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What We Work On

• Peripheral nerve control of finger movement

• Brain control of finger movement

• Breaking barriers on electrode density
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40,000 with complete 
hand amputations in US

Empire Strikes Back, 1980



~50 mV

Nerve

~15 mV



Regenerative Peripheral Nerve Interface

Nerve 

branchMuscle 

graft

Suture “RPNI”

(Cederna, Urbanchek, Anderson)



~50 mV

Nerve

~15 mV >250 mV

• Large, stable recordings with 

intramuscular electrodes

• Functionally selective

• Can prevent neuroma and 

peripheral phantom pain

• No moving of nerves, or 

deinnervation of existing muscles

Regenerative Peripheral Nerve Interface



Signal Amplitude

(Irwin…Chestek, JNE, 2016)



What We Work On

• Peripheral nerve control of finger movement

• Brain control of finger movement

• Breaking barriers on electrode density



1.3 million with 
spinal cord injury Kilgore and Peckham



(Macaque hand by Davoodi, Loeb, MSMS)

(Irwin…Chestek, SFN, 2015)
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Finger Decoding
ρ = 0.80 

ρ = 0.86 

ρ = 0.71 

ρ = 0.80 





Why can’t we add this to the existing 

system that stimulates paralyzed arms?

100 chan x 30 ksps x 16-bits = 48 Mbps



“Spiking Band” Power

(Stark and Abeles, 2007)

1 ms, 
1 KHz



High bandwidth spikes, 30 ksps:
ρ = 0.82

Low bandwidth, 300-1000 Hz
ρ = 0.78

89% Power Savings

(Irwin*, Thompson*, … Chestek, IEEE TNSRE, 2015)

“Spiking Band” Power



What We Work On

• Peripheral nerve control of finger movement

• Brain control of finger movement

• Breaking barriers on electrode density



• Limits electrode density

Biran et. al, Exp. Neurol., 2005

Utah Array
400 um

Conventional Electrodes Cause Scarring



Best Known Solution = Small

Skousen et. al, Prog. Brain Res., 2011

Fraction of 
Normal 
Density 0-50 
um from 
electrode

Grid
Electrode



Bare Carbon 
Fiber (d=7µm)

Parylene-c Coating
(t=800nm)

Cut tip PEDOT Coating

Kozai et. al, Nature Mat., 2012 (Patel…Chestek, JNE 2015)



3x8 Arrays

(Patel…Chestek, JNE, 2015)



Ch. 2 Ch. 4 Ch. 5 

Ch. 7 Ch. 9 Ch. 11 

Ch. 12 Ch. 13 Ch. 14

Day 15 
Recordings 
from one rat

(Patel…Chestek, JNE, 2015)



(Patel…Chestek, JNE, 2017)
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The ability to record single-unit

activity with chronically

implanted microelectrode arrays

(MEAs) is hindered by low

recording signal-to-noise ratio

(SNR).

Major failure modes of MEAs

include

• Biological failures (e.g.,

formation of glial scar, loss of

neuronal density)

• Material failures (e.g.,

degradation of electrode

insulation, loss of tip

metallization)

Failure is often identified by

• Increased impedance

• Decreased SNR

Figure 1. Major MEA failure modes. (a) 

Foreign body response at the electrode-

tissue interface [1]. (b) Metallization loss at 

the electrode tip [2].

a.

b.

Objective

Quantify the effects of glial scarring and interface interactions

on electrode impedance and unit amplitude using a data-

driven model.

Methods

Doped silicon

Parylene C

Iridium oxide

Electrochemical

interface

Glial scar

50 µm

a.

Figure 2. Neural recording 

model [3]. (a, b) Finite element 

method electric field model. (c, 

d) Layer V pyramidal cell cable 

model [4]. (e) Simulated 

voltage recording at the 

electrode tip.

COMSOL

NEURON

MATLAB

b.

c. d.

e.

+

Results

Neural data

Figure 3. Electrode impedance over time. 

Mean impedance (1 kHz) for four Utah 

arrays implanted in two monkeys. (a) 

Pooled and (b, c) individual arrays. The 

shaded error bars denote the standard 

deviation from the mean. The dashed 

lines denote the linear regression fit.

Figure 4. Unit amplitude over time. Mean 

amplitude for four Utah arrays implanted 

in two monkeys. (a) Pooled and (b, c) 

individual arrays. The shaded error bars 

denote the standard deviation from the 

mean. The dashed lines denote the linear 

regression fit.

Figure 5. Distribution of regression slope for individual electrodes. Slopes from the (a) 

impedance-time (mean ± stdev: 9.7 ± 38.5 kΩ/week) and (b) amplitude-time (mean ±
stdev: -1.1 ± 8.7 µV/week) linear regression fit. Data from all arrays were pooled. 

Statistically significant slopes (p < 0.05) are shown in red. A bootstrap analysis was also 

performed.

Figure 6. Correlation between unit amplitude and electrode impedance. (a) Amplitude 

versus impedance and (b) mean week-to-week difference in amplitude versus mean week-

to-week difference in impedance. Data from all arrays were pooled.

Computational model

Figure 7. Effects of 

encapsulation thickness, 

encapsulation resistivity, 

and interface resistivity 

on electrode impedance 

and unit amplitude. 

Impedance as a function 

of (a) encapsulation 

thickness, (b) 

encapsulation resistivity, 

and (c) interface 

resistivity. Amplitude as a 

function of (d) 

encapsulation thickness, 

(e) encapsulation 

resistivity, and (f) 

interface resistivity. The 

red lines denote initial 

(dashed) and final (solid) 

mean 

impedance/amplitude 

from array S-2. The 

arrows denote default 

parameter values. 

Percentage change is 

from the default 

parameter value. Only 

the listed parameter was 

changed in each plot.

Results (continued)

Conclusions
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• From the neural data, array S-2 showed a statistically

significant increase (p < 0.05) in impedance while array K-1

showed a statistically significant decrease (p < 0.05) in

amplitude

• There was a significant positive correlation between

amplitude and impedance, and a significant negative

correlation between week-to-week difference in amplitude

and impedance

• From the computational model, impedance was most

sensitive to interface resistivity while amplitude was most

sensitive to encapsulation thickness

• Glial scarring may still lead to inflammation and neuronal

displacement; however, these results suggest that large

increases in impedance are more easily explained by

interface interactions (e.g., adsorption of proteins, loss of tip

metallization) than glial scarring

Figure 8. RMS voltage 

as a function of electrode 

impedance. The mean 

RMS voltage and 

impedance were from the 

top twenty electrodes 

with the largest single 

units. The shaded error 

bars denote the standard 

deviation from the mean. 

The dashed lines denote 

the linear regression fit. 

The dotted line denotes 

the theoretical RMS 

voltage for a 5 kHz 

bandwidth.

Figure 9. Example waveforms across the twelve-week recording period (week 3, 6, 9, 

and 12) from array S-2. During week 9, unit amplitude increased despite an increase in 

electrode impedance.

a. b. c.

a. b. c.

a. b. a. b.

a. b. c.

d. e. f.
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Figure 3. Electrode impedance over time. 

Mean impedance (1 kHz) for four Utah 

arrays implanted in two monkeys. (a) 

Pooled and (b, c) individual arrays. The 

shaded error bars denote the standard 

deviation from the mean. The dashed 

lines denote the linear regression fit.

Figure 4. Unit amplitude over time. Mean 

amplitude for four Utah arrays implanted 

in two monkeys. (a) Pooled and (b, c) 

individual arrays. The shaded error bars 

denote the standard deviation from the 

mean. The dashed lines denote the linear 

regression fit.

Figure 5. Distribution of regression slope for individual electrodes. Slopes from the (a) 

impedance-time (mean ± stdev: 9.7 ± 38.5 kΩ/week) and (b) amplitude-time (mean ±
stdev: -1.1 ± 8.7 µV/week) linear regression fit. Data from all arrays were pooled. 

Statistically significant slopes (p < 0.05) are shown in red. A bootstrap analysis was also 

performed.

Figure 6. Correlation between unit amplitude and electrode impedance. (a) Amplitude 

versus impedance and (b) mean week-to-week difference in amplitude versus mean week-

to-week difference in impedance. Data from all arrays were pooled.

Computational model

Figure 7. Effects of 

encapsulation thickness, 

encapsulation resistivity, 

and interface resistivity 

on electrode impedance 

and unit amplitude. 

Impedance as a function 

of (a) encapsulation 

thickness, (b) 

encapsulation resistivity, 

and (c) interface 

resistivity. Amplitude as a 

function of (d) 

encapsulation thickness, 

(e) encapsulation 

resistivity, and (f) 

interface resistivity. The 

red lines denote initial 

(dashed) and final (solid) 

mean 

impedance/amplitude 

from array S-2. The 

arrows denote default 

parameter values. 

Percentage change is 

from the default 

parameter value. Only 

the listed parameter was 

changed in each plot.
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Pooled and (b, c) individual arrays. The 

shaded error bars denote the standard 

deviation from the mean. The dashed 

lines denote the linear regression fit.

Figure 4. Unit amplitude over time. Mean 

amplitude for four Utah arrays implanted 

in two monkeys. (a) Pooled and (b, c) 

individual arrays. The shaded error bars 

denote the standard deviation from the 

mean. The dashed lines denote the linear 

regression fit.

Figure 5. Distribution of regression slope for individual electrodes. Slopes from the (a) 

impedance-time (mean ± stdev: 9.7 ± 38.5 kΩ/week) and (b) amplitude-time (mean ±
stdev: -1.1 ± 8.7 µV/week) linear regression fit. Data from all arrays were pooled. 

Statistically significant slopes (p < 0.05) are shown in red. A bootstrap analysis was also 

performed.

Figure 6. Correlation between unit amplitude and electrode impedance. (a) Amplitude 

versus impedance and (b) mean week-to-week difference in amplitude versus mean week-

to-week difference in impedance. Data from all arrays were pooled.
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Figure 7. Effects of 

encapsulation thickness, 

encapsulation resistivity, 

and interface resistivity 

on electrode impedance 

and unit amplitude. 

Impedance as a function 

of (a) encapsulation 

thickness, (b) 

encapsulation resistivity, 

and (c) interface 

resistivity. Amplitude as a 

function of (d) 

encapsulation thickness, 

(e) encapsulation 

resistivity, and (f) 

interface resistivity. The 

red lines denote initial 

(dashed) and final (solid) 

mean 

impedance/amplitude 

from array S-2. The 

arrows denote default 

parameter values. 

Percentage change is 

from the default 

parameter value. Only 

the listed parameter was 

changed in each plot.
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Figure 9. Example waveforms across the twelve-week recording period (week 3, 6, 9, 

and 12) from array S-2. During week 9, unit amplitude increased despite an increase in 
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(Malaga…Chestek*, Patil*, JNE, 2015, Moffitt and McIntyre, 2005, Lempka et al., 2011)
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