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Materials and Methods 

Device fabrication 

The fabrication procedures built on concepts demonstrated for capacitively-coupled, 

flexible silicon electronic systems, in which a thin layer of thermally grown SiO2 (t-SiO2; 

derived from a buried oxide layer of silicon on the insulator (SOI, Si(260 nm)/SiO2(1000 nm)/Si; 

SOITEC wafer) served as a biofluid barrier and a capacitive measurement interface. The process 

began with mechanical grinding of the silicon substrate of the SOI to a thickness of 200 µm 

(Syagrus Systems). Dry thermal oxidation formed a SiO2 hard mask to define the source/drain 

regions of the transistors using a high-temperature phosphorous doping process (1000 °C for 7 

minutes). Photolithography (AZ 5214E) and dry etching (50 mTorr pressure, 40 sccm SF6, and 

100W RF power for 1 min) isolated the transistor areas, and dry thermal oxidation (1150 °C for 

16 min) and atomic layer deposition of 14 nm Al2O3 formed the gate dielectric. Next, 

photolithography and wet etching (buffered oxide etchant) defined openings for source and drain 

contacts. Electron beam evaporation formed metal bilayers for interconnects (Cr/Au, 5 nm/200 

nm). Spin-coating, soft-baking and hard curing created an overcoat and inter-layer dielectric of 

polyimide (PI 2545, HD MicroSystems). Finally, electron-beam evaporation produced a bilayer 

of Ti/SiO2 (5 nm/ 50 nm) to facilitate bonding to a PI sheet (12.5 µm, Kapton, Dupont) with 

layer of t-SiO2 (~1 µm thickness) on its back side. The bonding process, described previously in 

detail (5), involved UV-ozone treated polydimethylsiloxane (PDMS) as an adhesive. Inductively-

coupled plasma RIE (ICP-RIE) removed the Si substrate to expose the pristine surface of the 

SiO2 as the biointerface. 

 

Array screening 

All arrays used in the animal experiment were screened through in vitro recordings in saline 

with respect to yield, gain, and correlation. To evaluate gain, the array was tested in saline with 

an input sine wave at 10 Hz. Devices with a gain of 0.6 or above were considered passing. To 

ensure the array was fully functional without short circuits, we recorded device noise from the 

array in grounded saline. Since the device noise should be random and uncorrelated, a correlation 

analysis revealed shorted or non-functional channels with excessive correlation. Devices that 

failed this test were not used. As a final screen, we examined the two-dimensional spatial 

autocorrelation function of the in vivo signal. The spatial autocorrelation of normally functioning 

arrays was seen to be a nearly isotropic decreasing function of distance. Excessive correlation 

among columns of the array manifested as a decreasing function of distance horizontally (across 

columns) but nearly constant vertically (within columns), indicating one or more multiplexers 

with poor switching. 

 

Data acquisition system 

The 64-ch Neural Matrix electrode design connected the eight multiplexed column outputs, 

eight accompanying active shielding inputs, and eight row select inputs through a 26-pin zero-

insertion-force (ZIF) connector (Hirose Electric Co., LTD.) to a head-mounted, low-profile 

interface board. This interface board had a height profile of ~10 mm and weighed ~1.3 g, making 

it suitable for awake, in vivo recording in a freely-moving rat. During each recording session, the 



 

electrodes were connected to the remote data acquisition system (DAQ) using two ultra-flexible 

μHDMI cables (Draco Electronics, LLC). The analog multiplexed signals were measured 

differentially on the shielded, twisted pairs by the remote DAQ. In the remote data acquisition 

system (Fig. S11), the multiplexed eight column outputs were buffered by four dual op-amps in a 

unity gain configuration (OPA2376, Texas Instruments). The eight outputs of these buffers were 

high-pass filtered at 0.0016 Hz to remove the average electrode DC offset and subsequently 

amplified with 10× gain. These filtered and amplified signals were sampled at 100 kHz with an 

oversampling factor of 16 on two PXI-6289 data acquisition cards, yielding a multiplexer 

switching rate of 6,250 Hz. Samples taken before the multiplexed output had completely settled 

to 18-bit accuracy were discarded. The remaining samples were averaged to reduce noise, 

yielding an effective final sampling rate of 781.25 Hz per electrode channel. 

An automatic safety shut-off circuit was implemented to monitor for leakage current. The 

leakage current was measured by recording the voltage potential across a 1 kΩ resistor between 

the animal reference electrode (bone screw) and circuit ground. The voltage potential on this 

resistor was amplified 200× using an instrumentation amplifier (INA128, Texas Instruments). 

This amplified signal was low-pass filtered at 2 Hz and then compared to a fail-safe threshold 

(200 mV, equivalent of 1 µA leakage) generated from a 12-bit DAC (DAC7621, Texas 

Instruments). The output of the comparator triggered the power supply and logic disconnection 

circuits if the threshold was crossed. 

To improve the gain of the capacitive sensing scheme, we implemented active shielding 

circuitry on the DAQ. The active shield circuit fed back the AC portion of the multiplexed output 

with a programmable DC offset to provide proper biasing to each column. The buffered output 

(active shielding signal) was connected to the drain of all the sensing transistors (T2, Fig. 1D) 

within the column. The DAQ also provided an adjustable current sink and row select signals to 

control the active electrodes. 

 

Acute experiment (rat) 

All rodent procedures were performed in accordance with National Institutes of Health 

standards and were conducted under a protocol approved by the Duke University Institutional 

Animal Care and Use Committee. A specific surgical protocol was developed for placement of 

these electrode arrays in rats. Experiments were carried out in a sound-attenuation chamber. 

Female Sprague Dawley rats age 4-6 months were anesthetized using ketamine and 

dexmedetomidine (Intraperitoneal, 80 mg/kg). Animals were re-dosed with ketamine only 

(Intraperitoneal, 40 mg/kg) every 2 hours or when a reflex occurred. The head was secured in a 

custom head-holder orbital clamp that left the ears unobstructed. A longitudinal incision was 

made along the midline to expose the skull. The right temporalis muscle was reflected and a 6.5 

mm × 6.5 mm craniotomy was made on the right temporal skull to expose the brain. A sterilized 

electrode array was placed epidurally over the core auditory cortex using vascular landmarks. 

Recordings of evoked responses to stimulus clicks and tones (outlined in the recording section 

below) were used to identify primary auditory cortex and optimize electrode placement. One 

screw hole was drilled in the skull over the cortex for a bone screw for a reference electrode.  

Recordings were completed in a sound-attenuated chamber. Acoustic stimuli were 

generated with custom MATLAB code through an NI PXI-6289 DAC card, and delivered 

through a free-field speaker (CR3, Mackie) calibrated to have a flat output over the frequency 



 

range used. Responses to tone pips of 13 frequencies (0.5 – 32 kHz, 0.5 octave spacing, 50 ms in 

duration, 2 ms cosine-squared) at 70 dB SPL were collected for tonotopic mapping. Tones were 

presented in a pseudorandom sequence at a rate of 1 Hz; each tone was repeated for 30 trials. 

Responses to brief broadband click stimuli (0.2 ms in duration, 70 dB SPL, 1.25 Hz, 120 

repetitions) were also recorded for each electrode. 

 

Surgical procedure for chronic experiment (rat) 

All rodent procedures were performed in accordance with National Institutes of Health 

standards and were conducted under a protocol approved by the Duke University Institutional 

Animal Care and Use Committee. Five female Sprague Dawley rats weighing 225-275 g were 

anesthetized using isoflurane (induction, 3-5% at 1-3 L/min and maintenance, 0.5-3% at 0.6-1.0 

L/min). The surgical area was shaved and sterilized according to standard sterile procedures. The 

head was secured in a custom head-holder orbital clamp with nose cone attachment for 

continuous gas delivery while leaving the ears unobstructed. Each animal received subcutaneous 

injections of buprenorphine SR-LAB (1.2 mg/kg; ZooPharma) for pain management and 

dexamethasone (0.3 mg/kg) to minimize brain swelling. Bupivocaine, 0.25% (1 mg/kg), was 

administered subcutaneously local to the incision site. All surgeries in this study were performed 

by a single surgeon to minimize variations in the surgical implantation procedure. A longitudinal 

incision was made along the midline and periosteal membranes removed to expose the 

skull. Five bone screws (00‐96 x 3/32; Plastics One) were inserted into the skull around the point 

of entry using a hand-held micro-drill and 0.8 mm drill bit (Roboz Surgical Store). The right 

temporalis muscle was reflected, and a 5 mm x 5 mm craniotomy was performed on the right 

temporal skull. A sterilized electrode array was placed epidurally over the core auditory cortex 

(Fig. 2A) using vascular landmarks. Placement was optimized with intraoperative recordings of 

electrode with auditory stimuli described above. Once placement was confirmed, the craniotomy 

was covered with an absorbable gelatin sponge (GELFOAM) and secured with the high-grade 

dental cement (C & B Metabond Quick! Luting Cement). The thin, silver reference and 

grounding wires (0.25 mm diameter; Sigma Aldrich) from the headstage were wrapped around 

the five bone screws and secured with high-grade dental cement (C & B Metabond Quick! 

Luting Cement). The remaining area of the electrode pedestal was securely anchored to the skull 

using a lower grade dental acrylic (LANG Jet Denture Repair). The surgical site was flushed 

with a providone-iodine (Betadine) solution and the incision points were sutured. Postoperative 

antibiotics (5 mg/kg) and steroids were administered twice daily for 3-days post-op for full 

recovery. 

 

Surgical procedure (NHP) 

Four macaque monkeys (two rhesus macaque males, 7.8 kg and 8 kg; 1 cynomologous 

male, 4.5 kg; 1 nemestrina male, 14 kg) were implanted with recording chambers for semi-

chronic subdural electrophysiology (20). These four animals were used for iterative in vivo 

optimization of the kiloscale Neural Matrix array and implantation strategy. After optimization, 

recordings during behavior were performed in one animal (rhesus macaque male, 7.8 kg) in an 

implant over the sensorimotor cortex. The recording chamber hardware was affixed to the skull 

with bone cement and skull screws. A craniotomy and durotomy were then performed to expose 

the cortical surface. An artificial dura (36) was implanted to maintain chronic subdural access. 



 

All surgical procedures were performed under isoflurane anesthesia, and with post-operative 

analgesia (buprenorphine, rimadyl). All procedures were performed in compliance with the 

National Institute of Health Guide for Care and Use of Laboratory Animals and were approved 

by the New York University Institutional Animal Care and Use Committee. 

 

Acute in vivo recordings under anesthesia (NHP) 

Acute recordings were performed in one cynomologous macaque (macaca fasicularis) to 

compare µECoG and intracortical electrode signals. The subject was anesthetized and paralyzed 

with Sufentanil and Atracurium during all surgical procedures and recordings. A chamber was 

placed over the post-central gyrus, approximately primary sensory cortex (S1) and a craniotomy 

and durotomy were performed to expose the cortical surface. All procedures were conducted in 

compliance with the National Institute of Health Guide for Care and Use of Laboratory Animals 

and were approved by the New York University Institutional Animal Care and Use Committee. 

Simultaneous µECoG and intracortical recordings were performed using a passive µECoG 

array embedded in an artificial dura and a microdrive of intracortical electrodes. The passive 

polyimide µECoG array had 124 contacts of 200 µm diameter spaced 0.75 – 1.5mm apart. The 

array had 32 holes (500 µm diameter) to allow intracortical electrodes to pass through the array. 

Intracortical electrodes were glass-coated tungsten (250 µm diameter, Alpha Omega) and were 

loaded into a Gray Matter Research microdrive that allows them to be independently moved in 

depth. Intracortical electrode spacing was 1.5mm. See Fig. S9B for geometry of the intracortical 

and µECoG contacts.  

Broadband data was collected at 30 kHz from a 128 channel Cerebus system (Blackrock 

Microsystems) as the intracortical electrodes were lowered through the cortical tissue. 

Spontaneous activity at each depth was recorded for 3-5 minutes. µECoG signals and local-field-

potentials (from intracortical electrodes) were defined as band-passed signals from 0-300 Hz. 

Multi-unit signals (intracortical electrodes) were defined as high-frequency activity > 300 Hz. 

Spiking activity was defined using threshold crossings in the multi-unit signals (exceeding 3.5 

standard deviations of the mean). Multi-unit spikes were analyzed without sorting to isolate 

single units. Temporal correlations were calculated across 1 minute of recording for each 

session. Time-frequency coherence of these signals was calculated using multi-taper spectral 

techniques (0.5 second window, 3 Hz frequency smoothing window, 50 ms step window). 

Average coherence across 1 minute of recording was calculated for each session.  To calculate 

spatial maps of µECoG signals, missing values due to non-uniform electrode grids were filled in 

using nearest-neighbor interpolation and maps were then smoothed using a Gaussian filter with 

0.6-pixel standard deviation. 

 

  



 

 

 

Fig. S1. Design and characterization of the Neural Matrix arrays. (A) Schematic illustration 

of an 8 × 8 array (left) and a unit cell (right) (B) Schematic illustration of the entire 36 × 28 array 

(left) and a unit cell (right). (C) Linear scale transfer curves for a representative transistor for 

voltage swept from -5 to +5 V at a fixed drain voltage of 0.1 V. (D) Output curve as a function of 

drain voltage with gate voltage from 0 to 4 V in 1 V steps. (E) Schematic cross-sectional 

information for a device encapsulated above and below with thermal oxide. (F) Yield, defined as 

the number of working electrodes divided by the total number of electrodes, as a function of 

bending cycles to a curvature radius of 2.5 mm. Leakage current measured during a soak test at 

different stages of the bending cycles. (G) The addition of a polyimide protection layer in the 

interconnection cable area of the device reduced the maximum strain in the top SiO2 layer at all 

bending radii. 

  



 

 

 

Fig. S2. Semivariogram of passive electrode and noise analysis of the active Neural Matrix 

electrode array. (A) Photo of the faradaic passive sensing electrode used for comparison. Inset, 

a zoomed-in image; scale bar, 200 µm. This 61ch electrode was arranged in an 8 × 8 grid and 

was recorded using an Intan RHD 2164 headstage and OpenEphys. Detailed characteristics of 

the electrode including long-term reliability and data acquisition system can be found in (16). (B) 

Semivariogram of the passive electrode recorded in a similar acute setting on a rat. (C) Power 

spectral density of the active data acquisition system. The active noise was recorded based on a 

test transistor on an active flexible array in a source-follower configuration with 1 µA current 

sink on the remote DAQ. Total noise in the frequency band from 2-100 Hz is reported in 

parentheses.       



 

 

 

Fig. S3. Direct comparison of Neural Matrix and passive array in rat. (A) Three seconds of 

example raw data comparing click-evoked auditory responses from Neural Matrix and passive 

arrays in subsequent recordings from the same rat and the same brain location. Raw data were 

bandpass filtered (2 - 100Hz). Similar click-evoked responses with >500 µV amplitude were 

recorded on both arrays. The vertical red dashed line indicates the time when a broadband click 

sound was presented. Scale bar: 500 µV, 200 ms. (B) Tone presentation and mapping each 

tuning curve’s center of mass recapitulated the expected tonotopy of the primary auditory cortex 

of the left hemisphere. Two electrode sites (triangle and diamond, ~2.4mm apart) were chosen to 

compare evoked-responses captured by the two arrays. (C) Mean and single-trial tone-evoked 

responses from a passive array (top) and a Neural Matrix (bottom) are shown for the best-tuned 

frequency at the same two sites on both arrays. The selected sites are labeled in panel (B). (D) 

Tone frequencies were predicted using trial response potentials. The two arrays achieved nearly 

identical decoding accuracy, with a mean decoding accuracy of 56.92% (passive array, top), and 

a mean decoding accuracy of 57.18% (Neural Matrix, bottom). Chance is 7.68%.  



 

 

 

Fig. S4. Auditory classification accuracy with varying spatial resolutions. (A)-(B) Decoding 

accuracy and error of an acute (Rat B) and intraoperative (Rat 1) rat recording, relative to full-

grid decoding. Electrodes were subsampled using Poisson disc sampling to maintain the same 

approximate coverage with varying spatial resolution. The number of electrodes was binned in 

groups of four, with a minimum of 15 unique sub-samplings per bin. (C)-(D) Accuracy and error 

in absolute units (proportion correct and octaves). The 95% max-accuracy and 105% min-error 

thresholds (dotted lines) are drawn separately per recording. The average chance decoding scores 

were equal to the theoretical value (1/13) and are shown as black dashed lines, surrounded (gray 

band) by 95% CIs. Chance decoding scores were determined by 1000 repeated decodes with 



 

circularly permuted tone labels. The smallest group of electrodes with accuracy above the 95% 

threshold was 52-55 for Rat 1 and 56-59 for Rat B (p < 0.05 one-sided t-test with Bonferroni 

correction for 15 groups). Only groups of 60-63 electrodes had error significantly less than the 

full sample at the p < 0.05 for both rats. (E)-(F) Decoding scores for spatial subsampling using 

fixed density, but varying grid size. For each square sub-grid, each possible placement was tested 

(4 placements of 7×7, 9 placements of 6×6, etc.). Small area sub-grids (< 4×4 in Rat 1 and < 5×5 

in Rat B) offered worse scores compared to electrode subsets with similar counts (±1 electrode) 

but larger coverage (p<0.05 two sample t-test with Bonferroni correction for 6 groups). Thus, 

both high density and wide coverage were required to maintain high decoding accuracy in these 

experiments. 

 

  



 

 

 

Fig. S5. FIB measurement of t-SiO2 thickness postimplantation. (A) Schematic of the 8 × 8 

Neural Matrix array. The electrode tail and array areas are highlighted. The tail region of the 

device (highlighted in blue) was covered with dental acrylic during implantation and 

correspondingly, not exposed to bodily fluids. FIB measurements from this portion of the 

explanted arrays were used as the baseline thickness of the t-SiO2 prior implantation. The array 

region of the device (highlighted in green) was exposed to cerebral spinal fluid during the 

implant duration. Micrographs of FIB slice openings (red arrow) and the cross-section 

measurement at tail and array are shown. (B) Summary table of successfully retrieved electrodes. 

The electrode implanted in Rat A was broken during surgery and was not used in the main text 

analyses. The average dissolution rate of the 3 samples was ~0.46 nm/day, projecting ~6 years of 

functional implant duration.   



 

 

 

Fig. S6. Stable recording of SPs. (A) Example recording of rhythmic SPs recorded on a 

representative channel of the Neural Matrix array. These SPs were often, but not always, 

associated with corresponding bursts in the electromyographic (EMG) signal of whisker 

protracting muscles. (B) EMG signal from whisker protracting muscles recorded simultaneously 

with the ECoG signal from (A), exemplifying an episode of whisker twitching. (C) ECoG power 

spectral densities during episodes of low-amplitude whisker twitching (black) and high-

amplitude exploratory whisking (gray). The SPs were not present during high-amplitude 

exploratory whisking, but rather during low-amplitude whisker twitching. These features match 

prior descriptions of spontaneous 7-12 Hz oscillations in rat S1 during quiet immobility (37-39). 

(D) SPs recorded on a representative channel from a typical bout of whisker twitching on each 

testing day, aligned on approximate bout onset (gray line).  

 



 

 

 

Fig. S7. Chamber-free and chamber-based neurotechnology device testing approaches. Our 

innovation required the ability to rapidly iterate device manufacturing and packaging using our 

modular chamber-based implants. (A) Cross-section schematic of the traditional chamber-free 

implant strategy. Probes are placed subdurally and connections are tunneled from the brain 

surface to externalized connectors mounted to the skull. The site is surgically sealed by tissue 

closure around the cables and hardware. (B) Example NeuroNexus µECoG array used for 

chronic chamber-free implants with minimal packaging. (C) Schematic of work-flow for device 

testing cycles with the traditional implant approach. Animal-related steps are shown in cool 

colors (blues, greens); device-related steps are shown in warm colors (oranges, reds). (D) Cross-

section schematic of the chamber-based implant. A chamber is placed around a chronic subdural 

interface (craniotomy and artificial dura). (E) Neural Matrix device packaged within an artificial 

dura. (F) Chamber hardware schematic. (G) Work-flow for device testing cycles with the 

chamber-based approach. Schematic formatting is the same as in (C).  

  



 

 

 

 

Fig. S8. Detailed spatiotemporal pattern recorded by the kiloscale Neural Matrix array. 

Top: Mean VEP of all 1,008 channels recorded from NHP. Vertical red line at zero seconds 

denotes the visual stimulus onset. Red diamond, blue circle, and purple square denote the three 

peaks of the average response. Bottom: Spatial voltage maps of VEP at 25ms time increments 

per frame. Corresponding spatial maps of the three peaks are labeled with a diamond, square and 

circle. Clear propagation was observed from sensory to motor cortices. See Movie S3 for wave 

movements in detail.  



 

 

Fig. S9. Comparison of μECoG and intracortical recordings.  

To investigate the potential utility of our µECoG arrays in comparison to other clinically-used 

neural recording arrays like the Utah Array, we investigated relationships between µECoG 

signals and intracortical recordings in the primate brain under anesthesia. (A) Cross-section 

schematic of the experimental set-up for simultaneous µECoG and intracortical recordings. (B) 

Top-down schematic of the experimental set-up showing arrangement of µECoG and 

intracortical electrodes across the cortical surface. The example intracortical electrode shown in 

(A, E-F) is highlighted in dark blue. Corresponding “close” and “distant” µECoG contacts (see 

E, F) are highlighted in red and light orange, respectively. The area of electrodes mapped in (D) 

is indicated by the orange shaded region.  (C) Recordings were taken as intracortical electrodes 

were advanced into the brain. Multi-unit (high-passed activity > 300 Hz) on intracortical 

electrodes across different depths are shown. As the electrode enters the brain, the signal 

amplitude increases, and large-amplitude spiking activity can be observed. (D) Correlation maps 

between an example intracortical LFP and µECoG signals as a function of depth. The black dot 

indicates intracortical electrode location. Signal correlations are strongest near the surface, 

however µECoG also shows focal correlation with LFPs at 0.75 mm depth. (E) Spectral 

coherence between the intracortical LFP and µECoG signals for a close (left) and distant (right) 

µECoG contact for example depths. µECoG signals show strong coherence with LFPs recorded 

from 0.75 mm and 1.25 mm within the cortex. This coherence is spatially-specific, and 

significantly reduced in distant µECoG contacts. Coherence in low-frequency bands (< 10 Hz) 

found to encode movement information is particularly pronounced. (F) Same as (E), but showing 

the spectral coherence between intracortical multi-unit spiking activity and µECoG. µECoG 

signals show strong coherence with multi-unit activity captured from deeper layers of cortex 

(1.25 mm). Coherence is both spatially-specific to nearby electrodes, and most pronounced in 

low-frequency bands (< 10 Hz). Together, these analyses suggest that µECoG signals may 

capture signals with strong relationships to intracortical electrodes. µECoG may capture 

spatially-specific signals, and reflect LFPs and multi-unit activity from the upper cortical layers.  



 

 

 

Fig. S10. Characterization of a passive capacitive electrode array. (A) Schematic illustration 

(left) and cross-sectional side view (right) of passive electrode array. (B) An optical image of a 

passive electrode array in a bent state. (C) A passive electrode array during cycles of a bending. 

(D) Measured capacitance and impedance at 1 kHz of passive capacitive electrodes with 

different electrode areas. (E) Impedance of electrode after mechanical bending tests. 

  



 

 

 

Fig. S11. DAQ for rat experiment. 

  



 

 

 

Fig. S12. DAQ for kiloscale Neural Matrix array. (A) Wiring diagram of the system. (B) 3D 

illustration of the experiment with acquisition setup. 

  



 

Table S1. μECoG comparison table. Comparison between the Neural Matrix and other µECoG 

studies. 

 

Table S1. µECoG comparison table 

Studies Year Subject 
 Number of 
Electrodes 

Spacing           
(mm) 

Coverage 
(mm

2
) 

Density 
(Sites/mm

2
) 

Hollenberg et al. (40) 2006 Rat 64 0.75 36 1.78 

Benison et al. (41) 2007 Rat 256 0.5 64 4.00 

Molina-Luna et al. (42) 2007 Rat 72 0.64 27 2.67 

Kim et al. (43) 2007 NHP 56 1 36 1.56 

Rubehn et al. (44) 2009 NHP 252 2 2100 0.12 

Ledochowitsch et al. (45) 2011 Rat 256 0.5 64 4.00 

Viventi et al. (4) 2011 Cat 360 0.5 90 3.60 

Khodagholy et al. (9) 2015 Rat 64 0.1 1 64.00 

Escabi et al. (17) 2014 Rat 196 0.25 12.25 16.00 

Hotson et al. (46) 2016 Human 128 3 1152 0.11 

Kellis et al. (29) 2016 Human 16 1 16 1.00 

Khodagholy et al. (47) 2016 Human 240 0.23 840 0.29 

Kaiju et al. (19) 2017 NHP 96 0.7 4704 0.02 

Anumanchipalli et al. (48)  2019 Human 256 4 4096 0.06 

This work  
(Neural Matrix) 

2019 NHP 1008 
0.33 x 0.25 
(Avg. 0.29) 

83.16 12.12 

 

  



 

Movie S1. Tone-evoked spatiotemporal patterns from rat 4 at day 7 of implantation. 

8 × 8 Neural Matrix array implanted on rat auditory cortex. Recorded average spatiotemporal 

pattern during 8 kHz pure-tone sound stimuli, while the rat was freely behaving, 7 days after 

implant. The auditory stimulus was presented at t = 0. 

 

Movie S2. Tone-evoked spatiotemporal patterns from rat 4 after 1 year of implantation. 

Demonstration of the 8 × 8 Neural Matrix array, with transistors embedded directly into each 

site. The device was fully functional after more than 1 year (367 days) of implant. Structured 

spatiotemporal patterns are visible in the average auditory evoked response from 8 kHz pure-

tone sound stimuli, while the rat was freely behaving, >1 year after implant. The auditory 

stimulus was presented at t = 0. 

 

Movie S3. High-resolution spatiotemporal patterns recorded using kiloscale Neural Matrix 

in NHP. 

The kilo-scale Neural Matrix array revealed detailed spatial structure in the evoked-response 

from NHP sensorimotor cortices to full-field visual stimuli, which the animal viewed passively. 

The average evoked response is presented. The bottom trace shows the average response from all 

1,008 channels. The visual stimulus was presented at t = 0.  

 

Movie S4. Motor-evoked responses from an NHP reaching left and right. 

The kilo-scale Neural Matrix array revealed fine spatiotemporal pattern differences when a NHP 

reached to two opposite directions (left and right). The average response is presented. T = 0 

denotes reach start. Time is in ms. 
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