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Abstract
Implantable neural probes are widely used to record and stimulate neural activities. These
probes should be stiff enough for insertion. However, it should also be flexible to minimize
tissue damage after insertion. Therefore, having dynamic control of the neural probe shank
flexibility will be useful. For the first time, we have successfully fabricated flexible neural
probes with embedded microfluidic channels for dynamic control of neural probe stiffness by
controlling fluidic pressure in the channels. The present hybrid neural probes consisted of
polydimethylsiloxane (PDMS) and polyimide (PI) layers could provide the required stiffness
for insertion and flexibility during operation. The PDMS channels were fabricated by reversal
imprint using a silicon mold and bonded to a PI layer to form the embedded channels in the
neural probe. The probe shape was patterned using an oxygen plasma generated by an
inductively coupled plasma etching system. The critical buckling force of PDMS/PI neural
probes could be tuned from 0.25–1.25 mN depending on the applied fluidic pressure in the
microchannels and these probes were successfully inserted into a 0.6% agarose gel that
mimicked the stiffness of the brain tissue. Polymer-based neural probes are typically more
flexible than conventional metal wire-based probes, and they could potentially provide less
tissue damage after implantation.

Introduction
Implantable neural probes are widely used to record and stimulate neural activities. These neural probes have been implanted into different tissues (e.g. brain, eye, and ear). Improving neural probe biocompatibility is one of the major tasks for many neural probe applications,
especially for those that require long term usage. In recent years [1–5], biocompatible polymer-based neural probes have been showed to be promising for neural prosthetics. Different
biocompatible polymers such as polydimethylsiloxane (PDMS) [6], parylene-C [7], liquid crystal polymer (LCP) [8], SU-8 [9–11], and polyimide (PI) [12–14] have been studied extensively
as flexible neural probes to reduce human body responses after implantation [15–18]. These
softer polymer-based neural probes tended to be difficult to be inserted into the targeted tissues [19]. For example, due to the high flexibility of PDMS, these neural probes were difficult
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to be inserted into the brain or some other targeted tissues, and they are used mostly for surface neural prostheses [6, 20, 21].
The flexibility of the neural probes is related to the degree of tissue damage induced during
brain micro motions after the probes are implanted. Neural probes with higher flexibility
could cause less tissue damage [18]. However, a minimum probe stiffness is needed to facilitate
implantation into the brain tissue [22–24]. Previously, flexible probe insertion was accomplished using a probe stiffener, in which the flexible probe was attached to a rigid silicon (Si)
substrate with a biodegradable glue such as polyethylene glycol (PEG) [25, 26]. Others had
demonstrated that coating neural probes with bio-dissolvable materials [27] such as silk polymer [28, 29] could temporarily enhance neural probe stiffness during probe insertion.
Previous probe stiffening methods during insertion focused on using an extra piece of rigid
structure to enhance the overall rigidity, rather than introducing dynamically controlled probe
flexibility. In such cases, the neural probes cannot be reused after the bio-degradable layers
were dissolved. Also, more tissue damage will be introduced due to the extra volume and stiffness of the rigid structure. Our present designs provide dynamic control of neural probe flexibility using adjustable fluidic pressure in the embedded channels. These neural probes were
controlled to be rigid during insertion, and they returned to inherent flexibility after the insertion. The probes can be cleaned and reused easily. The neural probe flexibility was controlled
by the probe materials, dimensions, and fluidic pressure in the embedded microchannels. In
this work, neural probes were fabricated in PDMS, PI, and PDMS/PI hybrid substrates. The
polymer-based neural probes are biocompatible and their mechanical properties can be optimized. The PDMS and PI polymers have different Young’s modulus, and they can provide different degrees of stiffness. Typically, PDMS is too soft for neural probe implantation into the
brain tissue, while PI is more rigid compared to PDMS. A combination of PDMS and PI layers
in neural probes could be tuned to reach the appropriate flexibility. For neural probe implantation, the fluidic pressure in the embedded microchannels of PDMS/PI neural probes could be
adjusted to provide the needed stiffness. The fluidic pressure in the microchannels could then
be released after implantation so that the neural probes will be highly flexible to reduce tissue
damage. Probe flexibility for different designs as a function of fluidic pressure was simulated
using the finite element method (FEM).
Neural probes in PDMS were too flexible to be implanted into brain tissue, even with fluidic
pressure in the embedded channels. The minimum critical buckling force for the PI probes
was found to be 3.0 mN for 200 μm wide probes with 50 μm wide channels. This is higher than
the required force of 0.5–1.0 mN [30, 31] to penetrate into the brain tissue. However, hybrid
PDMS/PI neural probes with the same dimensions and fluidic pressure were more flexible
with lower critical buckling force of 1.1 mN, and rigid enough to penetrate into the brain tissue. The critical buckling force of the PDMS/PI neural probes could be tuned from 0.25–1.25
mN depending on the fluidic pressure in the microchannel. The fabricated probes were
inserted into a 0.6% agarose gel that mimicked the softness of the brain tissue. As the fluidic
pressure was increased from 0 to 60 kPa, these probes were able to penetrate into the gel. After
insertion, releasing the fluidic pressure allowed the probe to become flexible so as to avoid tissue damage for chronic recording and stimulation.

Materials and methods
In this section, the designs, materials and fabrication technology for PDMS/PI hybrid probe
were discussed. Moreover, the flexibility in terms of axial critical buckling force of these neural
probes was measured using the buckling test that resembled the probe insertion into the targeted brain tissues. A smaller critical buckling force indicated the probe was more flexible.
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The dimension of fluidic channel needed to be large enough to provide a large range of flexibility control, and bonding area needed to be large enough to ensure there was no channel
leakage when pressure was applied. Thus, probe widths of 200, 300, and 400 μm was selected
in this study. The embedded microchannels formed a ‘U’ shape in the neural probe as shown
in Fig 1. With single channel width of 12.5, 25, and 50 μm on each side of the ‘U’, the total
channel width was 25, 50, and 100 μm, respectively. The channel width and fluidic pressure in
the channels determined the flexibility of the neural probes, which could be optimized for
implantation and reducing tissue damage.

Fabrication of PDMS/PI hybrid probes with embedded microchannel
The fabrication of the hybrid PDMS/PI neural probe is shown in Fig 1. The Si stamp with
microchannel was fabricated for reversal imprinting PDMS channel plate and bonded on the
PI cover plate using 1 μm thick poly(methyl methacrylate) (PMMA) (495PMMA A11, MicroChem) as an intermediate layer. For the channel shape in Si stamp, 1 μm thick AZ nLOF 2070
(diluted) negative photoresist was spin-coated on Si at 3000 rpm for 60 s and soft baked at
130˚C for 60 s on a hot plate. The photoresist was patterned by UV exposure and post-baked
at 130˚C for 60 s. After the negative photoresist was developed, a 5 μm thick AZ 6130 positive
photoresist was spin-coated at 3000 rpm for 60 s and baked at 90˚C for 10 min. After patterning the positive photoresist, the Si stamp was ready to be dry etched (Fig 1A).
A deep reactive ion etching (DRIE) (LPX ICP LE0729, SPTS) system was used to etch the Si
stamp in 2 steps. Initially, 20 μm Si was dry etched to define the channel depth and the remaining negative photoresist was removed using an O2 plasma. After the photoresist was removed,
the Si stamp was etched for an additional 40 μm to realize 60 μm total channel plate thickness
(Fig 1B). The remaining positive photoresist was removed in acetone for 10 min. The Si stamp
was coated with trichloro(1H, 1H, 2H, 2H-perfluorooctyl) silane (FOTS) (Sigma-Aldrich,
97%), which acted as an anti-sticking layer [32] (Fig 1C). A 60 μm thick 10:1 (weight ratio, w/
w prepolymer to curing agent) PDMS (Sylgard 184, Dow Corning) was spin-coated at 1000
rpm for 60 s on the Si stamp and reversely imprinted onto another Si substrate at 130˚C and
pressure of 40 bar for 10 min. The Si substrate surface was coated with 1:4 FOTS/ methacryl
oxypropylene trichlorosilane (MOPTS) to provide higher surface energy than the FOTS coated
Si stamp (Fig 1D). Due to different surface energy between the Si stamp and the Si substrate,
the PDMS-based channel plate could be detached from the Si stamp (Fig 1E).
For the PI cover plate, 1 μm PMMA was spin-coated on the surface of a glass substrate at
3000 rpm and baked at 240˚C for 30 min to facilitate the final peel-off of the neural probe
from the glass substrate. Then 15 μm PI was spin-coated at 1000 rpm for 60 s and baked at
180˚C for 5 h, followed by 240˚C for 4 h. A 1 μm thick PMMA was spin-coated at 3000 rpm
for 60 s as an intermediate bonding layer with the PDMS channel plate (Fig 1F). PDMS channel plate was treated by an O2 plasma (Plasma-Term 790 Series) using 25 sccm O2, 65 W stage
power, and 700 mTorr chamber pressure for 20 s. The PDMS channel plate and the PI cover
plate were bonded together with low pressure for 2 min, followed by baking at 130˚C for 1 h
(Fig 1G). An inductively coupled plasma (ICP) system (Oxford Instruments, Plasmalab 80
Plus) was used to dry etch 1/15 μm PMMA/PI at 10 sccm O2, 60 W stage power, 450 W Source
power, and 10 mTorr chamber pressure for 15 min. PMMA and PI etch rate were 1.0 and
0.8 μm/min, respectively, with the PDMS layer as an etch mask. The entire PDMS/PI neural
probe was detached from the glass substrate (Fig 1H). Fig 1I shows the neural probe with
embedded microchannel after separation from the glass substrate. The width of the neural
probes varied from 200 to 400 μm and channel width varied from 12.5 to 50 μm. 10 nm chromium adhesion layer and 200 nm gold layer were deposited on the PI followed by
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Fig 1. Fabrication of polydimethylsiloxane (PDMS)/polyimide (PI) neural probe with embedded microchannel. (a) Channels and probe shape patterned by 1 μm
negative photoresist (-PR) and 5 μm positive photoresist (+PR), respectively, on silicon (Si). (b) 20/40 μm channel/probe shape dry etched in Si. (c) Photoresist was
removed and trichloro (1H, 1H, 2H, 2H-perfluorooctyl) silane (FOTS) was coated on stamp. (d) and (e) 60 μm PDMS was coated on Si stamp and reversely imprinted
on FOTS/methacryl oxypropylene trichlorosilane (MOPTS) coated Si and as channel plate. (f) 10 μm PI on poly(methyl methacrylate) (PMMA) coated glass with 1 μm
PMMA coating as bonding layer. (g) PDMS channel plate was treated by O2 plasma and bonded to cover plate. (h) Probe shape was defined on cover plate by O2 plasma
etching. (i) Released PDMS/PI neural probe with embedded microchannel.
https://doi.org/10.1371/journal.pone.0220258.g001
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photolithography and wet etching to pattern the electrodes. The gold electrodes were located
along the central line of the neural probe near the probe tip and they did not have overlap with
the U-shaped channels. The gold electrodes did not have significant effect on the overall
mechanical property.

Probe flexibility: Critical buckling force simulations and measurements
Neural probes with different materials and dimensions were simulated using the FEM-based
COMSOL MULTIPHYSICS 5.4 (COMSOL) [33]. Neural probes were modeled in 3-dimensional Cartesian coordinate system with 2-dimensional views shown in Fig 2A and 2B. The
probe head was assumed to be fixed during the buckling. However, the probe tip was assumed
to be sharp and could only move along the probe shank direction and could not slide along the
surface. To study stress distribution around neural probe, PI and PDMS were set as the linear
elastic and hyperelastic materials, respectively. PDMS followed the Neo-Hookean nearly
incompressible material model with initial bulk modulus of 2.2 GPa [34]. Other material properties were directly imported from the material library. Simulation was performed in a
sequence of two studies. In the first study, pressure ranging from 0–200 kPa was applied on
the inner boundaries of the embedded channels to obtain the probe deformation and stress
distribution. In the second study, a linear buckling analysis was performed where results from
the first study were imported, and a force along the probe shank direction with a magnitude of
1 mN was applied on the tip of the probe. Critical buckling force was calculated by multiplying
1 mN with the exported critical load factor. The simulated von Mises stress distribution and
the deflection of the PDMS/PI probe with 200 μm probe width and 50 μm channel width without pressure was shown in Fig 2C.
The critical buckling force was determined by measuring the force exerted by the neural
probes on a microbalance (Sartorius BP 211D, Sartorius AG, Germany) with resolution of
0.01mg. At the initial contact between the probe and the balance, the force value was set to
zero. Two syringes filled with water were connected to the inlet and outlet located at the two
ends of the U-shaped channel via a pressure sensor. Fluidic pressure was applied by fixing the
plunger of one syringe, while slowly pushing the other plunger until the required pressure was
reached (Fig 2D). Fig 2E shows the changes of the axial force during the buckling test for a 60/
15 μm thick PDMS/PI neural probe with probe width of 400 μm, channel width of 12.5 μm,
and 120 kPa fluidic pressure in the microchannel. During the buckling test, after the probe tip
contacted the microbalance surface, the probe shank gradually deformed as the probe was
pushed down onto the microbalance by the induced force. At the threshold force of 1.9 mN,
the probe buckled and the probe tip moved. All the critical buckling force was obtained based
on the first buckling mode.

Data analysis
All numerical data was shown in average value with standard deviation. Data was compared
by Student’s t-test, and two groups of data were considered to have significant difference when
p <0.05 [35].

Results and discussion
In this neural probe design, the U-shaped channel was filled with liquid. The total occupied
space of the channel is the largest when there were no bending or other types of probe shank
deformation. When the channel was bent under external force, this space would shrink
accordingly. The fluidic pressure is an indicator of how well the channel is filled. A higher
pressure indicated that the channel was filled with fluid that could stand against larger external
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Fig 2. Stress distribution in neural probe based on finite element method simulation. (a) Probe geometry. (b) Probe dimensions. (c) Stress distribution on 200 μm
wide, 1 cm long, 60/15 μm thick PDMS/PI probe shank with 50 μm wide, 20 μm high embedded channels during buckling. (d) Experimental setup of fluidic pressure
control in U-shaped channel. (e) Measured axial force due to displacement of PDMS/PI neural probe with 400 μm probe width and 12.5 μm channel width at 120 kPa
fluidic pressure.
https://doi.org/10.1371/journal.pone.0220258.g002

force, thus more difficult for the probe to deform. In this case the overall stiffness of the probe
became higher.
Table 1 shows the comparison of this work with other works in controlling neural probes
flexibility. This work is the only one that provided dynamic control of probe flexibility using
adjustable fluidic pressure in the microchannels. In addition, the neural probes in this work
included PDMS and PI polymers, as well as various probe dimensions. Therefore, these probes
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Table 1. Comparison of controlling neural probes flexibility in terms of critical buckling force.
Flexibility Control

Buckling
Force

Insertion
Force

PDMS/PI; fluidic pressure in
channels

0.5–2.1 mN

0.8 mN at 60
kPa

–

Biodegradable PEG and silk

2.6–300 mN

8–23 mN

100 μm thick; 120 μm wide; 3
mm long

–

Parylene tube dimension and
location

540 mN

–

Si

15 μm thick; 100 μm wide; 5.5
mm long

–

Breakable Si; biodegradable
polymer

1.7 mN

–

Egert et al., 2011
[38]

Parylene

20 μm thick; 200 μm wide; 2 mm
long

–

Parylene stiffener

0.5–1.3 mN

–

Takeuchi et al., 2005
[39]

Parylene

20 μm thick

50–200 μm wide; 10 μm
deep

Biodegradable PEG in channel

12 mN

–

Authors

Materials

Probe Size

This work

PDMS/PI

Lecomte et al., 2015
[26]

Parylene-C

24 μm thick; 120 μm wide;
3 mm long

Kim et al., 2014 [36]

Si/Parylene
tube

Jeon et al., 2014 [37]

Channel Size

60 μm thick; 200–400 μm wide; 1 12.5–50 μm wide; 20 μm
cm long
deep

https://doi.org/10.1371/journal.pone.0220258.t001

could be optimized to the desirable low flexibility needed for implantation and high flexibility
needed for in vivo operation with low tissue damage.
Fig 3A to 3C show the critical buckling force for the PDMS-based neural probes with 200,
300, and 400 μm probe width, respectively. The critical buckling force for these PDMS-based
probes were much smaller than the PI-based neural probes shown in Fig 3D and 3E. For
400 μm wide probes with 12.5 μm channel width, the critical buckling forces were found to be
0.06 and 7.30 mN for PDMS- and PI-based neural probes, respectively, with no fluidic pressure
inside the channels. As channel width increased, the critical buckling force decreased for both
types of probes. However, this effect was more significant for PI-based probes. The measurements also showed that the critical buckling force in the PDMS-based probes did not change
significantly for probe widths varying from 200 to 400 μm due to PDMS’s hyperelastic properties. Further increase of the fluidic pressure to 240 kPa inside the embedded channel would
cause channel deformation and swelling since PDMS was too flexible.
The critical buckling forces for 60 μm thick PI-based neural probes with different probe
width and channel width are shown in Fig 3D and 3E without and with 240 kPa fluidic pressure. The critical buckling force for these PI-based neural probes decreased with decreasing
probe width or increasing channel width. Fluidic pressure inside the microchannel could
increase the critical buckling force significantly. For example, for 400 μm wide PI probe and
12.5 μm wide channel, the critical buckling force was 7.30 mN without fluidic pressure and it
increased to 12.40 mN when 240 kPa fluidic pressure was applied. Similar increases were
observed for 200 and 300 μm wide probes that the critical buckling force could be increased by
applying fluidic pressure in the channels.
Fig 4 shows the experimental and simulation results of the critical buckling force for the 60/
15 μm PDMS/PI neural probe with 12.5 μm wide, 20 μm high channels. For 200 μm wide neural probe with 12.5 μm wide channel, the critical buckling force was 0.29 mN with no fluidic
pressure and it increased to 0.60 mN when the pressure was increased to 60 kPa. As the pressure was increased further to 120 kPa, the critical buckling force continued to increase to 1.17
mN. The measured critical buckling force for neural probes at different pressures closely
matched with the simulated results. Similarly, the measured and simulated results for 300 and
400 μm wide probes followed the same trends as shown in Fig 4B and 4C.
Fig 5A shows the effects of fluidic pressure on critical buckling force for neural probes with
different channel widths and probe widths. The probes became stiffer with wider probes
width, but the channel width had little effects on the critical buckling force as shown in Fig 5B.
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Fig 3. Critical buckling force of PDMS neural probes at different fluidic pressure. 60 μm thick PDMS neural probes with (a) 200, (b) 300, and (c) 400 μm probe
width. Critical buckling force of 60 μm thick PI neural probes with channel width of 12.5, 25, and 50 μm; and probe width of 200, 300, and 400 μm with (d) no pressure
and (e) at 240 kPa fluidic pressure. Fluidic pressure at 0 kPa means channel is filled with air while the inlet and outlet were not sealed.
https://doi.org/10.1371/journal.pone.0220258.g003
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Fig 4. Measured and simulated critical buckling force of neural probes with channels at different fluidic pressure.
Measured (solid line) and simulated (dash line) critical buckling force of 60/15 μm thick, 1cm long PDMS/PI neural
probes with 12.5 μm wide embedded channels at different fluidic pressure for (a) 200, (b) 300, and (c) 400 μm wide
probes.
https://doi.org/10.1371/journal.pone.0220258.g004

Channel width did not change the critical buckling force significantly because the probes consisted of 60 μm thick PDMS and only 10 or 15 μm thick PI layer with the channels. However,
by changing the PI layer thickness from 10 to 15 μm the neural probes become stiffer as shown
in Fig 5C.
The fabricated probes were inserted into a 0.6% agarose gel that mimicked the brain tissue
mechanical properties [40] as shown in Fig 6A. Measured axial force during insertion is shown
in Fig 6B as a function of fluidic pressure in the channels. The neural probes could be inserted
into the gel when the applied force was larger than 60 kPa to shear through the agarose gel.
When no fluidic pressure was applied in the embedded microchannels, the probes were not
able to penetrate into the gel. In this case the maximum applicable insertion force was found
to be 0.34±0.05, 0.51±0.08, and 0.63±0.05 mN for 200, 300, and 400 μm probe width, respectively without bending the probe shank. With the small applied force, the gel surface was
deformed by the probes without shearing through, and the probes were not able to penetrate
into the gel. The penetration force for different probe design varies. Neural probes with smaller
widths could be inserted more easily and required smaller insertion force compared to wider
probes. Insertion force of the neural probes were in the range of 0.5–1 mN. Increasing the fluidic pressure to 60 kPa allowed the probes to shear through the gel surface with axial force of
0.45±0.06, 0.66±0.04, and 0.83±0.05 mN for 200, 300, and 400 μm probe width, respectively.
Insertion force when further increasing the fluidic pressure to 120 kPa was 0.45±0.04, 0.66
±0.06, and 0.83±0.06 mN for 200, 300, and 400 μm probe width, respectively, as shown in Fig
6B. No significant difference was shown between insertion forces under 60 and 120kPa pressure according to student’s t test. PDMS swelling was smaller than 20 μm with 120 kPa fluidic
pressure for all designs. When pressure was higher than 120 kPa, more obvious PDMS swelling
was observed, and leakage was found at PDMS/PI interface due to failure of bonding.
In order to characterize the flexibility of the neural probes, PI probes with width of 200,
300, and 400 μm were fabricated. Stiffness constant (k) in Nm-1 was calculated for all PI and
PDMS/PI hybrid probes without applying any pressure by the following equations:
Ec wt3
4l2

ð1Þ

EPDMS VPDMS þ EPI VPI
VTotal

ð2Þ

k¼

Ec ¼

where Ec is the Young’s modulus of the PDMS-PI composite (Pa), VPDMS and VPI are the material volume, w is the probe width (m), t is thickness (m) and l is the probe length (m). The calculated stiffness constants were 1.68×10−2 to 3.37×10−2 Nm-1 for PDMS/PI probes and 0.17 to
0.35 Nm-1 for PI probes. The stiffness constant of PDMS/PI probes with the smallest dimension was comparable to the k value of 7.1×10−3 Nm-1 in the literature that showed significantly
reduced tissue damage and glial formation [18]. Probes with larger width could potentially
induce more damage to the nurons as well as more glial formation due to their larger area and
higher rigidity. The flexibility performance of PDMS/PI probes can be further enhanced by
optimizing the channel design, probe shape and size to provide better probe flexibility with
smaller area to reduce tissue damage.
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Fig 5. Measured critical buckling force of PDMS/PI neural probes. Measured critical buckling force of 60/15 μm
PDMS/PI neural probes at (a) different fluidic pressure and (b) different channel width at 120 kPa. (c) Critical
buckling force for PI thickness of 10 and 15 μm and probe width of 200 μm and channel width of 12.5 μm.
https://doi.org/10.1371/journal.pone.0220258.g005

These probes were inserted into the gel and the gel was moved laterally, while the probe displacements were tracked using a camera. Nickel/chromium (Ni/Cr) and copper (Cu) metal
wire probes with a diameter of 70 and 150 μm, respectively, were used to compare the probes
flexibility. The micrographs of the probe positions inside the gel at their starting and ending
positions after the gel was moved laterally by 4 mm were compared (S1 Fig). PI probes with
width of 200, 300, and 400 μm had the displacement that decreased with increasing probe
width, and the values were all close to 4 mm. Therefore the PI probes could move more easily
with the induced motion and would not create as much tissue damage under motion. PDMS/
PI probes were more flexible than the PI probes, thus the damage should be even smaller. In
contrast, the displacement for the commonly used Ni/Cr and Cu wire probes were 3.21 and
0.35 mm, respectively. These results showed that the polymer-based neural probes were more
flexible than the metal wire probes, which had the advantages of inducing less tissue damage
due to brain micro-motions.

Conclusions
This work demonstrated the utilization of embedded microchannels in neural probes to
dynamically control their stiffness in order to reduce motion induced tissue damage. By
adjusting the polymer materials, neural probe dimensions, and fluidic pressure in the microchannels, probe stiffness could be dynamically controlled so that they could be inserted easily
into the targeted tissue, but returned to be flexible after implantation by changing the fluidic
pressure. Therefore, using the combination of PDMS and PI layers in the developed neural
probes with embedded microchannels, they have the advantages of controlling the probes to
be stiff enough for insertion with pressure applied in the channels and becoming more flexible
after penetration by releasing the pressure to potentially reduce tissue damage.

Fig 6. Measured axial force of neural probes in gel. (a) Schematic diagram showing gel movement setup. (b) Measured axial force during insertion in 0.6% agarose gel
for 60/15 μm thick PDMS/PI neural probes at different fluidic pressure.
https://doi.org/10.1371/journal.pone.0220258.g006
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Supporting information
S1 Fig. Comparison of neural probe flexibility after insertion in agarose gel. (a) Displacement of neural probe tips after gel was moved for 4 mm. (b) Displacement for neural probe
tips with 200, 300, and 400 μm wide PI probes and 70 μm nickel/chromium (Ni/Cr) and
150 μm diameter copper (Cu) metal wire probes.
(TIF)
S1 File. Supplementary data showing simulated and measured results of neural probe flexibility. Flexible neural probes fabricated in PDMS/PI with microfluidic channels and electrodes. Critical buckling force of the probes was simulated and measured for various probe
and channel dimensions, as well as different pressure in channel. Insertion force of neural
probe in agarose gel and probe tip displacement were studied.
(PDF)

Acknowledgments
We gratefully acknowledge Mr. M. Shahmohammadi Beni for helpful discussions, as well as all
the members of CBNN and the cleanroom facilities for their help.

Author Contributions
Conceptualization: S. W. Pang.
Data curation: S. Rezaei, S. W. Pang.
Formal analysis: S. Rezaei, S. W. Pang.
Funding acquisition: S. W. Pang.
Investigation: S. Rezaei, S. W. Pang.
Methodology: S. Rezaei, Y. Xu, S. W. Pang.
Project administration: S. W. Pang.
Resources: S. W. Pang.
Software: Y. Xu.
Supervision: S. W. Pang.
Validation: S. W. Pang.
Visualization: S. W. Pang.
Writing – original draft: S. Rezaei, S. W. Pang.
Writing – review & editing: S. Rezaei, Y. Xu, S. W. Pang.

References
1.

Zulfiqar A, Pfreundt A, Svendsen WE, Dimaki M. Fabrication of polyimide based microfluidic channels
for biosensor devices. J Micromech Microeng. 2015; 25(3). Artn 03502210.1088/0960-1317/25/3/
035022. WOS:000350261800023.

2.

Yi WW, Chen CY, Feng ZY, Xu Y, Zhou C, Masurkar N, et al. A flexible and implantable microelectrode
arrays using high-temperature grown vertical carbon nanotubes and a biocompatible polymer substrate.
Nanotechnology. 2015; 26(12). Artn 125301 10.1088/0957-4484/26/12/125301.
WOS:000350572800007.

PLOS ONE | https://doi.org/10.1371/journal.pone.0220258 July 24, 2019

13 / 15

Control of neural probe flexibility by fluidic pressure in embedded microchannel

3.

Koeneman BA, Lee KK, Singh A, He JP, Raupp GB, Panitch A, et al. An ex vivo method for evaluating
the biocompatibility of neural electrodes in rat brain slice cultures. J Neurosci Meth. 2004; 137(2):257–
63. https://doi.org/10.1016/j.jneumeth.2004.02.033 WOS:000223242800017. PMID: 15262069

4.

Shen W, Karumbaiah L, Liu X, Saxena T, Chen S, Patkar R, et al. Extracellular matrix-based intracortical microelectrodes: Toward a microfabricated neural interface based on natural materials. Microsyst
Nanoeng. 2015; 1. UNSP 15010 https://doi.org/10.1038/micronano.2015.10 WOS:000218367600002.
PMID: 30498620

5.

Ejserholm F, Stegmayr J, Bauer P, Johansson F, Wallman L, Bengtsson M, et al. Biocompatibility of a
polymer based on Off-Stoichiometry Thiol-Enes + Epoxy (OSTE+) for neural implants. Biomater Res.
2015; 19:19. Epub 2015/09/24. https://doi.org/10.1186/s40824-015-0041-3 PMID: 26396744; PubMed
Central PMCID: PMCPMC4578262.

6.

Guo L, Guvanasen GS, Liu X, Tuthill C, Nichols TR, DeWeerth SP. A PDMS-Based Integrated Stretchable Microelectrode Array (isMEA) for Neural and Muscular Surface Interfacing. Ieee T Biomed Circ S.
2013; 7(1):1–10. https://doi.org/10.1109/Tbcas.2012.2192932 WOS:000316197800001. PMID:
23853274

7.

Castagnola V, Descamps E, Lecestre A, Dahan L, Remaud J, Nowak LG, et al. Parylene-based flexible
neural probes with PEDOT coated surface for brain stimulation and recording. Biosens Bioelectron.
2015; 67:450–7. https://doi.org/10.1016/j.bios.2014.09.004 WOS:000350076900066. PMID: 25256782

8.

Lee SE, Jun SB, Lee HJ, Kim J, Lee SW, Im C, et al. A Flexible Depth Probe Using Liquid Crystal Polymer. Ieee T Bio-Med Eng. 2012; 59(7):2085–94. https://doi.org/10.1109/Tbme.2012.2196274
WOS:000305622100032. PMID: 22718688

9.

Altuna A, Berganzo J, Fernandez LJ. Polymer SU-8-based microprobes for neural recording and drug
delivery. Front Mater. 2015. UNSP 47 https://doi.org/10.3389/fmats.2015.00047
WOS:000218498500038.

10.

Altuna A, de la Prida LM, Bellistri E, Gabriel G, Guimera A, Berganzo J, et al. SU-8 based microprobes
with integrated planar electrodes for enhanced neural depth recording. Biosens Bioelectron. 2012; 37
(1):1–5. https://doi.org/10.1016/j.bios.2012.03.039 WOS:000306209300001. PMID: 22633740

11.

Tijero M, Gabriel G, Caro J, Altuna A, Hernandez R, Villa R, et al. SU-8 microprobe with microelectrodes
for monitoring electrical impedance in living tissues. Biosens Bioelectron. 2009; 24(8):2410–6. https://
doi.org/10.1016/j.bios.2008.12.019 WOS:000265811000016. PMID: 19167206

12.

Ceyssens F, Puers R. Insulation lifetime improvement of polyimide thin film neural implants. J Neural
Eng. 2015; 12(5). Artn 054001 10.1088/1741-2560/12/5/054001. WOS:000364139800002.

13.

Chung T, Wang JQ, Wang J, Cao B, Li Y, Pang SW. Electrode modifications to lower electrode impedance and improve neural signal recording sensitivity. J Neural Eng. 2015; 12(5). Artn 056018 10.1088/
1741-2560/12/5/056018. WOS:000364139800020.

14.

Wang JQ, Xie H, Chung T, Chan LLH, Pang SW. Neural Probes with Integrated Temperature Sensors
for Monitoring Retina and Brain Implantation and Stimulation. Ieee T Neur Sys Reh. 2017; 25(9):1663–
73. https://doi.org/10.1109/Tnsre.2016.2634584 WOS:000410192400030. PMID: 28362612

15.

Lee JH, Kim H, Kim JH, Lee SH. Soft implantable microelectrodes for future medicine: prosthetics, neural signal recording and neuromodulation. Lab Chip. 2016; 16(6):959–76. https://doi.org/10.1039/
c5lc00842e WOS:000372417600002. PMID: 26891410

16.

Kozai TDY, Jaquins-Gerstl AS, Vazquez AL, Michael AC, Cui XT. Dexamethasone retrodialysis attenuates microglial response to implanted probes in vivo. Biomaterials. 2016; 87:157–69. https://doi.org/10.
1016/j.biomaterials.2016.02.013 WOS:000372683300013. PMID: 26923363

17.

Kozai TDY, Jaquins-Gerstl AS, Vazquez AL, Michael AC, Cui XT. Brain Tissue Responses to Neural
Implants Impact Signal Sensitivity and Intervention Strategies. Acs Chem Neurosci. 2015; 6(1):48–67.
https://doi.org/10.1021/cn500256e WOS:000348338900009. PMID: 25546652

18.

Sohal HS, Clowry GJ, Jackson A, O’Neill A, Baker SN. Mechanical Flexibility Reduces the Foreign
Body Response to Long-Term Implanted Microelectrodes in Rabbit Cortex. Plos One. 2016; 11(10).
ARTN e0165606 10.1371/journal.pone.0165606. WOS:000389604900113.

19.

Weltman A, Yoo J, Meng E. Flexible, Penetrating Brain Probes Enabled by Advances in Polymer Microfabrication. Micromachines-Basel. 2016; 7(10). ARTN 180 10.3390/mi7100180.
WOS:000389131300010.

20.

Brensing A, Ruff R, Fischer B, Wien Sascha L, Hoffmann K-P. PDMS electrodes for recording and stimulation. Current Directions in Biomedical Engineering2017. p. 63.

21.

Minev IR, Musienko P, Hirsch A, Barraud Q, Wenger N, Moraud EM, et al. Electronic dura mater for
long-term multimodal neural interfaces. Science. 2015; 347(6218):159–63. https://doi.org/10.1126/
science.1260318 WOS:000347918900039. PMID: 25574019

PLOS ONE | https://doi.org/10.1371/journal.pone.0220258 July 24, 2019

14 / 15

Control of neural probe flexibility by fluidic pressure in embedded microchannel

22.

Fekete Z, Nemeth A, Marton G, Ulbert I, Pongracz A. Experimental study on the mechanical interaction
between silicon neural microprobes and rat dura mater during insertion. J Mater Sci-Mater M. 2015; 26
(2). ARTN 70 10.1007/s10856-015-5401-y. WOS:000349402400010.

23.

Sharp AA, Ortega AM, Restrepo D, Curran-Everett D, Gall K. In Vivo Penetration Mechanics and
Mechanical Properties of Mouse Brain Tissue at Micrometer Scales. Ieee T Bio-Med Eng. 2009; 56
(1):45–53. https://doi.org/10.1109/Tbme.2008.2003261 WOS:000263640900007. PMID: 19224718

24.

Singh S, Lo MC, Damodaran VB, Kaplan HM, Kohn J, Zahn JD, et al. Modeling the Insertion Mechanics
of Flexible Neural Probes Coated with Sacrificial Polymers for Optimizing Probe Design. SensorsBasel. 2016; 16(3). https://doi.org/10.3390/s16030330 WOS:000373713600148. PMID: 26959021

25.

Felix SH, Shah KG, Tolosa VM, Sheth HJ, Tooker AC, Delima TL, et al. Insertion of Flexible Neural
Probes Using Rigid Stiffeners Attached with Biodissolvable Adhesive. Jove-J Vis Exp. 2013;(79). ARTN
e50609 10.3791/50609. WOS:000209228100029.

26.

Lecomte A, Castagnola V, Descamps E, Dahan L, Blatche MC, Dinis TM, et al. Silk and PEG as means
to stiffen a parylene probe for insertion in the brain: toward a double time-scale tool for local drug delivery. J Micromech Microeng. 2015; 25(12). Artn 125003 10.1088/0960-1317/25/12/125003.
WOS:000366868400006. https://doi.org/10.1088/0960-1317/25/12/124002

27.

Lo MC, Wang SW, Singh S, Damodaran VB, Kaplan HM, Kohn J, et al. Coating flexible probes with an
ultra fast degrading polymer to aid in tissue insertion. Biomed Microdevices. 2015; 17(2). https://doi.org/
10.1007/s10544-015-9927-z WOS:000351369600010. PMID: 25681971

28.

Tien LW, Wu F, Tang-Schomer MD, Yoon E, Omenetto FG, Kaplan DL. Silk as a Multifunctional Biomaterial Substrate for Reduced Glial Scarring around Brain-Penetrating Electrodes. Adv Funct Mater.
2013; 23(25):3185–93. https://doi.org/10.1002/adfm.201203716 WOS:000322362500006.

29.

Wu F, Tien LW, Chen FJ, Berke JD, Kaplan DL, Yoon E. Silk-Backed Structural Optimization of HighDensity Flexible Intracortical Neural Probes. J Microelectromech S. 2015; 24(1):62–9. https://doi.org/
10.1109/Jmems.2014.2375326 WOS:000349164300009.

30.

Wester BA, Lee RH, LaPlaca MC. Development and characterization of in vivo flexible electrodes compatible with large tissue displacements. J Neural Eng. 2009; 6(2). Artn 024002 10.1088/1741-2560/6/2/
024002. WOS:000265556200002.

31.

Jensen W, Yoshida K, Hofmann UG. In-vivo implant mechanics of flexible, silicon-based ACREO microelectrode arrays in rat cerebral cortex. IEEE Transactions on Biomedical Engineering. 2006; 53(5):934–
40. https://doi.org/10.1109/TBME.2006.872824 PMID: 16686416

32.

Zhou SF, Gopalakrishnan S, Xu YH, Yang J, Lam YW, Pang SW. A Unidirectional Cell Switching Gate
by Engineering Grating Length and Bending Angle. Plos One. 2016; 11(1). ARTN e0147801 10.1371/
journal.pone.0147801. WOS:000369528400046.

33.

Kanakaraj U, Lhaden T, Raj VK. Analysis of Structural Mechanics of Solid Microneedle Using COMSOL
Software. 2015 International Conference on Innovations in Information, Embedded and Communication
Systems (Iciiecs). 2015. WOS:000380462000400.

34.

Johnston I, McCluskey D, Tan C, Tracey M. Mechanical characterization of bulk Sylgard 184 for microfluidics and microengineering. Journal of Micromechanics and Microengineering. 2014; 24(3):035017.

35.

Westfall PH, Young SS. Resampling-based multiple testing: Examples and methods for p-value adjustment: John Wiley & Sons; 1993.

36.

Kim EGR, John JK, Tu HG, Zheng QL, Loeb J, Zhang JS, et al. A hybrid silicon-parylene neural probe
with locally flexible regions. Sensor Actuat B-Chem. 2014; 195:416–22. https://doi.org/10.1016/j.snb.
2014.01.048 WOS:000332417600056.

37.

Jeon M, Cho J, Kim YK, Jung D, Yoon ES, Shin S, et al. Partially flexible MEMS neural probe composed
of polyimide and sucrose gel for reducing brain damage during and after implantation. J Micromech
Microeng. 2014; 24(2). Artn 025010 10.1088/0960-1317/24/2/025010. WOS:000332711200010.

38.

Egert D, Peterson RL, Najafi K, editors. Parylene microprobes with engineered stiffness and shape for
improved insertion. 2011 16th International Solid-State Sensors, Actuators and Microsystems Conference; 2011 5–9 June 2011.

39.

Takeuchi S, Ziegler D, Yoshida Y, Mabuchi K, Suzuki T. Parylene flexible neural probes integrated with
microfluidic channels. Lab Chip. 2005; 5(5):519–23. https://doi.org/10.1039/b417497f
WOS:000228719100005. PMID: 15856088

40.

Pomfret R, Miranpuri G, Sillay K. The substitute brain and the potential of the gel model. Ann Neurosci.
2013; 20(3):118–22. Epub 2013/07/01. https://doi.org/10.5214/ans.0972.7531.200309 PMID:
25206029; PubMed Central PMCID: PMCPMC4117117.

PLOS ONE | https://doi.org/10.1371/journal.pone.0220258 July 24, 2019

15 / 15

