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Abstract

Objective.—Brain functions such as perception, motor control, learning, and memory arise 

from the coordinated activity of neuronal assemblies distributed across multiple brain regions. 

While major progress has been made in understanding the function of individual neurons, circuit 

interactions remain poorly understood. A fundamental obstacle to deciphering circuit interactions 

is the limited availability of research tools to observe and manipulate the activity of large, 

distributed neuronal populations in humans. Here we describe the development, validation, and 

dissemination of flexible, high-resolution, thin-film (TF) electrodes for recording neural activity in 

animals and humans.

Approach.—We leveraged standard flexible printed-circuit manufacturing processes to build 

high-resolution TF electrode arrays. We used biocompatible materials to form the substrate 

(liquid crystal polymer; LCP), metals (Au, PtIr, and Pd), molding (medical-grade silicone), and 

3D-printed housing (nylon). We designed a custom, miniaturized, digitizing headstage to reduce 

the number of cables required to connect to the acquisition system and reduce the distance 

between the electrodes and the amplifiers. A custom mechanical system enabled the electrodes 

and headstages to be pre-assembled prior to sterilization, minimizing the setup time required 

in the operating room. PtIr electrode coatings lowered impedance and enabled stimulation. High­

volume, commercial manufacturing enables cost-effective production of LCP-TF electrodes in 

large quantities.

Main Results.—Our LCP-TF arrays achieve 25× higher electrode density, 20× higher channel 

count, and 11× reduced stiffness than conventional clinical electrodes. We validated our LCP­

TF electrodes in multiple human intraoperative recording sessions and have disseminated this 

technology to >10 research groups. Using these arrays, we have observed high-frequency neural 

activity with sub-millimeter resolution.

Significance.—Our LCP-TF electrodes will advance human neuroscience research and improve 

clinical care by enabling broad access to transformative, high-resolution electrode arrays.

Keywords

intraoperative; ECoG; electrode; iEEG; LCP; Brain Machine Interface (BMI); Neural Interface

1. Introduction

The brain is a complex control center that processes and responds to sensory inputs and 

coordinates a range of functions from physiological (muscles and organs) to psychological 

(mood and thoughts). These operations involve organized activity of large neuronal 

populations across multiple brain regions. To record brain activity with large spatial 

coverage, intracranial electroencephalography (iEEG), or electrocorticography (ECoG), is 
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commonly used. ECoG utilizes a soft and flexible array of metal disc electrodes to sense 

neural activity (local field potential, LFP) from the surface of the cortex. Although ECoG 

is mainly used to plan epilepsy surgeries, it can reliably record signals over years after 

implantation [1], which makes it also a promising interface for chronically implantable 

neural prostheses [2].

Advances in microfabrication techniques have created electrode arrays with sub-millimeter 

resolution [3–6]. These micro-fabricated ECoG arrays (micro-ECoG, or μECoG) can 

measure rich microscale neural-dynamics that were previously undetectable by coarsely 

sampled (centimeter scale) clinical grids (CG). For example, fine-scale spatial temporal 

patterns emerge in an induced seizure model when sampled with sub-mm resolution [7]. 

Furthermore, with increases in spatial resolution, action potentials can be recorded from the 

cortical surface [8]. Therefore, reducing electrode-site size and increasing electrode density 

enables sensing of signals from the cortex that are undetectable with standard CGs.

For clinical applications in epilepsy patients, high density electrodes can improve diagnostic 

efficacy by better defining the epileptogenic cortex [9]. Standard CGs, which contain 

macroelectrodes alone (2.3 mm diameter, 10 mm spacing), sparsely sample epileptiform 

tissue and lack the signal resolution necessary to resolve focal neuronal sources. 

Microelectrode arrays for seizure diagnostics offer higher spatial resolution [10, 11], 

improved seizure detection rates [12], and may identify precursors that predict clinical 

seizures [12, 13]. For instance, microscale electrode arrays can better detect high-frequency 

broadband neural activity which has been shown to have high correlation with multi-unit 

spiking activity [14], high-frequency oscillations (HFOs) [15–17] and microseizures[13, 18, 

19] that are missed or poorly sampled with CG electrodes. Microseizures can be detected 

more than one minute earlier than the signals recorded with typical CGs [13]. Enabling 

broad access to microelectrodes would allow the measurement of microseizures to become 

part of routine clinical care and could improve seizure warning systems [20, 21].

The potential for microscale signals to better inform seizure diagnostics, as well as 

research on cognition [22] and brain-machine interfaces [5, 23–26], has motivated several 

electrode manufacturers to integrate protruding microwires into clinical macroelectrode 

grids. Several of these devices have FDA approval but technical challenges limit their 

widespread adoption. Commercial microwire grids have very high and varying impedances 

(<100 kΩ to 6–8 MΩ), owing to their non-uniform exposure from the insulating substrate. 

Additionally, their ‘sharp, ragged’ metal edges can damage the brain [27]. Recording 

from microelectrodes with clinical data acquisition (DAQ) systems can distort signals 

because microelectrodes have far higher impedances than macroelectrodes [28] and require 

amplifiers with higher input impedances to produce reliable, low noise recordings with 

minimal crosstalk [29]. Finally, microwire hybrid grids typically only have a small number 

of microwire electrodes (∼16) and limited coverage due to limitations in the clinical 

connector design [13, 30, 31]. Therefore, although microelectrodes have been introduced 

into clinical applications, their integration remains limited.

To meet the need for high-resolution neural interfaces that could enhance scientific 

discovery and advance clinical therapies, we have developed, extensively tested, and 
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successfully recorded from novel electrode arrays based on thin-film (TF) technology 

using liquid crystal polymer (LCP) manufactured by our medical device manufacturing 

partner Dyconex AG. In previous studies, we developed a 61ch array and tested its 

chronic reliability for over 1 year in rats [32]. We have also developed a 244ch 

array for use in non-human primates (NHP), with the capability to simultaneously 

record from individually movable, penetrating microelectrodes [33]. In this paper, we 

demonstrate improvements on these prior results by translating LCP-TF electrodes to human 

intraoperative research, including electroplating electrode contacts with platinum iridium 

(PtIr) to enable stimulation. We provide demonstrations of intraoperative recordings that 

highlight the focal information that can be captured with LCP-TF electrodes that may be 

missed with CGs. We also developed a complete electrical and mechanical recording setup 

to facilitate efficient intraoperative research and rapid dissemination of LCP-TF electrodes to 

interested researchers. Our advances in electrode manufacturing, design, and implementation 

will enable high-channel count, micro-scale human neuroscience research.

2. Material and methods

2.1. Electrode

We have designed five LCP-TF electrodes for different applications (figure 1) ranging from 

rodents to humans. High-resolution electrodes typically require expensive semiconductor 

micro-fabrication techniques in a cleanroom environment, which makes large scale 

production and wide dissemination challenging. We leveraged flexible printed circuit 

(FPC) technology to inexpensively manufacture a large quantity of LCP-TF electrodes. All 

electrodes shown in figure 1 were fabricated with our medical device manufacturing partner, 

Dyconex, AG (CH).

2.1.1. LCP material—Fabricating electrodes using LCP offers many advantages. LCP 

is long-lasting, with water permeability ∼25× lower than commonly used FPC materials 

such as polyimide [34], which dramatically extends implanted array reliability and lifetime. 

LCP is also a self-adhering thermoplastic material, which requires no additional adhesives 

or glues when combining multiple sheets. Accelerated aging studies project that the devices 

would maintain their electrical performance for at least 5 years when implanted [32]. By 

contrast, polyimide electrode arrays rely on interlayer adhesion and can delaminate in <1 

year [32].

In addition, LCP has a higher working temperature than typical printed circuit board 

(PCB) material (FR-4) style laminates, good high frequency properties, high chemical 

resistance, and strong barrier properties [35]. This higher working temperature, combined 

with monolithic fusing of the LCP layers, allows our hybrid chronic implant design (80ch) 

to be sterilized using autoclaving. All of the LCP-TF electrodes can also be sterilized by 

ethylene oxide (EtO) or vaporized hydrogen peroxide sterilization (VHP).

2.1.2. Array design—The LCP-TF electrodes were fabricated with a minimal 2-metal 

layer design, where the electrode contacts were almost flush or slightly protruded from the 

LCP substrate to ensure good contact to brain tissue (figures 2(A) and (B)), rather than 

opening the top layer and having the electrode contacts recessed down in a well. Dyconex 
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used conventional flexible PCB technologies and related equipment to fabricate these arrays. 

The fabrication steps started with the dual sided copper clad LCP sheet (Ultralam HT 3850, 

Rogers Corp.). The copper on the LCP sheet was etched off before applying the photoresist. 

Photolithography was performed to pattern the electrodes on the top layer and the wires on 

the bottom layer. Vias were laser-drilled to connect the electrodes to the wires on the bottom 

side. A thin palladium (Pd) seed layer was deposited and the resist structure was lifted from 

the substrate. Gold was electroplated on top of the Pd structures to the desired thickness. All 

processes were done on both sides of the LCP substrates simultaneously.

For improved flexibility, we used two of the thinnest LCP sheets commercially available (25 

μm each). With heat (>280 °C) and pressure (>300 psi), a blank LCP sheet (Ultralam 3908, 

Rogers Corp.) was laminated to the bottom side of the substrate to encapsulate all of the 

wiring. Through this lamination process, the two LCP sheets were monolithically fused into 

a single layer, with gold (Au) wiring encapsulated in between (figure 2(C)). The interfaces 

between the LCP layers were not visible after fusing, preventing water ingress into the 

device from the edges, which is a common cause of delamination in polyimide devices, and 

a leading cause of device failure [36]. After fabrication, the total LCP-TF electrode thickness 

was just over 50 μm.

Only metals that are considered biocompatible (Au, PtIr and trace Pd) [37, 38] were used in 

the LCP-TF devices. In vitro tests showed LCP-TF electrodes meet biocompatibility criteria 

guided by ISO 10993–5 [39]. Implanting similar LCP-TF electrodes in rabbit retina for 

2.5 years showed no adverse effects [34]. LCP-TF electrodes produced by Dyconex have 

successfully passed ISO 10993–5 [40].

The LCP-TF electrodes include much thicker (5 μm) Au layers than traditional TF devices 

(∼0.1 μm). This reduces the resistance of the wires and improves their durability to surgical 

handling. A different LCP device design with thinner Au wires (500 nm) was bend tested to 

a 1 mm bend radius (nearly folding) and achieved 6000–12 000 bend cycles before failure 

[38]. The wire widths and spacings used ranged from 30/30 μm to 60/40 μm, respectively. 

The finer design (30/30 μm) was used where high density was required and wider wires and 

spacing (60/40 μm) were used wherever possible to minimize trace resistance and increase 

fabrication yield. The wire resistance for a 60 μm wide wire was ∼7 Ω cm−1.

Our microelectrode impedance was much lower and more uniform than microwire arrays 

[27] due to larger surface area (200 μm vs 40 μm dia.) and precise lithographic patterning 

of the electrode contacts. All electrode contacts were fabricated with gold as the base metal. 

Some arrays were electroplated with PtIr (Platinum Group Coating LLC), to reduce the 

electrode impedance [41, 42]. This electrodeposited PtIr coating has demonstrated lower 

impedance, decreased noise, and increased signal-to-noise ratio (SNR) in chronic implants 

[43]. Immunohistochemistry showed no significant differences in the immune response 

between PtIr coated and uncoated electrodes [43]. The PtIr coating was applied at room 

temperature, making it easy to integrate with standard FPC manufacturing processes, a 

crucial design consideration for large-scale manufacturing.
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We designed the LCP-TF electrodes so that no additional soldering or assembly was 

required to connect the electrodes with recording headstages. This substantially reduced 

the difficulty and cost of manufacturing. We used a FPC zero-insertion-force (ZIF, 

FH43B, Hirose Inc.) connector and an ultra-low profile, high-density (0.8 mm pitch) 

spring connector (ZA8, Samtec Inc.) (figure 3). The ZA8 is highly reliable and has 

demonstrated 100% connection yield and low resistance after 1000 connection cycles [44]. 

Both connectors only required a specified thickness of stiffening material added to the 

bottom of the connector region. Using standard high-density FPC connectors reduced the 

amount of post-processing required for the LCP-TF arrays.

2.2. Molding

For LCP-TF electrodes used in human intraoperative research, we have molded the electrode 

in medical grade silicone (MDX4–4210, Dow Corning) to provide soft, rounded edges 

[33, 45, 46], reducing the possibility of the thin LCP edges damaging the cortex during 

surgical placement. The molded device was ∼200 μm thick, <30% of the thickness of CG 

electrodes (AdTech, 850 μm). The silicone molding was also used to combine multiple 

LCP-TF electrodes, creating a single array with larger coverage and uniform contact spacing 

(supplement figure 1 (available online at stacks.iop.org/JNE/18/045009/mmedia)). We have 

used similar molding methods for NHP implants in prior studies [33, 47]. Additionally, the 

silicone molding can provide mechanical features, such as bending the cable arm to 90° to 

facilitate electrode placement during intraoperative recordings.

2.2.1. Array molding—The general array molding steps are shown in figure 4(A). We 

used water-soluble tape (5414, 3 M) to temporarily protect the electrode contacts during 

molding. A medical-grade silicone primer (MED1–161, Nusil) was used to strengthen 

the bond between the LCP-TF and the silicone. A stainless-steel stencil, pre-treated with 

medical-grade demolding agent (MCC-DGF14 A, MicroCare Corp.) was used to control the 

shape and thickness of the silicone molding. Samples were heated to 60 °C to reduce the 

silicone curing time to 2 h. Finally, molded arrays were released by rinsing with warm (>40 

°C) deionized (DI) water. This molding method achieved a nearly flush boundary between 

silicone and LCP at the device edges (figure 4(B)), yielding a flexible array that had a much 

flatter surface topography compared to CG electrodes (figure 4(C)). The electrode contacts 

were also nearly flush with the surface (figure 4(C)). In contrast, CG electrode contacts are 

recessed from the surface of the array by ∼200 μm, potentially causing irritation to the brain 

from the unevenness of the surface features.

2.2.2. Forming the coiled leads—For the chronic array, the flat LCP-TF ribbon 

cabling, which carries micro-wiring from contacts to connector, must be converted to a 

round, flexible lead for proper tunneling and suturing during semi-chronic implantation. We 

achieved this by winding the LCP-TF ribbons around a 1.6 mm diameter steel core to form 

a coiled shape and then inserting the coil into a 2.8 mm outer diameter polyurethane tube 

(Nordson Medical). The metal winding core was removed, and the tube was filled with 

silicone to ensure that no empty space was left inside while keeping the lead round and 

flexible.
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2.3. Array flexibility evaluation

To assess the maximum bending force that could be exerted on the brain by the electrodes, 

we conducted four-point flexural bending tests on LCP-TF and CG arrays. To account 

for any anisotropy, this bending test was done at three angles (0°, 45°, and 90°) on the 

horizontal plane of each array. These tests were repeated 12 times per array. With force 

and displacement data, we calculated the effective flexural modulus. This modulus was then 

used to determine the maximum force that an electrode array could exert on the brain. This 

was calculated assuming the array would have to bend to a radius of 60 mm, which was 

the smallest radius of curvature of an MRI brain scan obtained from the NIH 3D Print 

Exchange (Model 3DPX-000320). The mean maximum force values of each array were 

averaged across all angles and the standard deviation between the means of each angle were 

obtained. These results were then used to calculate the standard error of means for each 

sample. This was done to demonstrate both the average maximum force for each array and 

the range of maximum force each array could exert. We used this method to compare an 

FDA-approved commercially available ECoG electrode array (Ad-Tech Medical Instrument 

Corporation, FG64C-SP10X-000) and an LCP-TF device prototype without Au traces. More 

details about the testing setup and procedure as well as a more detailed analysis of these and 

other relevant material samples can be found in another study [48].

We compared the stiffness of the molded chronic array mechanical prototype (200 μm thick 

total, no Au wires) to an FDA-approved, conventional ECoG electrode array (Ad-Tech) 

through a four-point flexural bending test setup. The LCP-TF prototype device was ∼11× 

less stiff than the commercial ECoG array. The mean and SEM force for the LCP-TF 

prototype device was 6 ± 1 mN, while the commercial ECoG array force was 67 ± 17 mN 

(figure 4(D)).

2.4. Data acquisition system

Long wires between microelectrodes and the recording system can cause signal distortions 

and increased noise [27]. Commercially available headstages amplify and digitize 32–64 

channels simultaneously but are not designed to scale up to record hundreds or thousands of 

channels. Therefore, we have designed a modular adapter system with a miniature digitizing 

headstage using a 64-channel digital electrophysiology integrated circuit (RHD 2164, Intan 

Technologies LLC). Our 64-channel digitizing headstage was compact, 19 × 20 mm, and 

weighed 2.0 grams (figure 5(A)). The small size and light weight of the digitizing headstage 

made it suitable for use in freely behaving rat experiments as well as larger animals 

and humans. The digitizing headstage was connected to different modular adapter boards, 

which were designed to minimize the physical footprint and enable daisy chaining multiple 

headstages together to reduce the number of connections required during intraoperative 

experiments (figure 5(B)). We used standard micro-HDMI cables to enhance reliability and 

accessibility. For the back-end acquisition system, we modified the Intan 1024ch controller 

(C3008, Intan Technology) to be powered with an external DC battery to reduce power line 

noise (60 Hz) and to eliminate any connection to AC power for additional electrical safety 

(supplement figure 2). The 1024ch controller additionally includes galvanic isolation of the 

power and data lines for each headstage port. The complete DAQ system was approved 

Chiang et al. Page 7

J Neural Eng. Author manuscript; available in PMC 2022 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



by the Duke University Hospital Clinical Engineering and NYU Langone Hospital Clinical 

Engineering departments.

2.5. Stimulation experiment

Three 61ch LCP-TF arrays with PtIr electrode coatings were evaluated for electrical 

stimulation. The arrays were tested in vitro in 0.9% saline. We used a multichannel 

recording and stimulation system to deliver stimulation and measure electrode impedance 

(RHS 128-channel stimulation/recording controller system and RHS 32-channel headstage, 

IntanTechnology). One million biphasic current pulses (124 μA, 200μs per phase, cathode 

first, 40 Hz repetition rate) were applied to four selected channels on each 61ch array. A 

total of 12 channels were tested. The initial and final impedance measurements were taken at 

nine different frequencies of 75, 100, 200, 400, 500, 800, 1000, 2000, and 4000 Hz.

2.6. Intraoperative experiments

We have recorded from multiple participants using our high-density, molded, LCP-TF 

electrode arrays placed subdurally over the surface of the brain for up to 30 min 

during epilepsy surgery, brain tumor resection, or deep brain stimulator (DBS) placement. 

Participants gave their written informed consent before the day of the surgery. All 

participants were fluent in English. All protocols were approved by the Duke Health and 

NYU Langone Institutional Review Board. All experiments and data in this study complied 

with all relevant ethical regulations. Electrodes with holders were sterilized with EtO at 

Duke Hospital or VHP at NYU Langone Hospital.

In this paper, we report the data from two participants. One participant, a 20 year-old 

female, heard a series of words and non-words during an asleep craniotomy for seizure 

focus resection. μECoG signals were recorded using a 244ch array placed over the posterior 

superior temporal gyrus (pSTG), while the participant passively listened to 336 words and 

non-words (randomized into four blocks of 84 trials). Data were acquired at a sampling rate 

of 20 000 samples per second (SPS).

The other participant, a 42 year-old male, performed a directed finger movement task during 

an awake craniotomy for brain tumor resection. The participant wore a 5DT Data Glove 

(Fifth Dimension Technologies, Orlando FL), used to record finger kinematics, on the 

contralateral hand, while performing the task. The μECoG signals were recorded by a 244ch 

array over the ‘hand-knob’ region of the motor cortex. A presentation laptop was used to cue 

the patient to flex the appropriate finger repeatedly until a rest period followed by a new cue 

(finger). The overall experiment contained 75 trials (randomized into three blocks) with 15 

trials per finger. Each trial contained up to 5 s of finger movement.

2.6.1. Recording system for open craniotomy experiments—For intraoperative 

recordings in epilepsy or brain tumor surgery, we utilized a modified METRx™ flexible 

arm (Medtronic, St. Paul, MN) to hold the 244ch LCP-TF electrode deployment system 

(figure 6(A)). The system was slowly lowered down for the electrode to make contact with 

the cortical surface (supplemental movie 1). Spring tension in the arm prevented excessive 

force from being transmitted to the brain. The deployment system structure was made out of 
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stainless steel, machined in house. The stainless steel base provided an electrical connection 

to bridge the reference and ground connections for each of the four digitizing headstages 

together (figure 6(B)). A 3D printed housing, made out of biocompatible material (Duraform 

PA, 3D System), protected the electronics and enabled easy handling of the system during 

surgery. Slot openings were included in the housing to allow sterilization gas to reach 

the internal components (figure 6(C)). The same design principles were used to scale to 

1024 channels (figures 6(D) and (E)). We have successfully used this open-craniotomy 

intraoperative recording setup 21 times.

2.6.2. Recording system for DBS experiments—To record from the cortex in 

patients undergoing DBS surgery, we made a flexible, long, and narrow LCP-TF electrode 

(128ch). The LCP-TF electrode was inserted through a small, 14 mm diameter burr-hole 

and advanced more than 80 mm away from the burr-hole site along the cortical surface 

(figures 7(A) and (B)). We designed a mechanical holding structure that was integrated 

with NexFrame stereotactic system (Medtronic, St. Paul, MN) (figure 7(C)). The system 

is also adaptable to other methods of DBS implantation (e.g. frame based stereotaxy). The 

tip of the LCP-TF electrode was also molded with an extra silicone pocket to temporarily 

hold a malleable brain retractor device (R8960, T. Fukushima Brain Spatulas, Integra) 

to facilitate subdural array tunneling and navigation (figure 7(D)). The 128ch LCP-TF 

electrode included a ruler on the back side of the array to assist in targeting when sliding 

under the dura (figure 7(E)). The ruler was printed with a biocompatible solder mask 

(NPR-80, Nippon Polytech Corp.). Electrode placement was verified during intraoperative 

computerized tomography acquisition which was used to confirm DBS lead placement. Up 

to the day of submission, we have deployed this array design four times intraoperatively 

during DBS surgeries.

2.7. Data analysis

In both auditory and motor experiments, the recordings from each channel were subjected 

to common-average-referencing to remove line noise. We rejected electrode channels from 

the common average with high impedance (>1 MΩ). To display data spatially, we predicted 

noiseless neural potential fields using Gaussian process modeling of the electrode recordings 

[49]. To adapt to time-varying spatial statistics, spatial covariance kernels were updated at 

latent state transitions, which were estimated by hidden Markov modeling of the average 

signal power envelope.

2.7.1. Spectrogram analysis—To examine spectral features in each electrode, we 

computed spectrograms for each channel. We decomposed the data into time-frequency 

components using a multi-taper spectral analysis with a 500 ms analysis window (50 ms 

time steps) and 10 Hz frequency smoothing [50]. We then normalized the spectrograms 

by computing the average 1/f spectral estimate during the baseline period (−0.5–0 s before 

auditory onset) across all trials and dividing the spectral time steps by the mean estimate for 

each frequency band.

2.7.2. High gamma extraction and electrode significance—We used the high­

gamma (HG: 70–150 Hz) band to characterize the neural response from our LCP-TF 
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electrode, as it has shown to be a local index of cognition and a strong correlate of multi-unit 

firing [51–53]. From previously established methods, we used IIR filters to filter data into 

eight frequency bands between 70 and 150 Hz [54]. We computed the envelope of each 

band using the Hilbert transform and then averaged the resultant envelopes across all bands 

to create a total envelope. Finally, we down sampled the filtered HG band to 200 Hz and 

normalized (z-scored) the envelope from the baseline responses (−0.5–0 s post stimulus 

onset) across all trials.

To assess electrode significance, we computed the average HG power (unnormalized) across 

trials in two time regions (‘baseline’ and ‘response’) of interests for each trial. For the 

auditory experiment, we defined ‘baseline’ as the 500 ms time window prior to auditory 

onset and ‘response’ as the time window from 250 to 750 ms post onset. For the finger 

flexion tasks, ‘baseline’ was defined as the 500 ms window prior to stimulus onset during 

which no finger movement was observed, and ‘response’ was defined as −250–250 ms 

centered around flexion onset. We identified statistically significant channels by comparing 

the power between baseline and response using a 10000 iteration one-sided empirical 

permutation test [55]. We corrected the significance across electrodes to an alpha level 

of 0.05 with the false discovery rate procedure [56] (one—sided FDR corrected, P < 0.05).

2.7.3. Linear decoder for finger flexion analysis—We used a previously 

established linear classification scheme to decode finger stimulus conditions from HG 

responses [57, 58]. Normalized HG time-segments (length T) during response conditions 

were concatenated from significant channels (S sites) as feature vectors (length—ST) 

for each finger trial. The ST feature vectors were z-score normalized and compressed 

using singular value decomposition (SVD) with leave-one-out cross-validation. Finally, the 

singular scores from the compressed training-set were used to build a supervised linear 

discriminant (LD) model to decode finger conditions. To validate the model, the ST features 

of the test-set were compressed using the trained-SVD model and the corresponding scores 

were used to predict finger flexions using the supervised LD model. The optimal number 

of SVD components were obtained using nested cross-validation for each training-test set 

and the overall accuracy was estimated from the percentage of total correct predictions. 

We trained two different models: one to decode five-fingers (five-way) and another for 

three-finger (three-way, thumb, index, and little) movements.

3. Results

3.1. Stimulation capability

The electrode contacts were electroplated with PtIr. PtIr coatings are highly fractal and 

exhibit pseudocapacitive reactions, dramatically increasing the electrode surface area [41, 

42] (figure 8(A)), and thus decreasing contact impedance by an order of magnitude, from 

44 ± 13.9 kΩ to 4.6 ± 1.8 kΩ at 1 kHz (figure 8(B)). This lower impedance provided an 

improved SNR [43] and enabled stimulation. A total of 12 channels in three arrays were 

tested with one million biphasic current pulses (124 μA, 200 μs per phase, cathode first, 

40 Hz repetition rate). PtIr coated electrodes showed no degradation after one million 

pulses at twice the clinical neural stimulation safety limit (30 μC cm−2) [59] (figure 
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8(C)). We further tested the maximum current limit placed through the electrodes without 

causing damage. The maximum current we arrived at without overshooting the compliance 

limit setting was 1.275 mA (200 μs per phase, cathode first, 40 Hz repetition rate). The 

microelectrodes showed no sign of degradation after one million pulses at 1.275 mA as well. 

The impedances, at 1 kHz, of the contacts before and after one million pulses at 1.275 mA 

were 6.6 ± 1.3 kΩ and 5.8 ± 0.7 kΩ (N = 6), respectively. Although the clinical safety limit 

for microelectrode stimulation is still undecided, this higher stimulation current is still below 

the Shannon limit (k = 1.85) [59] and has been used in animal research [60, 61].

3.2. High resolution recording

We report the data from two participants demonstrating the utility of high-resolution 

recording. In the first case, we used our 244ch LCP-TF array to record neural responses 

from the pSTG of an anesthetized patient by presenting an auditory stimulus (figure 9(A)). 

Uniform in vivo impedance measurement was observed in this experiment (supplement 

figure 3). We removed noisy single trials for each channel by identifying trials with absolute 

voltage amplitudes that exceed ten times the standard deviation. Spectral analysis of the 

recordings demonstrated an increase in the power of high gamma band (75–150 Hz) neural 

signals during auditory onset (figure 9(B)). The plotted area contains 244 channels, covering 

a total area of 12 × 12 mm2, and each electrode demonstrates a different neural response 

profile in the HG band. We examined the significance of our μECoG channels by comparing 

the HG power from auditory onset with respect to baseline. The one-sided permutation test 

identified 108 channels (out of 244, p < 0.05) with significant HG power and revealed a 

spatial pattern within the 16 × 16 grid (figure 9(C)). Further, our 244ch array showed a clear 

spatiotemporal progression of auditory processing at high resolution in pSTG (figure 9(D)). 

This spatio-temporal activation pattern occurred over a total of area of less than 12 × 12 

mm2, indicating a pattern that would only be detectable by μECoG as contacts on standard 

CG arrays are too large (2.3 mm diameter) and spaced too far apart (10 mm) to detect neural 

activation patterns at this spatial scale.

In the second case, we recorded motor neural responses using a similar 244ch LCP-TF 

array from the ‘hand-knob’ area in the motor cortex during a finger movement task (figure 

10(A)). The finger kinematics were recorded using a data glove (figure 10(B)). Although 

this array contained some higher impedance channels (supplement figure 4), we found clear 

motor responses in the high-gamma band that had a spatial organization (figure 10(C)). 

Our statistical analysis identified 24 channels with significant HG power, mostly grouped 

at the top-right corner of the array (figure 10(D)) and were used in the decoding analysis. 

Normalized HG responses revealed finger related activity indicating a clear, distinctive 

spatial-temporal organization of motor processing, with respect to the five fingers, within the 

8 × 8 grid (figure 10(E)). The top right corner also appeared to react most strongly when 

the thumb was instructed to move. To demonstrate the decoding potential of our array, we 

used the HG responses from the above 24 sites to classify finger movements using a linear 

discriminant classifier, as described in section 2. In the five-finger decoding, the classifier 

was successful in identifying the finger types with an average decoding accuracy of 61% 

(chance 20%), with maximum decoding accuracies for the thumb. Further analysis indicated 

that the increased classification error between middle, ring, and little finger, were caused by 
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natural co-contraction [62], where multiple fingers move together when only a single finger 

was instructed to move. These natural co-contractions were confirmed by increased glove 

kinematic correlations between the middle, ring, and little finger (supplementary figure 5). 

To examine flexion analysis between independent finger articulations, we then reduced the 

analysis to a three-way decoder to classify between thumb, index, and little finger, which 

yielded an average decoding accuracy of 96% (chance 33.33%) (figure 10(F)). This nearly 

perfect decoding was achieved in a predominantly thumb responsive area of cortex. These 

244ch array intraoperative recordings demonstrate the ability of our LCP-TF arrays to record 

and decode auditory and motor information at high resolution.

3.3. Chronic array

We have designed high-resolution electrodes for epilepsy pre-surgical evaluation. This LCP­

TF design is intended for semi-chronic implants up to 30 d. For clinical use, it is important 

to maintain the clinical standard macro-electrodes, in addition to the micro-electrodes. 

Further, the electrode cables must be passed through a standard cannula (3 mm dia.). Round 

cables are preferred to allow surgeons to suture and seal the dura and scalp around the cables 

(see section 2.2.2).

Here we show an LCP-TF design which meets these criteria (figures 11(A) and (B)). We 

have designed an 80ch hybrid LCP-TF array with 76 research micro-electrodes interspersed 

amongst four macro-electrodes of clinical-standard size and spacing. While other TF 

electrodes use flat ribbon cables that cannot be implanted by standard surgical procedures, 

our LCP-TF array has rounded leads that neurosurgeons consider acceptable for short-term 

(<30 d) implantation. The planar TF-LCP cables are molded into helically wound leads of 

2.8 mm diameter without sharp edges to allow longitudinal elongation (up to 15%) (figure 

11(C) and section 2.2.2). These leads are similar to existing CG electrode leads and can 

be tunneled through the skin as in current surgeries but contain 5–10× more channels than 

traditional CG electrode leads. In addition, when combining multiple arrays to a 4 × 4 cm 

coverage, we have developed a novel, high-density connector system where all percutaneous 

leads will be inserted into a custom lead carrier that provides easy placement and guaranteed 

alignment with the ZA8 spring connectors (described in section 2) (figures 11(D) and (E)).

4. Discussion

We have successfully demonstrated the ability to record from LCP-TF electrodes in rodents, 

NHPs, and humans. This has been accomplished through advances in design, fabrication, 

and implementation. In the current work, we demonstrate this ability in human recordings 

from two participants performing a passive listening task and a finger movement task. 

Micro-scale spatio-temporal neural activation patterns were shown in both the auditory 

(pSTG) and motor (hand motor cortex) brain regions.

While these results of our initial experiments in rodents, NHPs and humans are promising, 

much work remains to be done. This includes (a) developing LCP-TF electrodes to record 

from deep brain structures, (b) further increasing the spatial resolution of the electrodes, 

(c) performing required safety and biocompatibility studies for FDA 510(k) approval, and 
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(d) exploring applications of LCP-TF electrodes to cognitive, motor, visual, and auditory 

prostheses.

Recently, stereo-electroencephalographic (SEEG) electrodes have been increasingly adopted 

for seizure monitoring. The resurgence of SEEG compared to ECoG is largely attributable 

to the reduced inflammation, infection and pain using robotic minimally invasive surgical 

techniques [63]. Our LCP-TF technology could be applied to SEEG as well. As a proof of 

concept, we have developed a 61ch LCP-TF SEEG electrode that included both micro- and 

macroelectrodes, similar to other efforts [64]. Our LCP-TF SEEG electrode was rolled and 

molded into a cylindrical shape only ∼900 μm in diameter (figure 12), the same form factor 

as clinical-standard SEEG arrays. Our LCP-TF SEEG electrode could be used to record 

from deep brain structures as well as cortical structures, though more testing and validation 

of this design is required. Future work will focus on demonstrating the functionality, safety, 

and efficacy of the LCP-TF SEEG design.

We have recently determined that sub-millimeter electrode density is required to reliably 

sample neural activity in multiple species including human [49]. Using spatial analysis 

(‘kriging’ [65]), we established the effect of sampling density on interpolation error, and 

determined the kriging resolution required for <10% interpolation error in 95% of cases 

[49]. The required spacing varied across species, and across temporal bandpass. In a noise­

free setting, the spacing needed to sample high frequency activity (75–300 Hz) in human 

auditory cortex under anesthesia was 622 μm. While our initial LCP-TF electrodes have a 

range of 0.42–2 mm spacing, this result indicates that further increases in sampling density 

will likely be required. However, the LCP-TF arrays described here provide an important 

step towards high-resolution neural interfaces before the next generation of electrodes with 

embedded flexible electronics [66–68] are fully tested and available for clinical use.

Our LCP-TF recordings and other microelectrode recordings over the past 10 years [10–13, 

15–19] have revealed a striking heterogeneity in the spatiotemporal dynamics of interictal 

epileptic events including HFOs, interictal discharges, and microseizures. However, all of 

these studies have been limited by their inability to observe microscale dynamics of human 

epileptic cortex simultaneously at high resolution and with large cortical coverage. To 

further relate these high-resolution electrophysiological events to clinical events like seizure 

initiation, propagation, and termination, researchers need to be able to implant our LCP-TF 

electrodes over the putative seizure onset zone and then obtain continuous recordings in 

the epilepsy monitoring unit. Such a clinical study is not possible without FDA approval 

of the electrodes. Our LCP-TF electrode design contains conventional macroelectrodes for 

clinical care and microelectrodes for research. Our next step will be to perform the required 

biocompatibility and safety studies to obtain FDA 510(k) clearance for short-term (<30 d) 

implantation.

A critical advantage of our LCP-TF electrodes over existing technologies is their low cost 

compared with standard clinical electrode arrays. The LCP-TF electrodes cost half as much 

per square centimeter compared to conventional clinical arrays and other alternatives. CGs 

typically come in 4–10 channel strip and 8–96 channel grid configurations. Typical sales 

prices for these devices range from $450 to $1400. We used technologies that are designed 
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to compete with high volume printed circuit board manufacturing. Our LCP-TF effective 

cost was ∼$4 cm−2 including the lead and connector, which is often not included in cost 

comparisons.

Increased availability of high-resolution electrodes will facilitate the broad collection of 

high-resolution neural data from humans for many applications, including better informing 

seizure diagnostics [7, 13, 15, 69–72], improved therapies for motor disorders and enhanced 

prosthetic systems. We have already started disseminating the LCP-TF electrodes described 

in this paper to more than ten labs and will continue to make our technology available 

for broader investigative use. Our platform technology can be adapted for patients with 

sensory and motor deficits treated with penetrating microelectrodes in proof-of-concept 

brain-machine interfaces as well. Exploratory studies in epilepsy patients with high rates of 

mood and memory symptoms [73] can extend this technology to study mood and cognitive 

disorders.

Higher resolution electrode arrays will also enable improved motor brain-machine interfaces 

[5, 23–26], visual [74], auditory prostheses [23, 75–81], and enhanced research of cognition 

[22]. High resolution recordings will be increasingly important for the next generation of 

therapeutic and prosthetic neural devices [82–86]. In each case, high-resolution recording 

and stimulation is required. Our system will achieve these goals by increasing spatial 

resolution, while maintaining clinically relevant coverage, using a thinner and more efficient 

electrode and cabling system.

5. Conclusion

In this paper, we have developed a platform technology to enable high-resolution cortical 

interfacing, in a form factor that is scalable, cost effective, and compatible with current 

clinical care. We demonstrated LCP-TF electrodes and supporting system designs suitable 

for animal and human research. The LCP-TF electrodes were designed to cover a wide 

range of research subjects, recording densities, and spatial coverages. Silicone molding 

allowed us to combine multiple arrays to further extend the spatial coverage. The mechanical 

deployment hardware positioned the amplifier and digitizer very close to the electrodes, 

reducing the effect of environmental noise sources. We have already shared many of these 

devices for animal use and are preparing for broader dissemination to many more interested 

users. Dissemination of our high-resolution LCP-TF electrodes will lead to a significant 

acceleration of research progress and offer powerful insights into human brain activity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Five liquid crystal polymer (LCP) thin-film (TF) electrode designs with varied coverage 

and high-density electrode spacing designed for use in rodents, non-human primates (NHP) 

and humans. (Top) Photos of electrode arrays. The 61 and 244ch arrays use zero insertion 

force (ZIF) connectors and the 80, 128, and 256ch arrays use ultra-low profile, high-density 

(0.8 mm pitch) spring connectors. Both connector designs do not require soldering or 

post-manufacturing assembly. The 80ch electrode array incorporates a hybrid design with 

four clinical standard macroelectrodes interspersed with 76 microelectrodes. (Bottom) Table 
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of electrode specifications. The same LCP-TF manufacturing process can be used to 

simultaneously fabricate large and small electrode array designs.
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Figure 2. 
Electrode cross section. (A) Photo of an electrode contact on a 61ch array. The yellow 

dashed line indicates the cross-section shown in (B) and (C). (B) Illustration of the electrode 

array layer stack-up. The electrode array wiring was embedded between the the LCP core 

and cover layers. The electrode contacts were flush with or slightly protruded from the 

surface of the LCP substrate. (C) Microscope photo of an example LCP-TF electrode array 

cross-section showing embedded wiring and an electrode contact. Two LCP sheets were 

thermally fused to form a single uniform LCP layer without a distinguishable border or 

fusion point.
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Figure 3. 
3D illustration of the ultra-low profile, high-density (0.8 mm pitch) spring connector. The 

LCP-TF electrode array design included four alignment holes and a stiffener to increase the 

thickness and rigidity of the device in the connector area. The alignment holes and stiffener 

were standard features of the LCP flexible circuit process. (Inset) A side view of the spring 

connector highlighting the metal springs on the top and bottom of the connector.
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Figure 4. 
Silicone electrode array molding procedure to combine multiple LCP-TF arrays together 

and provide soft edges to prevent damage to the cortex. (A) Illustrations of the electrode 

molding process. 1. Silicone primer was applied on the back side of the electrode and 

dried at room temperature for 30 min. 2. Double-sided polyimide tape was used to hold the 

alignment guide to the molding base. Double-sided transparent water soluble tape (PVA) 

was attached to the mold and the LCP-TF array to prevent silicone from covering the 

electrode contacts. A stencil was used to determine the shape and thickness of the silicone 

mold. 3. The LCP-TF array(s) were aligned and laminated onto the PVA tape using the 

alignment guide. 4. Well-mixed and degassed silicone was poured onto the mold. A wiper 

used to remove excessive silicone. 5. The silicone was cured at 60 °C for 2 h. 6. The 

assembly was soaked and rinsed with warm (>40 °C) DI water to remove the PVA tape and 

release the molded array. (B) SEM image of the cross section of a molded array showing 

the flat surface at the transition from the LCP-TF to silicone. Dust on the surface and 

side of the array were generated from the cross-sectional cut and not present normally. 

(C) Profilometer measurements of the electrode contact step height (Site) and the surface 

of the LCP-TF to silicone transition (Edge) showed a much flatter surface profile than 

conventional subdural clinical electrodes. (D) The LCP-TF prototype device was ∼11× less 
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stiff than the commercial ECoG array. Maximum possible bending force that could be 

exerted on the brain derived from four-point bending tests and an analysis of brain geometry. 

A commercially available electrode array as well as an LCP-TF device prototype without 

Au traces were measured. The error bars indicate a standard error of means for all bending 

angles tested. The mean and SEM force for the LCP-TF prototype device was 6 ± 1 mN, 

while the commercial ECoG array force was 67 ± 17 mN.
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Figure 5. 
Modular data acquisition system. (A) Photograph of custom digitizing headstage utilizing 

the Intan RHD2164 chip. This headstage can be connected through commonly used 

Omnetics connector or a standard micro-HDMI cable. (B) Modular adapter boards were 

fabricated to attach the digitizing headstage to the five different LCP-TF electrode designs. 

Red rectangles denote the position and the size of the digitizing headstage when connected. 

The 320ch system is designed for short-term implantation that uses 4× 80ch arrays to cover 

4 × 4 cm2 of the cortex.
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Figure 6. 
Intraoperative recording setup for open craniotomy procedures. (A) A flexible arm was used 

to hold the 244ch setup on top the craniotomy. Custom digitizing headstages were attached 

to the LCP-TF array and mounted to a metal base inside the 3D printed cap. The headstages 

were located as close as possible to the electrode array to reduce the effect of environmental 

noise sources. (B) Modular adapter PCBs were secured to the metal frame with screws. 

The metal base was also used to share the ground and reference among the four digitizing 

headstages. (C) 3D printed cases were used to protect the electrode and electronics during 

sterilization and handing. Slot openings (red arrows) were added to ensure the sterilization 

gas reached every component. (D) The recording setup can be scaled up to 1024ch. (E) The 

1024ch electrode consisted of four 256ch array molded together to cover a 4 × 8 cm2 cortical 

area. The inset shows detail of the electrode contacts, which were 200 μm in diameter 

and spaced 1.7 mm apart. Holes were added wherever possible to the design to increase 

flexibility.
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Figure 7. 
Intraoperative recording setup for experimental access through a burr hole. (A) Photograph 

of the experiment. An LCP-TF electrode (red arrow) was inserted through burr hole during 

a deep brain stimulation (DBS) surgery. The DBS base (Nexframe, yellow arrow) and 

lead (blue arrow) were used without any obstruction. (B) 3D rendering illustrates that the 

electrode was advanced under the dura more than 80 mm away from the burr hole, reaching 

the temporal lobe during a language study. (C) A custom 3D printed track system helped to 

hold the electronics at any angle from the implant site. (D) A pocket was molded at the tip 

of the electrode array to allowing a malleable brain retractor (brain spatula) to be used as 

an insertion tool to guide the electrode placement. (E) Photograph of the assembled LCP-TF 

array and recording system. Two digitizing headstages were connected to the modular 

adaptor board, requiring only a single μHDMI cable to be connected to the recording 

controller. Red inset shows the detailed view of the 128 electrode contacts. Blue inset shows 

the ruler, printed with biocompatible soldermask, on the back side of the LCP-TF electrode. 

The ruler was used to provide the surgeon relative position information while advancing the 

array under the dura.
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Figure 8. 
LCP-TF electrodes were electroplated with platinum iridium (PtIr) to reduce electrode 

impedance and enable stimulation. (A) SEM picture of the PtIr-plated electrode surface. (B) 

Impedance measurement comparing gold electrodes (44 ± 13.9 kΩ) before PtIr coating and 

after (4.6 ± 1.8 kΩ) at 1 kHz. The red line in the boxplot indicates the median value. All 

data points are shown as the dots within the box plot (N = 60). (C) Electrode impedance 

spectroscopy (EIS) measurements of 12 electrodes taken before and after 1 M pulses of 

biphasic stimulation at 100 μs per phase, 124 μA, and 50 Hz repetition rate showed no 

change in electrode impedance. The lines are the average impedances. No damage to the 

electrode contacts was observed.
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Figure 9. 
Example LCP-TF electrode human intraoperative recording to study speech and language. 

(A) A 244-channel LCP-TF electrode array (bottom) recorded auditory responses from 

the posterior superior temporal gyrus (pSTG—top) in a patient undergoing treatment for 

pharmacologically resistant epilepsy. The patient was asleep during the auditory stimulus 

(words and non-words) presentation. The in vivo electrode impedance data can be found in 

supplemental figure 3. (B) Spectrograms for the local field from each channel (right) show 

auditory responses on selective channels. These responses were mainly found in the high 

gamma (HG) frequency range (70–150 Hz), shown to be a correlate of multi-unit neuronal 

firing. The red star denoted the high impedance channel. (C) The red channels exhibit 

significant high-gamma responses during auditory onset relative to baseline (one-sided 

permutation test, p < 0.05, FDR corrected). (D) Normalized HG time-series heat maps show 

the spatial detail of the auditory response.
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Figure 10. 
Example LCP-TF electrode human intraoperative recording to study motor responses. (A) A 

244-ch LCP-TF electrode array recorded neural activity during voluntary finger movement 

from the ‘hand-knob’ region of the motor cortex of a patient undergoing tumor resection. 

The electrode impedance data for this array can be found in supplemental figure 4. (B) 

The participant performed a finger movement task following visually presented cues. The 

finger kinematics were recorded using a data glove. (C) Normalized high gamma (HG) 

responses (70–150 Hz; maximum values from −500 ms to 500 ms at movement onset) 

revealed spatial features of the finger movements focused on the top right corner of the 

array. (D) A statistical analysis (one-sided permutation test) was performed to determine 

the channels with significant HG responses during movement onset relative to baseline (p < 
0.05, FDR corrected). The blue box indicates the 8 × 8 area of the array that is the focus 

for panel E. (E) Spatial maps of normalized high-gamma responses separated by finger 

types during movement. 0 s indicates the onset of finger movement from the glove data. (F) 

Finger flexion decoding using a linear classification scheme (leave-one-out cross-validation) 

obtained 61% and 96% classification accuracies for five-finger and three-finger decoders, 

respectively.
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Figure 11. 
LCP-TF electrode and recording system design for human short-term implantation. (A) The 

LCP-TF electrode can be placed through a small craniotomy and advanced under the skull. 

Our LCP-TF semi-chronic system includes conventional 2.3 mm diameter macroelectrodes 

spaced 10 mm apart and 200 μm diameter microelectrodes spaced 2 mm apart. Coiled leads 

were designed to be tunneled out of the scalp using a cannula and connected to the digitizing 

headstage. The digitizing headstage provides signal amplification and digitization in the 

patient head bandages. (B) Assembled and molded LCP-TF electrode array with 16 macro- 

and 304 microcontacts. (C) The coiled leads were molded to a 2.8 mm diameter cable, in 

order to fit into a standard 3 mm diameter cannula. (D) A custom lead carrier was designed 

to assist the alignment of the leads to the spring connector. (E) Detailed view of the design 

of the high-density connector system to the digitizing headstage, showing the connector 

alignment and connecting mechanism.
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Figure 12. 
LCP-TF SEEG prototype includes 56 microelectrodes with 500 μm spacing and five 

macroelectrodes with 5 mm spacing. The physical form factor is the same as standard 

clinical SEEG electrodes (900 μm diameter), making it compatible with existing clinical 

workflows. Cross sectional drawings illustrate the arrangement of four microelectrodes 

around the circumference of the array (i), while the macroelectrodes wrap around the entire 

array (ii).

Chiang et al. Page 33

J Neural Eng. Author manuscript; available in PMC 2022 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Material and methods
	Electrode
	LCP material
	Array design

	Molding
	Array molding
	Forming the coiled leads

	Array flexibility evaluation
	Data acquisition system
	Stimulation experiment
	Intraoperative experiments
	Recording system for open craniotomy experiments
	Recording system for DBS experiments

	Data analysis
	Spectrogram analysis
	High gamma extraction and electrode significance
	Linear decoder for finger flexion analysis


	Results
	Stimulation capability
	High resolution recording
	Chronic array

	Discussion
	Conclusion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Figure 9.
	Figure 10.
	Figure 11.
	Figure 12.

