
 
 

 

  

Abstract—This paper reports on the development of a 
mechanically-flexible microfabricated flat interface nerve 
electrode using liquid crystal polymer (LCP) and 
polynorbornene (PNB) as the structural materials. The device 
consists of two electode arrays each fabricated on a LCP base 
with thin film Pt electrodes and a photolithographically 
patterned PNB capping layer. The two arrays are inserted into 
a silicone housing designed to create a flat interface between 
the electrodes and the nerve bundle. Electrical tests showed 
that the resistance of the thin film Pt electrode interconnect 
traces are unaffected by flexing around a 1.5 mm radius. 
Electrical testing in PBS shows that the resistance of the traces 
is about 1 kΩ.  A 10 day leakage current test in PBS indicates 
that the PNB absorbs moisture but still maintains its insulating 
behavior.   These and other tests indicate that the LCP/PNB 
multilayer may be a viable material system for microfabricated 
electrodes. 

I. INTRODUCTION 
HE flat interface nerve electrode (FINE) is a selective 
nerve stimulation technology that maximizes the 
interface between a nerve and the electrode.  The FINE 

causes a nerve to have an ellipsoid or generally flat 
configuration, providing the maximum surface area for a 
given volume of nerve tissue, allowing for greater electrode 
access for the stimulation and recording of signals 
associated with individual fascicles. Previous generations of 
these hand-made devices had eight to twelve embedded 
contacts and consisted of a molded silicone elastomer that 
contained Pt foil contacts, spot welded to Teflon-coated 
stainless-steel wire [1]. The selectivity between fascicles 
within a nerve is limited in these hand-made devices since 
the manufacturing process restricts the density of contacts 
that can feasibly be incorporated [2]. Lithography-based 
microfabrication promises a solution to this restriction, but 
only if suitable materials and processing techniques can be 
developed. In this paper, the design, fabrication, and testing 
of such a microfabricated structure is described. 
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A suitable microfabricated alternative to the hand-made 
electrodes must be flexible, biocompatible, water resistant, 
and mechanically robust. These characteristics ensure that 
the device is strong enough to survive the implantation 
procedure, will not damage tissue, and will exhibit long-
term viability. PDMS, parylene, polyimide, and liquid 
crystal polymer (LCP) are all candidate materials for such 
applications because they are mechanically flexible and 
biocompatible [3-6]. Polyimide can be spin-coated and has 
been used in neural prosthesis applications [5], but suffers 
from high moisture absorption. PDMS is patterned in a 
molding process, but metals patterned directly on a PDMS 
surface exhibit poor adhesion, and long-term maintenance of 
conductor continuity is an issue.  As with all polymer 
systems, prevention of moisture penetrating through PDMS 
interfaces is of critical concern [7]. Parylene is formed by 
vapor deposition and is therefore less convenient than 
polyimide to process. LCP (R/flex 3600) exhibits the lowest 
moisture absorption, as well as the greatest tensile strength 
of all these polymers (Tab. 1), but cannot be spin-coated or 
vapor deposited and is available as pressed sheets.  As such, 
multilayered LCP structures must be formed by lamination. 
Since LCP is opaque, optical alignment of micromachined 
structures prior to lamination is extremely difficult, making 
the fabrication of multilayered LCP structures challenging. 

 
A polynorbornene (PNB) known as AvatrelTM 2585P, is a 

photodefinable and spin-coatable alternative to these 
polymers. Developed as a polymeric dielectric for IC 
packaging, AvatrelTM exhibits a resistance to water 
absorption much higher than polyimide, but less than LCP. 
These properties make PNB an attractive complement to 
LCP for use in a multilayered electrode structure. Using 
these two materials, metal electrodes and traces could be 
fabricated directly onto a LCP base and covered by a 
patterned PNB layer designed to expose the metal contacts. 
This LCP/PNB-based device could then be inserted into a 
silicone FINE housing. This approach circumvents the 
difficulties associated with fabricating an electrode array 
based solely on LCP or PNB, yet takes advantage of the 
favorable mechanical properties of LCP and ease of 
processing associated with PNB.  
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TABLE I 
BIOCOMPATIBLE POLYMER PROPERTIES 

Polymer Tensile Strength 
(MPa) 

Moisture 
Absorption % 

(24 hrs) 
Parylene C 69 0.6 
PDMS 14 1.2 

Polyimide 24 1-4 
LCP R/flex 3600 120 0.04 
Avatrel 2585P 18 0.07 
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IV. TESTING AND RESULTS 
The viability of the LCP/PNB devices as an enhancement 

to the FINE and replacement for hand-made contacts was 
ascertained by ensuring that all materials were known to be 
biocompatible, that conductivity of the traces was high 
enough for stimulation and recording, that the structures 
were resistant to moisture absorption, and that the two layers 
adhered well to each other. These properties were verified 
through a search of documented material properties and the 
series of tests described herein.  

A. Biocompatibility Testing 
The hybrid FINE insert device structure is being 

developed for use as a chronic implant device, thus requiring 
that all materials used in the devices be biocompatible. It has 
previously been established that Ti, Pt, and LCP are 
biocompatible materials, and have been used in a variety of 
implantable biomedical applications [6, 8-9]. Evidence that 
PNB is biocompatible was recently suggested in a short-
term cytotoxicity test [10]. Extensive biocompatibility 
testing of PNB is currently being conducted by our group.  
Preliminary results are consistent with those reported in 
[10]. 

B. Electrical Testing 
The suitability of the metal traces, electrodes and 

connector pads for stimulation and recording purposes 
required mounting of the connector-end of the inserts into 
the flex-circuit connector, which was mounted on a circuit 
board that was used to interface with bench-top instruments. 

Measurements of trace resistance were made on inserts in 
both a flat, unstressed position and a curled, or flexed, 
position. Resistance data were collected on a conventional 
probe station stage using an Agilent 34401A multimeter to 
measure resistance between the center of an electrode pad 
and the corresponding pin-out of the connector. The flexed 
state of the insert was maintained by wrapping the insert 
around a cylindrical object with a radius of 1.5 mm (Fig. 5). 
In each configuration, an automated setup recorded the 
resistance of each trace every 0.5 s over a 10 min. period, 
for a total of 1200 readings.  The average resistance of traces 
in unstressed inserts was 1107 Ω, while the average trace 
resistance of the curled configuration was 1112 Ω (p << 
0.0001, paired t-test). It was expected that the resistance of 
the flexed traces would be higher than the unflexed traces 
because the strain in the metal would cause a local increase 
in the cross-sectional resistance. 

 

Trace resistances of microfabricated neural prostheses 
have been reported elsewhere to be as high as 23 kΩ [6], 
which are much higher than the values for the device 
reported herein. In fact, the trace resistances for the 
LCP/PNB inserts are comparable to conventional Pt 
foil/stainless-steel wire based electrodes, which range from 
600-2000 Ω. As such, the trace resistances measured for the 
LCP/PNB FINE inserts are acceptable for stimulation and 
recording.  

Trace conductivity was also measured in a phosphate-
buffered saline solution (PBS), which provides an 
environment that more closely resembles typical operating 
conditions. The test setup consisted of the electrode end 
(cathode) of the insert immersed in the PBS, with a large 
piece of stainless steel foil located opposite from the device 
acting as the anode. A current pulse was sent through the 
traces using a current-controlled stimulator. The 5 Hz pulses 
were 1 mA in magnitude and 100 µs in duration and the 
resulting voltage between the cathode and anode of the 
current source was recorded using an Agilent 54622D 
oscilloscope. A typical waveform, shown in Fig. 6, has a 
magnitude of ~1V, indicating that the resistance between the 
input signal through the devices traces and the saline is 1 
V/1mA, or approximately 1 kΩ. Again, this resistance is 
reasonable for stimulation and recording. 

 
C. Moisture Resistance Testing 
The penetration of moisture into the FINE inserts would 

essentially cause electrical shorting of the tightly spaced 
metal traces due to the high ion content present in the fluid. 
Therefore, for chronic implantation applications, the devices 
needed to resist moisture absorption. 

While water infiltration can occur through several 
potential pathways, (including through the interface between 
polymers or through the interface between the metal and the 
polymer) a best first approximation to its effects on the 
insert is water absorption through the thickness of the 
polymer. Moisture absorption was tested by evaluating the 
permeation of saline through a PNB film deposited on LCP. 
While moisture absorption data is available for both LCP 
and PNB from the manufacturers, it is not clear how this 
information translates into leakage current between traces. 
Furthermore, the fabrication sequence used may cause a 
variation in the moisture absorption data as a result of 
processing. 

 
Fig. 6.  A typical voltage waveform for an input stimulation pulse of 1 ma 
for 100 µs.

Fig. 5. Photograph showing testing of a curled device. 
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 Interdigitated electrode (IDE) structures  (Fig. 7) were 
used as test structures to measure moisture absorption of 
PNB.  Each device was comprised of 50 digits that were 100 
µm wide and 1.5 cm long and spaced 50 µm apart. 

The fabrication process for the IDE devices was identical 
to that used for the FINE inserts except that Al was used in 
place of Pt, and the LCP was not etched because the 
structures could simply be cut from the LCP sheet. The Ti 
adhesion layer was common to both devices, because it 
formed titanium carbide with the polymer, improving the 
adhesion between the metal and the polymer [11].   

The test setup shown in Fig. 7 indicates that a bias voltage 
of 5 V was applied between the electrodes using a DC 
power supply, while the leakage current between electrodes 
was measured using a Keithley 6485 picoammeter.  
Connection to the electrodes was made through 
micromanipulator probes, and the setup was computer-
controlled using the data acquisition software, DAQFactory. 

 
 An initial dry test was performed to find a baseline 

leakage current for the IDE. The average leakage current for 
a period of 10 hours was near zero.  For the absorption test it 
was important to expose only the surface of the PNB, and to 
therefore keep the interfaces between PNB and LCP and the 
metal dry.  In order to do so, a plastic channel that was sized 
to fit atop the interdigitated electrodes was fabricated. This 
channel was adhered to the PNB cover layer using RTV 
silicone.  After allowing the silicone to cure, the channel 
was filled with the same PBS as used before. At this point 
the leakage current was recorded for a period of ten days.  

After ten days, the leakage current had increased linearly 
to 18 pA, indicating that the saline had been absorbed by the 
PNB.  The resulting resistance between the electrodes had 
decreased from 38,000 G�
  to 250 G�
 , which was still more 
than sufficient to ensure that the electrodes remained 
electrically isolated.  In terms of moisture absorption, PNB 
appears to be appropriate for acute testing, but modifications 
such as the use of hermetic coatings will likely be required 
for this polymer to be used in long-term chronic implants.    

D. Adhesion 

In order to test the adhesion of the PNB to the LCP, a 
standard qualitative tape test was performed. No evidence of 
delamination was found. Moreover, no evidence of 
delamination was observed in any inserts subjected to PBS 
exposure or mechanical flex testing.  

V. CONCLUSION 

 A mechanically-flexible microfabricated FINE using 
liquid crystal polymer (LCP) and polynorbornene (PNB) as 
the structural materials has been developed. The devices are 

created using lithography-based microfabrication techniques 
adapted for PNB and LCP.  Mechanical and electrical 
testing suggest that the multilayered structure may be a 
suitable alternative to conventional FINE devices, although 
more work in both areas is required. Biocompatibility testing 
for the PNB-based material is ongoing, but preliminary 
testing suggests that this material is biocompatible.  Since 
the base material of the structure is LCP, which has a tensile 
strength of 120 MPa, the device is presumed to be 
sufficiently robust to survive an implant procedure. As such, 
these multilayered microfabricated devices have promise as 
a viable alternative to hand-made FINE devices. 
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Fig. 7.  Moisture resistance testing setup (left) and IDE (right). 
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