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Abstract— For neural probes to be used chronically for years in
the human body, they must provoke minimal scarring.
Recently, a number of groups have reported substantially
reduced scar tissue using cellular scale electrodes below 15 um
in size. This size scale is accessible to manufacturing
techniques, but can be very difficult to insert in the brain for
most common electrode materials. In this study, we explore the
design space available to cellular scale electrodes that will self-
insert into the brain. First a mathematical model is developed
using beam buckling equations for different materials and
geometries. Buckling mode was found to be one fixed and one
hinged end resulting in a mode conditional constant of, n, 2.045.
Model predicts insertion success between 90 — 100% for a 6.8
pm diameter electrode and was used to approximate applied
force as 750 pN which is close to reference data of 780 uN [1].
Second, we developed a PVC phantom that mimics the brain’s
elastic modulus. This phantom was matched to insertion
success data obtained from carbon fiber arrays [1]. Overall,
these results enable studies to be conducted on other proposed
cellular scale electrodes prior to animal testing or large scale
fabrication.

I. INTRODUCTION

Brain machine interfaces have the capacity to bridge
across pathological gaps in the nervous system caused by
injury or disease using implantable devices that sense or
stimulate neurons. For clinical viability, these devices need to
last a long time. This is difficult since these chronically
implanted arrays can cause persistent scarring which can
extend out to 250 pm in radius [2]. This scarring, along with
localized neuronal death and gliosis, makes detecting
neuronal activity very difficult and can decrease the overall
performance of an electrode [3,4]. Recently, multiple groups
have demonstrated minimal scar tissue around electrodes that
are less than 15 pm in diameter [5, 6, 7]. Obviously, many
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electrode materials at this size scale cannot self-insert into the
brain. Carbon fibers, which have a 51% higher Young’s
Modulus than silicon, have been shown empirically to self-
insert hundreds of pm into cortex unassisted at a diameter of
7-8 um [1,5,8]. Large scale array manufacturing and animal
testing can be time consuming and costly. It would better to
know before beginning this process whether a particular
cellular scale electrode will self-insert. However, insertion
success has been difficult to quantitatively predict with a
single model due to the brain having a large range of elastic
moduli, specifically 0.18 — 180 kPa for the human brain
[9,10] and 14.7 — 30.8 kPa for the rat brain [11].
Characterization can also be difficult when pum scales effects
are accounted for, such as dislocation starvation which makes
materials stronger at the micron scale compared to larger
scale geometries [12]. Brain mimicking phantoms, typically
made of agarose or gelatins, are often used for electrode
insertion tests [13], but the mechanical properties of such
phantoms can be difficult to match precisely to brain tissue
[14] and can degrade quickly during experiments [15,16],
making them hard to use for reliable predictions. In this
paper, we evaluate mathematical models of beam buckling
and develop a novel brain insertion phantom that can best
reproduce the insertion success data of carbon electrode
arrays we reported in [1].

II. MATERIALS & METHODS

A. Theoretical Analysis

For analyzing electrode design, material selection focused
on the most commonly used electrode materials platinum,
iridium, carbon fiber, and silicon with their respective
compressive elastic modulus listed in [17]. It is known that
the elastic modulus for each material at the micro scale is
likely to be larger than reference values due to a material
behavioral effect called dislocation starvation [12].
However, because only a small difference was reported, a
non-microscale elastic modulus was used in our analysis.

There are three possible electrode failure conditions that
could be considered during insertion tests, bending/yielding,
rupture, and buckling. Rupture occurs when a compressive
axial force is applied to the electrode tip and the ultimate
compressive strength is reached. This is considered unlikely
to happen in the case of electrodes because the ultimate
compressive strength is very high that critical buckling stress
is generally much lower. Rupture and yielding of the
material would occur closely together in compression and
we know the compressive strength is larger than the tensile
strength. This is illustrated in Fig. 1 where a typical
comparison is shown between the length of the electrode to
the critical stress needed in order to satisfy failure stress
conditions. Depending on the length of the electrode, we can
see which failure condition will dominate [18, 20]. Rupture
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and yield strength failures are primarily dependent on
material properties with critical stresses remaining constant
with electrode geometry. Buckling failure on the other hand
is a common mode of failure when inserting very small
electrodes. It is highly dependent on the geometry of the
electrode and can be detrimental to both insertion alignment,
preventing the electrode from reaching the designated target
depth, and prevention of electrode penetration or fracturing
of the brain tissue [19]. Therefore, we focused entirely on
critical buckling strength for our model.
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Figure 1- Critical failure stress to lengths in relation to failure conditions.

Buckling failure was defined by using Euler’s Column
Formula, Eq. (1), calculating the critical buckling force, P,
and Eq. (2) calculating the critical buckling stress, o, which
the following equations are dependent on the length of the
electrode, L, the elastic modulus, E, the diameter, D, and
pre-determined buckling mode conditional constant, n [21].
Strengths for particular electrode geometries during insertion
can also be found.
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For modeling purposes, a cylindrical geometry was
considered for all theoretical analyses. The relative area
moment of inertia, I, and cross-sectional area, 4, is described
by Egs. (3) and (4), respectively.
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It was also possible to rearrange Eq. (1) to calculate
critical buckling lengths, Eq. (5) and critical buckling
diameters, Eq. (6) with a given force input.
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There are five buckling modes in the mode conditional
constant, n for Euler’s Column Formula Eq. (1) [21]. In
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order to determine which buckling mode is most important
to our insertion model, we conducted several insertion
experiments, described below in more detail using 5 mm
length carbon fiber electrodes and compared the visually
observed buckling to the modes shown in Fig. 2. Final
buckling mode conditional constant selected can be seen in
results.
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Figure 2- Showing 5 buckling modes with either fixed, hinged, or free ends.

Utilizing Euler’s Column Formula, Eq. (1), as a base to
our model following the selection of constant, n, critical
lengths and diameters were calculated based on force values
from 500 - 1000 puN based on force probe measurements
taken in [18] and compared to the requirements needed to
reach a target penetration depth of 1,500 um. As shown by
[22] and others, the most neuron rich region in a rat brain is
at a depth of 1,500 um.

B. Gellan Gum Mixture

Gellan gum is an anionic polysaccharide commonly used
as a substitute gelling agent in foods to replace agar, but has
extended into various applications in microbiology and
pharmaceuticals [8]. By adjusting the concentrations of these
materials in the mixture we can create a phantom with a
targeted elastic modulus, E, thermal conductivity, k, and/or
electrical conductivity, og,... For our studies we focused on
adjusting the mechanical properties by varying the mixture
ratios. Gellan gum was used within a mixture of propylene
glycol (PPG), sodium chloride (NaCl), and deionized water
to create a range of phantoms with elastic modulus between
5.48 - 17.41 kPa [13] with the possibility of expanding this
range depending of mixture. A regression fit model,
represented by Egs. (11), (12), and (13), was developed that
can accurately calculate the necessary mass fractions of the
Gellan gum, Mgean, PPG, mppg, NaCl, mpge, and
deionized water to achieve a desired elastic modulus.
Variables also used in the regression model was Poisson
ratio, v, and indenter radius, R, form the durometer used in
measuring the elastic modulus [23].

E= (1-v?)(323.852+8130.236MGellan+166.169Mmppg) (7)
(83.54—651.458MGerian—13.290mppg)3/2VR

K = 0.576 — 0.986M;4;10n — 0.36Mppg ()

Ogrec = 0.260 — 0.399mpp; + 1.355myqe; — 2.166mppgMmyac; (9)

Utilizing this regression model, we developed a range of
elastic modulus mixing ratios that fit around published
elastic moduli of approximately 17 kPa to 28 kPa [11]. The
mass fractions for each material found using the regression
model were first weighed in a 500 g limit beaker using a

2785



digital scale and then mixed using wooden spatula. After
mixing the samples were placed in a convection oven pre-set
to 220°C covering the top of the beaker with aluminum foil.
Then each phantom sample was taken out of the convection
oven to mix every 12 minute. After a total of 4 times mixing
the samples or a total of 48 minutes in the oven, the samples
were quickly taken out of the oven and poured into molds to
cool for approximately 3 hours. Some alterations to
equations and phantom heating in [13] were changed in
order to fit our experiments.

D. PVC Mixture

Polyvinyl chloride (PVC) phantoms were also produced
using mixture of PVC with plasticizer and various weight
ratios (M-F Manufacturing 2228LP-5 plastisol and 4228S-5
plastic softener). Properties unique to PVC phantoms are
that they fracture at low stresses and a wide range of mixture
ratios can be obtained which directly translate into a wide
range of elastic modulus possibilities. Using a 500 g
capacity beaker, three mixtures ratios of 1 part plastisol to
2.2, 2.5, and 3 parts plastic softener were made. Each
mixture needed to be heated to 150°C using a hot plate with
a magnetic stirrer, before being placed in a vacuum chamber
to remove air bubbles in the solution. The vacuum chamber
was run for 1 minute at a pressure of 90 kPa before pouring
the mixtures into a non-stick muffin pan or custom made
rectangular Plexiglas cut out. The mixtures had to sit for 2 to
3 hours to completely settle and cool to ambient
temperature. A durometer plus an automatic linear stage
combination was used to determine the elastic modulus, E,
of each sample made of the gellan gum and PVC phantoms.
Test methods followed standard reference testing guidelines
[23] and Egs. (10), (11), and (12) with force, F, indenter
radius, R, indenter height, 4, indenter durometer reading, H,
and poisson ratio of sample, v.

_ (-

= (10)
F =0.01765(H) + 0.167 (11)
h =0.005(1--) (12)

E. Carbon Fiber Electrode Array

Electrode arrays were made using custom printed circuit
boards (PCBs) with exposed traces at the tip. Carbon fibers
were affixed to the exposed traces using heat cured silver
epoxy [1]. Carbon fibers had a 6.8 pum diameter and
individually separated from a carbon fiber bundle (T-650/35
3K, Cytec Thornel, Woodland Park, NJ).

F. Insertion Experiments

Insertion experiments were conducted using a one axis
manual micromanipulator with millimeter and optional
micron increment motion. The micromanipulator was
mounted to a threaded steel rod screwed into a larger table
base. A custom designed PCB holder was 3D printed out of
acrylonitrile butadiene styrene (ABS) plastic for mounting
the carbon fiber array to the micromanipulator. A camera
(PTEM model 12092600041) with optics (PTEM model
25479) and a variable intensity lighting system (FOSTEC
LR92240) was used to capture images of buckled carbon

fibers. This setup was needed for stress analysis and
provided a live feed of the insertion process. The camera’s 3
axis motion and position were recorded using RSF
Elektronik MSA 6506 linear encoders. The samples to be
tested were placed in a custom made laser cut Plexiglas
container and mounted between two solid aluminum walls to
prevent external wind or lighting interferences. A white
backdrop was made using standard printing paper; this
allowed the camera to acquire clear images of the carbon
fibers. Carbon fiber electrodes were inserted at an
approximate speed of 0.4 mm/s, similar to speeds used for
agarose phantom tests [15], until the PCB base came in
contact with test phantom.

III. RESULTS

A. Buckling Analysis

We considered the two most likely buckling modes for
comparison with fiber insertion testing on gellan gum as
shown in image Fig. 3. Our experimentally observed results
most closely agreed to a buckling mode where one side was
fixed and the other side hinged. The elasticity of the
phantom did not allow for the fibers to slide across the
surface thus eliminating the possibility of the other buckling
mode one with one side fixed and one side free. Based on
these results, a buckling mode parameter, n, of 2.045 (for the
bucking mode of (2)) was chosen. This approach is based on
two key assumptions: (1) the transverse load on the carbon
fiber is negligible and (2) the geometry, not the end
condition, is used as the criterion for selecting n.

s

Figure 3- Observed by the buckling form of the electrodes (left) insertion
attempt into Gellan Gum we can choose between the two buckling modes
the electrode could fall under (right).

We then used the buckling equations to predict the
insertion properties of a carbon fiber electrode with
cylindrical geometry. Specifically compared critical
buckling lengths to electrode diameter from a range of 5 - 10
pm with an applied force range of 500 - 1000 uN as shown
in Fig. 4. This analysis predicts the maximum penetration
depths that can be reached for specified electrode diameters
that gives a basis for the size electrodes needed for insertion
experiments. For a selected electrode diameter of 6.8 pm we
can compare theoretical values shown in Figs. 4 and 5 to the
insertion success Fig. 6 values. From this we can see that
for the range of forces between 500 - 1000 pN there was a
high insertion success rate around what is the expected
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critical buckling length. The 500 uN can be considered too
small of a force for future calculations while 1000 pN is a
closer approximation to the actual force applied with an
safety factor of approximately 1.25. For 90 — 100 %
insertion success rate we can approximate that the critical
buckling length to be 750 pm and can further approximate
the force to be 750 uN using Fig. 4. This approximation is
very similar to reference force of 780 uN measured in [1].
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Figure 4- A linear trend can be seen for penetration depths to increasing
diameters. Red lines represent penetration depths for 1000 puN and blue
lines represent for 500 uN. The star represents approximate penetration
depth and critical buckling force for 6.8 pm diameter electrode used in our
experiments.

Since the model produced results that were reasonably in
alignment with our experimental results using carbon fiber,
we further used that model to calculate the theoretical
required diameter to reach 1,500 um insertion depths using a
maximum force 1000 uN applied to electrode tip. Results
are shown in Fig. 5 for all materials. While the best insertion
performance is predicted for Iridium and Tungsten, many
common electrode materials come in below 15 um,
suggesting that there may be a large design space for cellular
scale electrodes that self-penetrate. The model also shows
good agreement with experiments that the softer common

materials, which better match the brain’s stiffness,
unfortunately will not insert at cellular diameters.
B iridium 8.16 um
Tungsten 8.67 um

B Carbon Fiber 9.91 pm

M Platinum 10.84 um

Silicon 10.98 um
B Gold 13.09 pm
B ParyleneC  30.18 pm
H Polyimide  31.05 pm
B rDMS 41.28 um

Figure 5- Diameters to reach 1,500 pm applying 1,000 uN.

B. Gellan Gum Phantom Tests

The exact elastic modulus pertaining to reference values
of the brain could be well matched by a gellan gum mixture
developed using the regression model. However, during
insertion experiments using the gellan gum phantom of the
required stiffness, the carbon fiber electrodes would never

fracture the phantom and insert. Further analysis shows that
although the mechanical properties can be highly
customizable in terms of elastic modulus, the gellan gum
mixture had too high of a fracture strength and even larger
strain effects. This showed that gellan gum was not a
suitable material for use in brain phantom characterization
insertion tests and an alternative material had to be sought
out. Thus while gellan gum has demonstrated usefulness in
modeling stress at particular depths in the brain using
techniques in [23,24], which is important for other aspects of
electrode design, it did not work in this case for modeling
insertion.

C.  PVC Phantom Tests

Carbon fiber insertion success results using PVC
phantoms are shown in Fig. 6. As the plastic softener
mixture ratio decreases the curves tend to converge onto the
reference values [1]. An elastic modulus of 5 kPa, 7 kPa,
and 8 kPa for PVC mix ratio 1:3, 1:2.5, and 1:2.2,
respectively, was measured using the indenter method.
These elastic modulus values are slightly outside the
expected rat brain elastic modulus range of 14.70 — 30.77
kPa [11], but the data trend in Fig. 6 shows that as the
amount of plastic softener decreased, there was a predictable
increase in the PVC elastic modulus and continuing to
decrease the amount of plastic softener will acquire a better
fit insertion success curve to the referenced data. Results
from real carbon thread insertion testing from [1] are shown
overlaid on these curves. While agarose results are overly
optimistic, the PVC mixture of 1:2.2 with 8 kPa most closely
matches the brain data. These results suggest that PVC
phantoms are more suitable for brain phantom
characterization insertion tests than Gellam gum or agarose,
can be highly customizable in term of the elastic modulus,
and can mimic fracture strength to that of in vivo rat brains.
An unexpected result from PVC phantom insertion tests was
that the speed of insertion had a large impact on insertion
success. At faster speeds the insertion success would
increase and shift the curves in Fig. 6 to the right, while at
slower speeds the insertion success would decrease and shift
the curves to the left.
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Figure 6- Relative error was associated with inserting approximately 70
fibers. Black lines are referenced data and colored lines are experiment data.
Circled section is electrode insertion success between 90-100%
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IV. DISCUSSION

In this project, we matched both a mathematical model of
beam buckling, and a brain insertion phantom to our
previously published data using 6.8 um carbon thread
electrodes [1]. Overall, these results suggest two things.
First, there may be an unexpectedly large design space
below 15 um for many common electrode materials. There is
only a few micron range between cellular scales and
insertion failure, but this may be enough to create a range of
solutions. While tungsten is well established for inserting 12
um micro wires into the brain, we predict that even silicon
may insert without buckling at approximately 11 um width.
Second, in terms of mechanical brain phantoms, we were
best able to match our published data using PVC phantoms
at mixture ratio 1:2.5 with an 7 kPa elastic modulus
compared to agarose phantoms and mixture ratio 1:2.2 with
an 8 kPa elastic modulus compared to brain. Gellan gum did
not allow electrodes to break the surface, and agarose made
overly optimistic predictions. An in depth analysis has
shown the capabilities of a cylindrical carbon fiber electrode
and a similar analysis can now be applied to other electrode
materials and geometries. Future work will be needed for
further phantom characterization, implementation and
analysis of electrode support structures, validation with
insertion tests for different electrode materials, and
potentially in vivo rat brain insertion tests in order to provide
additional parameters that can be adjusted in the model.
Better characterization of the PVC brain phantoms at a
larger elastic modulus would give a better understanding of
the limitations of PVC. Conducting insertion tests with
different electrode materials like tungsten or iridium would
be needed for further validation of the electrode model. With
more validation and design considerations implemented into
the model we will be able to represent the entire insertion
process with an array of electrodes. Strong recent chronic
histological results from cellular scale electrodes [5, 25]
have suggested that future designs at this size scale will
substantially outperform conventional electrodes in long-
term implantation. The two models presented here may aid
in the development of future designs at these size scales.
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