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Abstract— A Parylene C polymer neural probe array with
64 electrodes purposefully positioned across 8 individual shanks
to anatomically match specific regions of the hippocampus was
designed, fabricated, characterized, and implemented in vivo
for enabling recording in deep brain regions in freely moving
rats. Thin film polymer arrays were fabricated using surface
micromachining techniques and mechanically braced to prevent
buckling during surgical implantation. Importantly, the mechan-
ical bracing technique developed in this work involves a novel
biodegradable polymer brace that temporarily reduces shank
length and consequently, increases its stiffness during implan-
tation, therefore enabling access to deeper brain regions while
preserving a low original cross-sectional area of the shanks. The
resulting mechanical properties of braced shanks were evaluated
at the benchtop. Arrays were then implemented in vivo in freely
moving rats, achieving both acute and chronic recordings from
the pyramidal cells in the cornu ammonis (CA) 1 and CA3 regions
of the hippocampus which are responsible for memory encoding.
This work demonstrated the potential for minimally invasive
polymer-based neural probe arrays for multi-region recording
in deep brain structures. [2020-0018]

Index Terms— Brain-computer interfaces, chronic recording,
flexible brain probe, multielectrode array, Parylene C.

I. INTRODUCTION

FUNDAMENTAL neuroscience research and neuropros-
thetic technologies require neural interfaces capable

of high-resolution electrophysiological recording and stable,
long-term performance. Penetrating microelectrode arrays pro-
duced using conventional silicon micromachining techniques
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common to microelectromechanical systems (MEMS) can sup-
port 10’s to 100’s of recording sites on shanks having widths
of ∼100 microns and measuring several millimeters in length;
recent efforts are approaching 1000’s of sites [1]–[3]. These
tools offer high spatiotemporal resolution neural recording, but
often fail under chronic in vivo conditions. One culprit is the
mechanical stiffness of the silicon probes [4]; the mismatch in
stiffness of common MEMS materials (E ∼ 150 GPa [5]) and
brain tissue (∼ 6 kPa [6]) has been identified as a potential
cause of chronic injury to the brain and associated retaliatory
immune response [7]–[9]. Instability at the device-tissue inter-
face arising from micromotion can result in neuronal death
and glial scarring in the surrounding tissue which prevents
acquisition of neural recordings beyond weeks or months after
implantation [4], [7], [10]–[12].

To improve the recording lifetime of these devices, pen-
etrating microelectrode arrays made from softer materials
in a variety of different form factors are being explored
as a mean to minimize the chronic foreign body res-
ponse [8], [13], [14]. These materials include poly-
imide [15]–[17], SU-8 [18]–[21], poly-(para-chloro-xylylene)
(Parylene C) [22]–[24], thermoset shape memory poly-
mer (SMP) such as thiol-ene/acrylate [25]–[27], composite
material containing elastomers such as polydimethylsiloxane
(PDMS) [28], [29], and soft-nanocomposites made from cellu-
lose fiber scaffold [14], [30], [31]. The consequence of using
low elastic moduli materials is that the long, slender neural
probe shanks are susceptible to mechanical buckling during
insertion into brain tissue [32], [33] which prevents accurate
targeting and access to deep brain structures. In practice, pene-
trating polymer microelectrode arrays are limited to superficial
brain targets (< 3 mm deep).

In order to access and study deeper brain structures such as
the hippocampus, thalamus, and basal ganglia across species
with brains of varying sizes [34]–[36], there is a need for
longer penetrating polymer probes that overcome these surgi-
cal placement challenges. A common approach is to temporar-
ily stiffen the probe shank to avoid buckling. Examples include
insertion shuttles [22], [37]–[42] which are temporarily cou-
pled to the probe and then retracted following implantation,
and water-soluble coatings such as silk [43], [44], polyethylene
glycol (PEG) [45]–[47], tyrosine-derived polymers [48], [49],
gelatin [50], [51], saccharose [52], [53], maltose [54],
and carboxy- methylcellulose (CMC) [55] coated over the
probes, which increases the effective Young’s modulus of the
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Fig. 1. (a) Cresyl violet stained coronal rat hippocampus slice showing the location of sub-regions CA1, CA3 and DG (dentate gyrus, scale bar = 600 μm).
(b) Fabricated brain probe array compared to US dime (scale bar = 5 mm). (c) Schematic showing probe design with electrode layout to target CA1 and
CA3 regions. (d) Schematic showing probe design with electrode layout to target CA1 and DG. (e) As-fabricated electrodes are 50 μm in diameter of which
30 μm is exposed after applying surrounding insulation. The center-to-center distance between the electrodes is 70 μm. Probe arrays measured 20 μm in
thickness and consisted of a Parylene C-platinum-Parylene C sandwich.

assembly. However, these approaches significantly increase the
cross-sectional area of the probe shank. This in turn increases
acute injury to the brain which further contributes to an
increase in gliosis and isolation of recording sites [56]. The
impact of introducing a high concentration of coating material
at the tissue-device interface on neuronal health, recording
quality, and local brain chemistry is not known and requires
further investigation.

Few polymer penetrating neural probes targeting the hip-
pocampus in rat (> 3 mm deep) were reported; these devices
possessed a single probe shank with regularly spaced electrode
layouts that do not conform to the anatomy of hippocampal
circuits [27], [57]. To address the need for high channel count
probe arrays that can access multiple regions of the hippocam-
pus, we introduced a novel method for deep brain implan-
tation of micromachined Parylene C-based probe arrays that
preserved the original as-fabricated shank cross-section to min-
imize acute insertion trauma [58], [59]. The back end of probes
was braced in a dissolvable polyethylene glycol (PEG) slab to
temporarily shorten the probe length and increases its stiffness
during initial implantation [60]. The 64-site recording array

had 5.5 mm long shanks that reached structures as deep
as 4.5 mm, electrode sites positioned to match the laminar
anatomy of the hippocampus, and a layout targeting multi-
ple regions simultaneously (Fig. 1). We reported preliminary
results demonstrating the deep brain insertion concept and
acute in vivo recordings in rat [24], [58]. The present work
details the array design, microfabrication, mechanical charac-
terization of the array for the implantation technique involving
a biodegradable polymer brace, electrochemical characteriza-
tion of microelectrode sites using cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS), packag-
ing method, and in vivo results supporting the potential for
long-term use of these arrays.

II. PROBE ARRAY DESIGN

The neural interface of the hippocampal array was designed
to span a 2000 μm length of brain along the septal-temporal
axis with eight probe shanks that are separated by 250 μm
center-to-center (Figs. 1 and 2). Each shank was con-
structed using a 20 μm thick Parylene C-platinum-Parylene C
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Fig. 2. (a) Optical micrographs showing shank array for a sham Parylene device (left) and a completed Parylene device with electrodes (right). Scale bar =
2 mm. (b) SEM micrographs showing the tip region of the array (scale bar = 100 μm) and (c) a single probe tip (scale bar = 10 μm).

sandwich measured 5.5 mm in length, and terminated in a
pointed tip with a 45◦ angle. Numerous studies describe the
fabrication and in vivo performance of both rigid and soft
neural probes having different designs including tip geometries
and probe dimensions [5], [61]–[65]. The array geometry and
dimensions were chosen in the range reported in literature
corresponding to relatively less tissue damage [10], [11]. The
width of an individual shank expanded from the pointed tip to
110 μm and then slightly widened to a maximum of 150 μm.
Each shank had 8 electrodes for a total of 64 electrodes
across the 8-shank array. On each shank, the 8 electrodes
were arranged in two or three linear clusters in order to match
the geometry of the rat hippocampus and specifically place
electrodes in the CA1-CA3 or CA1-DG regions. Thus, in total,
two different arrays were designed to target specific regions
in the trisynaptic circuit of the hippocampus (Fig. 1).

To surgically insert these soft polymer probes, their mechan-
ical performance must be considered. A single neural probe
can be modeled as a thin, uniform beam, with one end fixed
and the other end pinned against the brain’s surface at the
moment of implantation. Euler’s buckling formula (Eq. 1),
approximates the force required to buckle a probe of length L,
width w, thickness t, Young’s modulus E , and an effective
length factor k [15], [54], [61], [66], [67].

FEuler = π2 Ewt3

12 (kL)2 (1)

The column effective length factor, k, captures the degree
to which each end of the column is constrained against
movement. During insertion into brain tissue, the base of the
probe is considered to be clamped to the insertion tool and
fixed (allowing for no translation or rotation), and the tip of
the probe is free to move laterally as soon as it contacts brain
tissue where k is 2. As the tip moves and further deforms
the brain surface without penetration, the boundary condition
changes to be pinned in the x-y plane (only allows for rotation,
not translation). Accordingly, the commonly accepted value of
k is 0.7, validated experimentally in [32]. Once the probe has
penetrated the tissue, however, both ends of the probe are now
effectively fixed and k drops to 0.5, yielding a higher buckling
force threshold. This predicts that probes inserted in tissue can

withstand more stress without buckling when inserting deeper
into the brain according to (1).

However, (1) also indicates that polymer probes having
low Young’s modulus and long shanks have low buckling
force. Insertion shuttles and over-coatings can increase the
buckling force to exceed the force required to penetrate brain
tissue. Alternatively, it is possible to increase buckling force by
decreasing length (L). In order to reach deep brain structures
beyond the first few millimeters, this decrease in length needs
to be temporary. This motivates the approach here to use
a dissolvable brace that temporarily shortens probe length
and increases buckling force during implantation. Removal
of the brace returns probes back to their native mechanical
properties.

III. FABRICATION AND PACKAGING

A. Fabrication of Probe Arrays

All polymer devices are micromachined in a layer-by-layer
process on a bare 4” silicon (Si) wafer. The wafer was pre-
baked at 110 ◦C (> 10 mins) prior to fabrication to dehydrate
the surface. A base layer of 10 μm thick Parylene C (Specialty
Coating Systems, Indianapolis, IN) was deposited by chemical
vapor deposition (CVD) under vacuum. A 1.5 μm thick
AZ5214-IR (Integrated Micro Materials, Argyle, TX) layer
was spin coated on top of the base Parylene C layer (step 1: 8 s,
500 rpm, step 2: 45 s, 2,000 rpm) and then patterned via
photolithography as a liftoff mask used to define the electrode
sites (50 μm diameter) and metal traces (5 μm width with
5 μm spacing). Before platinum deposition, the wafer surface
was cleaned and the Parylene C activated using O2 plasma in
a reactive ion etcher (RIE) (Technics, 800 Series Micro RIE
System) at 100 W and 100 mTorr for 1 minute. 2000 Å of
platinum was deposited by electron-beam deposition (Caltech
Kavli Nanoscience Institute, Pasadena, CA). Excess metal was
lifted off in acetone heated to 50 ◦C with gentle brushing
to dislodge excess metal between the traces and followed by
successive rinses in isopropyl alcohol (IPA) and deionized (DI)
water for 5 minutes. Prior to the deposition of a second
Parylene C layer, wafers were cleaned, and the Parylene C was
activated in O2 plasma at 100 W and 100 mTorr for 1 minute
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Fig. 3. Fabrication process for the PEG brace. (a) An exploded view of the mold parts is depicted and followed by (b) the assembled mold and method of
PEG brace application. (c) Parylene C array with PEG brace after releasing from the mold (scale bar = 2 mm).

and then dehydrated at 110 ◦C under vacuum (> 10 mins).
A second 10 μm thick Parylene C insulation layer was
deposited. AZ4620 (Integrated Micro Materials, Argyle, TX)
was spin coated (step 1: 5 s, 500 rpm, step 2: 45 s, 1200 rpm)
to form a 15 μm thick etch mask that defined the device
and probe outline. The device outline was then etched 10 μm
deep using a switched chemistry process in a deep reactive ion
etcher (DRIE, Oxford Plasma Lab System 100; 700 W ICP,
80 W RF power, 23 mTorr) [68]. The remaining photoresist
mask was removed in acetone, IPA, and DI water. A sub-
sequent 30 μm thick AZ4620 mask (two spins separated by
softbake at 90 ◦C for 12 minutes, both spins performed in two
steps with step 1: 8 s, 500 rpm and step 2: 45 s, 2000 rpm) was
used as a mask for the final switched chemistry C4F8/O2 etch
step (same parameters as above) which exposed electrodes and
contact pads and completed the array outline. The electrode
sites and contact pads were etched out at the end of the
process to avoid scum deposition from another micromachin-
ing process. The remaining photoresist was stripped by rinsing
in acetone, IPA, and DI water. To release devices from the
wafer, devices were soaked in DI water and gently peeled away
from the native oxide layer on the silicon substrate. Released
Parylene C arrays were annealed to increase Parylene C chain
entanglement and reduce stress [69]. For this process, arrays
were sandwiched between two Teflon sheets lining two glass
slides and the assembly was held together with clips. Arrays
were placed in an oven, vacuum purged three times with N2,
and then annealed under vacuum for 48 hours at 200 ◦C [70].
The intermediate Teflon layer prevented Parylene C from
irreversibly adhering to the glass slides.

B. Fabrication of Mechanical Shams

In order to develop the surgical insertion method, probe
arrays having identical geometry and dimensions but without
any metal features were prepared (Fig. 2a). A 20 μm thick
layer of Parylene C was deposited on a 4” dehydrated prime
silicon wafer via two consecutive depositions of 10 μm
each. AZ 4620 photoresist was spin coated to serve as an
etch mask (30 μm thick) and patterned via photolithography
to define the probe array outline. Parylene C was etched via
switched chemistry C4F8/O2 DRIE (∼ 230 loops, 700 W ICP,
20 W RF Power, 23 mTorr). The photoresist mask was then
stripped in sequential baths of acetone, IPA, and DI water.
Devices were individually released by gently peeling under
DI water immersion.

C. Molding of PEG Brace
Arrays were temporarily stiffened for insertion into the

brain by applying a slab of water-soluble polyethylene gly-
col (PEG) to the base of the shanks, forming a mechanical
brace and shortening the effective exposed shank length from
5.5 to 1 or 2.8 mm for in vivo and in vitro benchtop testing,
respectively. According to (1) (k = 0.7, E = 2.76 GPa [71],
20 μm thick and 110 μm wide probe shank), a Parylene C
probe with an effective length of ∼ 2.8 mm can theoreti-
cally withstand > 0.5 – 1.0 mN of force without buckling,
the commonly reported insertion force for penetrating the
cortical tissue without dura mater [61], [62], [72]. For in vitro
tests, probes were inserted into a flat agarose (Sigma-Aldrich,
Darmstadt, Germany) mold as a representative mechanical
brain phantom. For in vivo insertions, however, the brain
surface is uneven which may cause the probe tips in an array
to contact the brain at different time and increase the chance
of buckling. Therefore, in vivo experiments were performed
using only 1 mm of exposed shank length instead of 2.5 mm.
This reduced length theoretically increased buckling force 6-
fold according to (1).

PEG was selected as the dissolvable material for its
availability in a range of molecular weights (MW) which
allows the dissolution rate to be tuned. In addition, it is easy
to prepare and apply and has anti-immunogenic and antigenic
properties [73]. The process to apply the PEG brace onto the
array is depicted in Fig. 3 [24]. Molten PEG (Sigma-Aldrich,
Darmstadt, Germany; MW 3350) was injected into a
three-layer polydimethylsiloxane (PDMS, McMaster-Carr,
Elmhurst, IL) mold that supported the array while the brace
was applied in a 60 ◦C oven. A 0.5 mm thick acrylic backing
was temporally attached to the cable portion of the probe
(shown in Fig. 1b) through a PEG block. PDMS Layer 1
(0.5 mm, labeled 2 in Fig. 3) contained a pocket defined by
a vinyl cutter (Graphtec® cutting plotter CE6000-40, Irvine,
CA) as a receptacle to receive the acrylic backing and define
the brace. The top PDMS layer (0.5 mm thick) also contained
a precisely cut slot and was used to complete the top half
of the brace. After filling, the entire assembly was cooled
down to room temperature to allow the PEG to solidify. The
braced array was released by carefully peeling away the mold
starting from the contact pad end to the probe tips.

D. Electrical Packaging
The implanted neural interface incorporated a flexible rib-

bon cable (5 μm wide platinum traces with 5 μm edge-to-edge
spacing) that fanned out and terminated in a contact pad array.
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Fig. 4. Illustration of the implanted array, electrical packaging, and recording
setup for the in vivo study.

The back side of this portion was supported by a 0.05 mm
thick polyether ether ketone (PEEK) tape with a 0.06 mm thick
acrylic adhesive (CS Hyde Co., Lake Villa, IL) (Fig. 3c) to
build up the thickness of the probe for mating to a 71 pin zero
insertion force (ZIF) connector (Hirose Electric Co., Japan).
This ZIF connector bridged the recording electrodes via a
printed circuit board (PCB; Gold Phoenix PCB, China) to two
Omnetics connectors (Omnetics Connector Corporation, Min-
neapolis, MN) for direct connection to the electrophysiological
recording system (Fig. 4). The acrylic backing attached to the
probe was then matched to the ZIF height and attached to the
backside of PCB through a double-side tape (Fig. 5c).

Two PCB designs were developed; the first was previ-
ously described but abandoned due to excessive height [24].
The first version utilized an SSB6 PCB to PCB connec-
tor (Molex Incorporated, Lisle, IL) to allow repeated use
of costly Omnetics connectors (Fig. 5a, left and 5b, top).
However, the SSB6 connector could not support frequent
connections and disconnections. As the connectors had lim-
ited lifetime, the scheme was only used in the first animal.
To reduce the size of the head-mounted electrical packaging,
a single-PCB approach was developed that directly adapted
the two connector types and angled one Omnetics connector
at ∼ 70◦ from the horizontal to minimize overall PCB size
(Fig. 5a, right and 5b, bottom). Built-in ground traces were
added to decrease external sources of noise from movement
of the ground wires (Fig. 5c).

IV. EXPERIMENTAL METHODS

A. PEG Dissolution Study

The dissolution rate of the brace must allow sufficient time
for surgical handling and insertion while not dramatically
extending the duration of surgery. To determine the appropriate
molecular weight that balances these requirements, a dissolu-
tion experiment was performed using PEG discs (N = 3) hav-
ing varying MW (1000, 3350, 8000 and 14,000 Da). PEG
was melted in an oven heated to 60 ◦C and mixed with
blue food dye. Molten PEG discs were injected into circular

molds (5 mm diameter in 1 mm thick PDMS sheet; Syl-
gard 184, Dow Corning Corp., Midland, MI). Excess PEG
was removed from the top of the mold and after cooling,
the PDMS mold was peeled away (Fig. 6). Discs were placed
in plastic boxes (VWR International, Brisbane, CA) and fully
submerged in 3 mL of 1X phosphate buffered saline (PBS,
EMD Chemicals, Darmstadt, Germany). Photographs were
taken every 30 seconds for 6.5 minutes and analyzed using
ImageJ to calculate % of the surface area of the PEG disc
remaining.

B. Mechanical Evaluation of Probes

We measured the insertion and buckling forces for Pary-
lene C probe arrays having different shank numbers (1, 2, 4,
6 or 8; N = 5 for insertion test; N = 3 for buckling test).
Insertion force was measured only for shorter probes as it is
not dependent on length. The shorter probes were obtained.by
covering half of the shank with PEG leaving 2.8 mm
exposed. Differing shank numbers were obtained by cutting
off unwanted shanks. A Bose model 3100 motorized bench
coupled with a 50 g Honeywell load cell (Sensotec, Model 31,
Columbus, OH) (Fig. 7a) was used to measure the insertion
force. Probes were mounted on the Bose motorized clamp
and driven vertically into a brain phantom (0.6% agarose) on
the load cell at a constant speed of 0.01 mm/s to determine
insertion force (Fig. 7b). The brain phantom composition was
selected for its similarity to the bulk mechanical properties of
brain tissue [74]. The insertion speed 0.01 mm/s was selected
to minimize the shear force on the surrounding brain tissue,
based on prior reports [75]. The agarose gel was prepared in
transparent plastic boxes less than 48 hours before insertion
trials and sealed in Parafilm to prevent water evaporation and
maintain consistent properties across gel batches.

The force resolution of the Bose system, however, was
inadequate to resolve single shank buckling force. Therefore,
buckling force was obtained using an Instron 5940 Series
Single Column Tabletop (Norwood, MA) for the different
probe lengths (2.8 or 5.5 mm, Fig. 7c).

With a setup similar to that shown in Fig. 7a, the probe was
driven against a metal plate at 0.01 mm/s. Force was recorded
as a function of stage displacement. Data was analyzed in
Origin software using the adjacent averaging filter.

C. Evaluation of Electrode Sites

Before applying the PEG brace in preparation for implan-
tation, all 64 electrodes in each array were electrochemically
evaluated using cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) using a 3-electrode setup on a
Reference 600 potentiostat (Gamry Instrument, Warminster,
PA) [76], [77]. A 1 cm2 platinum plate was used as the
counter electrode and the reference electrode was Ag/AgCl
(3M NaCl, BASi, MF-2052, West Lafayette, IN). The setup
was contained in a Faraday cage to minimize external noise.
CV was performed at room temperature in 0.05 M H2SO4
(30 cycles from -0.2 to 1.2 V versus Ag/AgCl (3M NaCl), scan
rate of 250 mV/s) and in the process, provided electrochemical
cleaning of electrode surfaces [76], [78]. EIS was performed
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Fig. 5. (a) Fully packaged arrays using the original (left) and (right) revised PCB. (b) Comparison of the dimensions of the (top) original and (bottom)
revised PCB designs. (c) A fully packaged array with the revised PCB shown in (a, right) and (b, bottom) highlighting the acrylic backing and the built-in
ground wires.

Fig. 6. The PDMS mold for PEG dissolution study. (a) PEG was heated
to 60 ◦C to allow injection into a cylindrical well (diameter = 5 mm) in a
PDMS mold. Wells A and B were filled with PEG mixed with blue dye and
well C was empty (outline highlighted with black-dash circle). (b) Excess
PEG was wiped away with a clean glass slide and the PEG allowed to cool
in the mold to room temperature. (c) Molded PEG discs A and B were freed
after peeling the top PDMS layer away. All scale bars are 5 mm.

in 1× PBS at room temperature (25 mVRMS, 1-106 Hz).
Electrode impedance was analyzed at 1 kHz which is reported
as the frequency where neurons fire action potentials [79].
Electrodes exhibiting at 1 kHz an impedance > 2 M �, or with
uncharacteristic phase behavior, were considered as an open
circuit and discarded during analysis.

D. In Vivo Demonstration in Rat Hippocampus

Probe arrays were implanted according to the guidance
of both the Institutional Animal Care and Use Commit-
tee (IACUC) and the Department of Animal Resources of
the University of Southern California (USC). The surgical
procedure used [24] is summarized here.

Animals were anesthetized with isoflurane during the
implantation surgery after a pre-implantation injection of
ketamine and xylazine. A 2 × 4 mm cranial window was
made above the hippocampus of a Sprague-Dawley rat and
the dura was carefully removed with forceps. Five screws were
anchored into in the rat skull around the surgical window. The
PCB was coupled to a stereotax with Parafilm for insertion.

The exposed probe tips of braced arrays were inserted into
the brain until the PEG brace reached the surface of the brain.
The brace was incrementally dissolved in saline and the newly
exposed bare probe length was advanced in increments at a
speed of 10 μm/s down to 4 - 5 mm depth (measured from
probe tip contact with the brain surface, Fig. 8a). Dental
cement was applied to the insertion site up to the PCB
to secure the array (Fig. 8b). The animal was euthanized
and perfused with paraformaldehyde after a few months of
recording post implantation. After the array was removed from
the brain, the brain tissue was dissected from the cranium,
and the tissue was fixed in formalin overnight. The tissue
was then dehydrated with 18% sucrose solution and sliced
for histological staining.

During implantation of the array, neural signals from a
single electrode were monitored with an oscilloscope to
appropriately locate the target by recording of characteristic
compound action potential recordings. For chronic recordings,
each subject was given 7-16 days post implantation to recover,
after which neural activities were recorded on a 64-channel
data acquisition system (Plexon Inc., Dallas, TX) while the
animal freely roamed at an open field. Simultaneous recordings
from all 64 electrodes were captured at 40 kHz along with
video recording (CinePlex, Plexon Inc., Dallas, TX) from
the top of the open field to track the movement path of
the animal [80]. Spike sorting (Offline Sorter, Plexon Inc.,
Dallas, TX) was applied to the recorded data offline.

V. EXPERIMENTAL RESULTS

A. PEG Dissolution Study

The dissolution rate (%/minute) across four different PEG
formulations was obtained by dividing the dissolved area (%)
in Table I by 6.5 minutes. While PEG 1000 dissolved at a rate
of 9.5%/minute, PEG 3350 dissolved by a rate of 5.5%/minute.
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Fig. 7. (a) The mechanical testing setup for insertion force measurement. (b) Close-up view of the clamped probe array over an agarose gel block placed on
the load cell. (c) The mechanical testing setup for buckling force measurement. (d) Close-up view of the clamped probe array over the Instron 5940 Series
built-in load cell.

Fig. 8. (a) Insertion of Parylene C array supported with PEG brace into rat brain (scale bar is at 1 mm). (1) 1 mm of the probe shanks were exposed. (2)
The exposed, bare shanks were inserted and advanced into the brain; (3) Saline dissolved away PEG to expose a portion of the shanks. (4) The newly exposed
portion was advanced into the brain. This process can be repeated until the full length is inserted. (b) After insertion, the array is secured to the skull by
using dental cement in preparation for recording (scale bar = 1 cm).

The dissolution rates of PEG 8000 and PEG 14000 (3.1 and
2.5%/minute, respectively) were too slow to be practical in
a surgical setting. Since the PEG must withstand transport
and not be susceptible to mechanical deformation from small
amounts of water absorption, PEG 3350 was selected for
further experiments and surgical insertion.

B. Mechanical Evaluation of Probes
Fig. 9 shows a representative mechanical measurement of

the buckling force of a Parylene C probe array. The buckling
force threshold was defined as the applied force to the entire
array when all shanks buckled. Fig. 10 shows representa-
tive results from insertion tests of Parylene C probes into
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TABLE I

REMAINING AREA OF PEG DISC ACROSS DIFFERENT
MOLECULAR WEIGHT AFTER SUBMERGING IN 1X

PBS FOR 6.5 MINUTES (N = 3)

Fig. 9. A representative buckling force curve obtained with a 2.8 mm 8-shank
Parylene C probe and smoothed with adjacent point average. The threshold
force was taken with the setup in Fig. 7 (c). The buckling threshold force
is highlighted with a blue dashed line. Inset shows the close-up view of a
buckled 8-shank probe.

Fig. 10. A representative raw (grey) force-displacement data and smoothed
curve (blue) with adjacent averages for a 2.8 mm 4-shank Parylene C probe
during insertion into a block of 0.6% agarose gel. After the probe contacted
the gel surface, the force increased until it reaches a threshold known as
insertion force (labeled as a black unfilled star), which occurred when the
probe initially penetrated the gel. Prior to that point, the probe displaced gel
resulting in dimpling. As the probe advanced deeper, force increased until
reaching the shear force (labeled as a blue solid star) at which point the
maximum force was measured. This also corresponds to the completion of
insertion. Then the probe rested in the gel corresponding to relaxation phase.

gel agarose. Insertion force was defined as the force required
to initially pierce the brain phantom and the shear force as

Fig. 11. (a) The buckling force thresholds (mean ± SD, N = 3; bars) and
insertion force (mean ± SD, N = 5; blue squares). Buckling force is shown
for 5.5 (solid) and 2.8 mm (hatched) shank lengths for single and multi-shank
arrays (2, 4 and 8). (b) The buckling force as a function of shank number
for both 2.8- (grey) and 5.5- mm (black) shank lengths (mean ± SD, N = 3)
was compared with the theoretical linear extrapolation calculated from (1).

the maximum force recorded as a function of the insertion
depth [81].

The buckling force for probe arrays of up to 8 shanks, of full
or shortened length, was compared to the measured insertion
force in Fig. 11a. Notably in all cases, the 5.5 mm probes
buckled at forces below that required for insertion, confirming
prior observations that long, thin, polymer probes cannot be
implanted into brain tissue successfully (Fig. 12). As expected,
shorter probes had a higher threshold for buckling, but for
larger arrays, the buckling force was within a standard devi-
ation of the insertion force, prompting the need to shorten
arrays even further for in vivo implantation as a measure of
safety.

Fig. 11b compared the experimentally determined buckling
force as a function of array size to the theoretical buckling
force for a single probe as calculated with (1) (k = 0.7,
E = 2.76 GPa, w = 110 μm, t = 20 μm). A single shank
Parylene C probe (L = 5.5 mm) is expected to buckle at
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Fig. 12. (a) Braced Parylene C arrays (2.8 mm exposed) successfully inserted
into the 0.6% agarose across all conditions (1, 2, 4 and 8 shanks; scale
bar = 1 mm). (b) A single shank unbraced Parylene C probe (5.5 mm exposed)
buckled before penetrating agarose (scale bar = 2 mm).

Fig. 13. Characteristic features of the force-displacement curve compared
across different numbers of shanks: (a) insertion force, and (b) shear force
(mean ± SD, N = 5). Each plot exhibits a high degree of linearity as evidenced
by the quality of the fit. Insertion force = 0.22∗ shank number, R2 = 0.99;
shear force = 0.37∗ shank number, R2 = 0.99.

an applied axial force of 0.13 mN, and a shortened probe
(L = 2.8 mm) at 0.52 mN. These calculations fall within the
range of experimentally determined values: 0.13 ± 0.02 mN
and 0.45 ± 0.21 mN, respectively. The buckling force for
a Parylene C array probe did not scale linearly with shank
number. The 8-shank array buckled at 1.22 ± 0.12 mN for the
full length and 2.09 ± 0.06 mN at half length, a nine- and five-
fold increase over single-shank measurements, respectively.

Fig. 13 shows the linear regression of insertion force and
maximum shear force on arrays measured with 0.6% agarose

Fig. 14. (a) A representative CV curve of a single platinum electrode after
2nd cycle (orange) and 30th cycle cleaning (black) in the 0.05 M H2SO4.
Characteristics peaks corresponding to oxidation-reduction reactions between
platinum and the ions in the solution are labeled. (b) The electrochemical
impedance spectroscopy (EIS) graph of the average electrode impedance
magnitude (mean ± SD, N =18 electrodes) before (orange) and after (black)
CV cleaning. (c) EIS phase curve taken before (orange) and after (black)
CV cleaning (mean ± SD, N = 18 electrodes). All electrodes are from a
single device. The CV and EIS measurements were taken after the array was
thermally annealed.

gel as a function of array size. For determination of shear
force, all arrays were inserted to a depth of ∼2.5 mm. The
shear force for single shank was 0.43 ± 0.17 mN, comparable
to values reported in the literature taken with the same inser-
tion speed [75]. Both insertion and shear forces scaled linearly
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Fig. 15. Histological slices after Parylene C array implantation and removal highlighting the hippocampus. Slices were stained with hematoxylin and eosin.
(a) Coronal and (b & c) transverse slices taken at 2.2 and 2.5 mm from the brain surface showing probe tracks (red arrows). Scale bar for (a) is at 1 mm;
scale bar for (b & c) is at 500 μm.

TABLE II

1 KHZ IMPEDANCE (MEAN ± SD) OF DIFFERENT DEVICES

with number of shanks (R2 > 0.99, N = 5). As the number
of shanks changed from 1 to 8, the insertion force increased
six-fold (0.24 ± 0.09 mN changed to 1.50 ± 0.60 mN); the
shear force increased seven-fold (0.43 ± 0.17 mN changed to
2.84 ± 0.68 mN).

C. Electrochemical Evaluation of Electrode Sites

Comparison of the CV curve taken after 2nd and 30th cycles
suggests an increase in the electroactive area following the
CV cleaning process (Fig. 14a). As the cycles progressed,
the current response broadened at different voltages indicating
increased cleanliness of the electrode surface area which
allowed for more surface reactions and current flow. At cycle
30, the CV was comparable to a typical representative CV
curve for Pt having characteristic peaks of Pt reaction in
H2SO4 solution, indicating successful electrode cleaning. This
improvement was also evident across the EIS data on elec-
trodes obtained before and after the CV cleaning; impedance
magnitude decreased slightly from 715 to 513 k � at 1 kHz
(Fig. 14b). The mean impedance at 1 kHz across 7 different
devices (N = 420 electrodes) was 691 ± 257 k � with
variation between individual devices reported in Table II. After
CV cleaning, the phase angle at higher frequency was more
resistive (closer to 0◦) and roughly constant at the lower
frequency range (Fig. 14c).

D. In Vivo Evaluation

Surgical implantation lasted approximately 2 hours
after alignment and included time for electrophysiological

monitoring of sites for characteristic compound spikes indica-
tive of proper placement in hippocampus. Histological brain
sections revealed that the stab wounds matched probe
cross-sectional dimensions indicating minimal damage to sur-
rounding tissues (Fig. 15). The spike amplitudes for units,
noise levels for channels, and signal to noise ratios of record-
ings obtained by the Parylene hippocampal array under acute
preparation were comparable to those of microwires (25 μm
diameter, stainless steel) [24]. The representative templates of
spike waveforms of multiple units recorded from one animal
are depicted in Fig. 16; 5 out 8 shanks recorded from both the
CA1 and the CA3 region simultaneously, while the other three
shanks recorded from either the CA1 or CA3 region due to the
curved structure of the hippocampus. Over 80 neuronal units
were recorded in this experiment. The results of long-term
recordings are shown in Fig. 17a, with 3 out of 4 rats yielding
recording with stable noise level over 5 weeks. Fig. 17b
shows a representative recording through one channel from
CA1 and CA3 region of an animal at 12 weeks. The maximum
spike recorded had a signal amplitude of 330.10 μV and
a 3-sigma of noise level at 37.45 μV. The probe with shanks
able to capture signal from both CA1 and CA3 region was
further used in the behavioral study with free-moving rat
(Fig. 17c).

VI. DISCUSSION

Initial feasibility studies on mechanical insertion were per-
formed using probe shams having no metal features. When
adding the 2000 Å platinum conductor layer, curvature of
the released probes was observed arising from intrinsic stress
present in sputtered metal. This stress may have been exac-
erbated by the deposition process and its associated thermal
transitions; the difference in thermal expansion coefficients
between the metal and polymer films following temperature
cycling during fabrication are also implicated [82]. Curvature
in released probes is undesirable and inhibits precise insertion
into the tissue along a straight path. Therefore, processes
which result in high residual stresses in the metal film are
undesirable. To eliminate curvature, the process was modified
to utilize e-beam metal deposition (Fig. 18) in conjunction
with post-fabrication controlled thermal annealing [70], [82].

Prior to developing the dissolvable brace, alternative inser-
tion shuttles, including the use of lithographically defined
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Fig. 16. Representative spike waveforms from multiple units recorded from one lightly anesthetized animal immediately after implantation.

Fig. 17. Chronic recordings obtained with a Parylene C multi-electrodes array. (a) Average noise level (mean) and the spike amplitude (mean ± SD) of
neural signals recorded from four animals over 5 to 12 weeks post-implantation. (b) Representative recording from one animal at 12 weeks. The average spike
amplitude of the units recorded from single neuron was 261.58 μV and the 3-sigma of noise level was 37.45 μV. A group of complex spikes is identified in
the orange dashed box. (c) The top shows the overhead frame capture of a rat running freely in an open field. The bottom two plots show the place field of
two units simultaneously recorded at 12 weeks post-implantation from the CA1 and the CA3 sub-regions while the animal was running freely. The color bar
represents the firing rate of neurons (in Hz).

‘pockets’ in conjunction with metal wires to place thin
Parylene C shanks were evaluated. These approaches entailed
increased the fabrication complexity and introduced new engi-
neering challenges, and ultimately proved difficult to scale for
larger arrays and smaller devices. In contrast, our dissolvable
PEG brace approach proved reliable and robust. The approach

was simple to scale from one probe to an array of multiple
shanks, and by tuning the exposed length, we could increase
the buckling threshold as desired.

Measurements of buckling force suggest the force to buckle
multi-probe arrays does not increase proportionally with the
shank number. This is counterintuitive and suggests probe

Authorized licensed use limited to: University of Southern California. Downloaded on October 18,2020 at 03:23:12 UTC from IEEE Xplore.  Restrictions apply. 



510 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 29, NO. 4, AUGUST 2020

Fig. 18. High levels of compressive stress in sputtered platinum resulted
in (a) ripples in the film and (b) severe probe curvature (viewed from side).
E-beam deposited films, in contrast were (c) smooth and (d) no curvature was
present. The scale bar for (a) and (c) is 100 μm; the scale bar for (b) and
(d) is 1 mm.

arrays cannot be modeled as a collection of independent
beams. The discrepancy may result from differences in contact
times between shanks and the metal plate, however such
evidence was not apparent in our load cell or video recording
data.

We observed greater shear force for arrays having more
shanks while advancing into the brain after initial inser-
tion; this relationship followed an approximately linear trend.
A limitation of this study is that the shank-to-shank spacing
is fixed and other spacing was not evaluated. Further study is
also required to determine how these parameters scale as the
arrays are expanded (e.g. by stacking linear arrays) to access
three dimensions.

Insertion force measurements may be somewhat affected by
the ability to align shanks parallel to the surface of the agarose
gels (performed by eye). It is possible that, in some cases,
shanks were misaligned and penetrated the agarose at different
times. Slight inaccuracies in extrapolation of the insertion
force from the experimental force curves may have resulted.
When implanting in rat hippocampus, the brain surface is not
flat however, this did not impact our ability to successfully
insert the arrays. Overall, agarose gels are homogeneous and
provide a simplistic mechanical model for rapid evaluation of
insertion mechanics of soft polymer shanks prior to conducting
in vivo studies. Successful insertion in agarose gels were
reproduced in vivo. A limitation of the insertion experiments
into agarose is that insertion force was acquired at one
insertion speed. Shear force can be reduced at lower insertion
speeds as this allows the tissue time to relax and accommodate
the additional probe length more readily [75]. Simulations may
be useful in deciding the proper spacing between shanks to
allow for such relaxation.

VII. CONCLUSION

A flexible penetrating Parylene C-based neural probe array
whose electrodes conform to hippocampal anatomy was
designed, fabricated, characterized, and implemented in vivo.

In particular, the mechanical properties and performance of
probe arrays were investigated, and the polymer material moti-
vated the use of a novel bracing method to overcome prema-
ture mechanical buckling. Arrays were successfully implanted
in agarose phantoms and rat brain using this bracing approach;
bare shanks could be placed > 4 mm below the brain surface in
a deep brain structure. The PEG brace was able to temporarily
shorten the probe length to permit implantation and gain
access to hippocampal structures. Simultaneous recordings
from multiple electrode sites captured complex spikes which
are characteristic of pyramidal cells in both the CA1 and
CA3 regions of the hippocampus. Individual shanks inflicted
minimal tissue disruption and left tracks within the tissue
matching the bare probe cross-section.

The PEG bracing strategy overcomes challenges of mini-
mally disruptive surgical implantation of soft polymer probes
and can be generalized to other designs whether they are single
or multi-shank. This technique is also likely generalizable to
three dimensional multi-shanks arrays in addition to the linear
arrays explored here.
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