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included 51 of the total 60 electrode sensor sites over the entire device. The threshold 

of S/N was chosen as the most critical figure of merit. Such threshold for an array of 

individually addressable electrodes that are aiming to process parallel signal channels can 

be defined by the “worst case” scenario performance. To determine such a figure of merit 

we analyzed S/N of each electrode. Figure 41A shows a distribution of the S/N for the 3D 

micro pillar array. We defined the threshold performance to be the upper limit of the 

lowest performing 10% of the individually addressable electrodes. The threshold S/N for 

the 3D micro pillar array as shown in Figure 41B is 11.1. The novel 3D micro pillar array 

is advantageous because the channels’ performance is evenly distributed amongst the 

mean response. 

 

Figure 41. The (A) signal-to-noise ratio distribution for 51 of the 3D micro pillar electrodes and 

the (B) threshold S/N electrode response of the upper limit of the lowest performing 10% of the 

3D micro pillar array after light stimulation of retina beginning at 2 seconds for a duration of 4 

seconds. 

 
The 3D micropillar recorded ON response was compared to a commercial MEA in Figure 

42. It can be seen that although the amplitude is a factor of 2 lower, due to impedance 
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mismatch of the electronics, the waveform is indistinguishable. This validates the 

usefulness of the 3D microelectrode array for studying neural encoding.  

	
  
	
  
	
  

	
  
	
  
	
  
Figure 42. The ON response of isolated frog retina to light stimulation from a commercial 

electrode and a 3D micropillar electrode. 

 

The durability of the 3D micro pillar array was assessed by placing retina on the 3D 

microstructures and utilizing a hold down device that was designed to enable penetration 

of the microstructures into the ganglion cell layer. After placing and removing two 

separate retinal tissues on the same device, the micro pillars show no sign of mechanical 

degradation as shown in Figure 43A. During experimentation the performance of the 3D 

micro pillar remained robust through the lifetime of the retina. After cleaning (Figure 
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43B) with an acetone air brush (~20 psi) the electrode array was sufficiently cleaned 

with no sign of mechanical damage and all tissue residue was removed.  The results 

shown here confirm the fabrication of a 3D micro pillar structured array that is robust and 

reliable for interfacing with retina for multiple experiments. 

 

  

Figure 43. SEM images of a (A) 3D micro pillar electrode after experimentation with retina and 

following (B) cleaning with acetone airbrushing.  

 

7.3.2 Capacitive Device 

Following atomic layer deposition (ALD) of hafnium oxide, the capacitive device was 

interfaced with retina and Figure 44A shows simultaneously recorded ERGs from 6 of 

the sensing sites with their respective location within the array. A single ERG 

measurement is shown in Figure 44B illustrating the characteristic waves of an ERG 

response.30 No response was recorded in the absence of retina or the absence of light.  
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Figure 44. Responses (left axis) of isolated frog retina to light stimulation from 6 individual 

capacitive sensors with their respective location within the array (A) and a single capacitive 

sensor response (B). Stimulation (right axis) starts at 8 seconds and remains on for 4 seconds. 

Note that the retina characteristically responds to both the onset and offset of light stimulus.  

 

Fourier analysis of the capacitive response recorded previously, results in the frequency 

distribution for the ERG response. Analysis places both the onset and offset retinal 

responses in the frequency range of ~3 Hz. The physiological response frequency is well 

in the range of the capacitive regime of the sensor developed here. The results shown 

here of sensing retinal activity through a novel device platform fully encapsulated with 

HfO2 is the first report integrating 3D electrodes and capacitive coupling.  

7.4 Concluding Remarks 

We have shown that upon interfacing the 3D micropillar electrode array with retina, ERG 

responses can be measured and the resulting signals are suitable for in depth 

physiological analysis, as apparent from the presence of the a-, b-, and c-wave 

components of the ERG. The integration of 3D micropillars not only improves device-

!" #"

40

20

0

-20

Ca
pa

ci
tiv

e 
Vo

lta
ge

 (
µV

)

1614121086420
Time (s)

1.0

0.8

0.6

0.4

0.2

0.0

Light Stim
ulus



	
   116	
  
tissue proximity to target cells within the retina, but increased surface area 

maximizes the capacitance for a non-invasive sensor. The realization of over 3,800 

micropillars on a single platform provides evidence that high-density electrode arrays can 

be fabricated using the microfabrication techniques presented in this work, which will 

improve the selectivity of neural detection and facilitate mapping the high spatial detail 

of visual images. Encapsulation of the 3D micropillar array with HfO2 is the first step 

towards the future of hermetically sealed devices that incorporates metal electrodes and 

active electronics onto a single platform. The dielectric coating employed here provides 

long-term stability of the Pt electrodes while minimizing tissue damage at the interface. 

Reduced tissue damage increases the excitability of neurons during light stimulation and 

the characteristic waves of the ERG can readily be detected with the hermetic coating 

incorporated over the active area of the device. Functionalization of the device interface 

creates enabling technology for long-term implantation of fully integrated neuro-

physiology devices with improved biocompatibility.  

 

The integration of high density, penetrating electrodes that are fully insulated as shown 

here, supports the effort to understand the transformation of visual scenes into electrical 

images within the retina. The comprehensive understanding of retinal function requires 

mapping of numerous sensory neurons in spatially correct order and remains a daunting 

task. The accurate encoding of neuron function will lead to electrical devices that support 

or replace the function of defective retinal layer, restoring vision in the blind. With 

multiplications of the number of sensor arrays within the same technology platform 

developed here, one can reach neural prosthesis with approximately 10,000 pixels that is 
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already an image that enables basic environment, orientation, and even facial feature 

resolution. In simple words, when developed in full, this technology may help blind 

people see for the first time. 
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Chapter 8. Future Outlook 

Although extensive electrophysiological studies were outside the scope of this project, 

the device developed here addresses the requirements of higher density sampling, 

integration of 3D sensors, and device designs compatible with capacitive sensing. Our 

new MEA sensor allows for the first time, a more comprehensive study of targeted cell 

populations within the inner anatomical layers of the retina, while providing resistance 

from corrosive biological fluid and avoiding adverse reactions at the tissue-electrode 

interface. This level of technology provides a platform that is suitable to elicit action 

potentials of individual neurons.  

 

The microfabrication techniques developed here can readily be tailored to meet the needs 

of action potential recording through optimization of the size and spacing of the 3D micro 

pillar array to provide an adaptable platform for measuring action potentials of specific 

neuron types within targeted layers of the retina.  The realization of high-density 

electrode arrays can be extended to thousands of sensor sites through multiplexing, 

providing widespread physiology studies that will enable high acuity image mapping of 

the retina. Finally, the studies exploring dielectric encapsulation in combination with 

surface functionalization as a means of hermetically sealing active electrode materials, 

leads to the development of fully packaged sensors with onsite electronics for 

implantable visual prosthetics.  
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The prototype device developed here is a step towards comprehensive sensing tools 

that enable biomedical and clinical research to establish the system requirements for a 

retinal prosthesis.  With a better understanding, the ability for people to read, recognize 

faces and navigate may be achieved through electrical impulses generated by subretinal 

or epiretinal devices. Once such devices are available a great deal of research must be 

done to advance the utility of the devices through visual psychophysical experiments in 

order to develop the stimulus algorithms that result in restored site. The level of research 

and technology development required seems a daunting task, but a retinal prosthesis 

represents the best hope for curing blindness. 
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