.ncbi.nlm.nih.gov/pubmed/25834105
http://dx.doi.org/10.1021/acsami.5b08139
http://www.ncbi.nlm.nih.gov/pubmed/26575084
http://dx.doi.org/10.1002/mabi.201300272
http://www.ncbi.nlm.nih.gov/pubmed/24115484
http://dx.doi.org/10.1115/1.4005484
http://dx.doi.org/10.1088/1741-2560/2/4/003
http://www.ncbi.nlm.nih.gov/pubmed/16317231
http://dx.doi.org/10.1088/1741-2560/2/4/006
http://www.ncbi.nlm.nih.gov/pubmed/16317234
http://dx.doi.org/10.1088/1741-2560/11/5/056014
http://www.ncbi.nlm.nih.gov/pubmed/25125443
http://dx.doi.org/10.5405/jmbe.1444
http://dx.doi.org/10.1088/1741-2560/3/3/001
http://www.ncbi.nlm.nih.gov/pubmed/16921202
http://dx.doi.org/10.1080/00140137508931491
http://dx.doi.org/10.1117/1.JMM.13.2.023009
http://dx.doi.org/10.3389/fneur.2013.00124
http://www.ncbi.nlm.nih.gov/pubmed/24062716
http://dx.doi.org/10.1038/nn1233
http://www.ncbi.nlm.nih.gov/pubmed/15114356


Biosensors 2016, 6, 27 13 of 13

44. Hallquist, J.Q. LS-DYNA Keyword User’s Manual I and II, 971; Livermore Software Technology Corporation:
Livermore, CA, USA, 2008.

45. Erhart, T. Review of solid element formulations in LS-DYNA: Properties, limits, advantages, disadvantages.
In Proceedings of the LS-DYNA Developers’ Forum, Stuttgart, Germany, 12–13 October 2011.

46. Tabiei, A. Contact in LS-DYNA; Livermore Software Technology Corporation: Livermore, CA, USA, 2007.
47. Yang, K.H.; Hu, J.; White, N.A.; King, A.I.; Chou, C.C.; Prasad, P. Development of numerical models

for injury biomechanics research: A review of 50 years of publications in the Stapp car crash conference.
Stapp Car Crash J. 2006, 50, 429–490. [PubMed]

48. Seshaiyer, P.; Humphrey, J. A sub-domain inverse finite element characterization of hyper elastic membranes
including soft tissues. J. Biomed. Eng. 2003, 125, 363–371.

49. Hrapko, M.; Van Dommelen, J.A.W.; Peters, G.W.M.; Wismans, J.S.H.M. The mechanical behavior of brain
tissue: Large strain response and constitutive modeling. J. Biorhel. 2006, 43, 623–636.

50. Miller, K.; Chinzei, K. Constitutive modeling of brain tissue: Experiment and theory. J. Biomech. 1997,
30, 1115–1121. [CrossRef]

51. Bischoff, J.; Arruda, E.; Grosh, K. A rheological network model for the continuum anisotropic and viscoelastic
behavior of soft tissue. J. Biomech. Model. Mechanobiol. 2004, 3, 56–65. [CrossRef] [PubMed]

52. Prevost, T.; Balakrishnan, A.; Suresh, S.; Socrate, S. Biomechanics of brain tissue. J. ActaBiomater. 2011,
7, 83–95. [CrossRef] [PubMed]

53. Miller, K. Constitutive model of brain tissue suitable for finite element analysis of surgical procedures.
J. Biomech. 1999, 32, 531–537. [CrossRef]

54. Zhang, L.; Yang, K.H.; Dwarampudi, R.; Omori, K.; Li, T.; Chang, K.; Hardy, W.N.; Khalil, T.B.; King, A.I.
Recent development in brain injury research: A new human head model development and validation.
Stapp Car Crash J. 2001, 45, 369–394. [PubMed]

55. Stalnaker, R. Mechanical Properties of the Head. Ph.D. Thesis, West Virginia University, Morgantown, WV,
USA, 1969.

56. Donnelly, B.R.; Medige, J. Shear properties of human brain tissue. J. Biomed. Eng. 1997, 119, 423–432.
57. Turner, J.N.; Shain, W.; Szarowski, D.H.; Anderson, M.; Martins, S.; Isaacson, M.; Craighead, H.G. Cerebral

astrolyte response to micromachined silicon implants. J. Exp. Neurol. 1999, 156, 33–49. [CrossRef] [PubMed]
58. Szarowski, D.H.; Andersen, M.D.; Retterer, S.; Spence, A.J.; Isaacson, M.; Craighead, H.G.; Turner, J.N.;

Shain, W. Brain responses to micro-machined silicon devices. J. Brain Res. 2003, 983, 23–35. [CrossRef]
59. McConnell, G.C.; Schneider, T.M.; Owens, D.J.; Bellamkonda, R.V. Extraction force and cortical tissue reaction

of silicon microelectrode arrays implanted in the rat brain. IEEE Trans. Biomed. Eng. 2007, 54, 1097–1107.
[CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://www.ncbi.nlm.nih.gov/pubmed/17311173
http://dx.doi.org/10.1016/S0021-9290(97)00092-4
http://dx.doi.org/10.1007/s10237-004-0049-4
http://www.ncbi.nlm.nih.gov/pubmed/15278837
http://dx.doi.org/10.1016/j.actbio.2010.06.035
http://www.ncbi.nlm.nih.gov/pubmed/20603231
http://dx.doi.org/10.1016/S0021-9290(99)00010-X
http://www.ncbi.nlm.nih.gov/pubmed/17458754
http://dx.doi.org/10.1006/exnr.1998.6983
http://www.ncbi.nlm.nih.gov/pubmed/10192775
http://dx.doi.org/10.1016/S0006-8993(03)03023-3
http://dx.doi.org/10.1109/TBME.2007.895373
http://www.ncbi.nlm.nih.gov/pubmed/17554828
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Old Dominion University
	ODU Digital Commons
	2016

	Computational Assessment of Neural Probe and Brain Tissue Interface Under Transient Motion
	Michael Polanco
	Sebastian Bawab
	Hangsoon Yoon
	Repository Citation
	Original Publication Citation


	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 

