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Abstract

We present a system for recording in vivo electromyographic (EMG) signals from songbirds using 

hybrid polyimide–polydimethylsiloxane (PDMS) flexible multielectrode arrays (MEAs). 2-D 

electrodes with a diameter of 200, 125, and 50 μm and a center-to-center pitch of 300, 200, and 

100 μm, respectively, were fabricated. 3-D MEAs were fabricated using a photoresist reflow 

process to obtain hemispherical domes utilized to form the 3-D electrodes. Biocompatibility and 

flexibility of the arrays were ensured by using polyimide and PDMS as the materials of choice for 

the arrays. EMG activity was recorded from the expiratory muscle group of anesthetized songbirds 

using the fabricated 2-D and 3-D arrays. Air pressure data were also recorded simultaneously from 

the air sac of the songbird. Together, EMG recordings and air pressure measurements can be used 

to characterize how the nervous system controls breathing and other motor behaviors. Such 

technologies can in turn provide unique insights into motor control in a range of species, including 

humans. An improvement of over 7× in the signal-to-noise ratio (SNR) is observed with the 

utilization of 3-D MEAs in comparison to 2-D MEAs.
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I. Introduction

Evolution of data analysis methods in neuroscience in the recent past has increased our 

collective understanding of how a nervous system controls complex behaviors, including, 
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but not limited to, vocal learning and song production in songbirds [1]–[4]. This research 

focuses largely on the central nervous system, exploiting new technologies that can record 

large numbers of individual neurons (brain cells) for extended periods of time in order to 

quantify their relation to behavior [5]–[7]. Despite recent evidence pointing to the 

importance of precise timing in the activity of motor units (collection of muscle fibers 

innervated by a single motor neuron) for controlling behavior [3], [4], techniques for 

recording electromyographic (EMG) signals from muscles lag far behind those developed 

for neural recordings in the central nervous system. Specifically, most EMG data sets are 

collected by inserting fine-wire electrodes into the muscles. This method has several 

drawbacks. First, the penetrating wire electrodes damage the muscles into which they are 

inserted and cannot be used to record the very small muscles that control skilled behavior. 

Second, wire electrodes typically cannot isolate electrical signals from individual motor 

units, instead yield signals that represent the combined activity of many units, preventing 

analysis of single-unit activity (a standard approach for studying the function of neurons in 

the brain). New approaches are therefore needed to record stable, single-unit, EMG activity.

Information-theoretic analyses provide a quantitative framework to understand how time 

series of electrical events (action potentials or “spikes”) in biological tissues represent 

information and control behavior [3], [4], [8]–[10]. For example, in a recent study, EMG 

signals from expiratory muscles in songbirds Fig. 1(a) were recorded using multielectrode 

arrays (MEAs) [3]. Spike-sorting routines [11], [12] were used to identify spikes [tick marks 

in Fig. 1(b)] from individual motor units, which arise when a motor neuron activates a set of 

muscle fibers and causes them to contract [13]. Information-theoretic techniques were used 

to correlate the timing of spikes with fluctuations in air pressure within the respiratory 

system [Fig. 1(b)]. Although this article provided evidence for the importance of precise 

spike timing in individual motor units for controlling the respiratory behavior [3], the 

difficulty in robustly recording multiple units simultaneously and over long periods limits 

our understanding of how the nervous system controls complex behaviors.

A key challenge in characterizing single motor unit activity is obtaining stable, reliable 

EMG recordings for long enough duration that can yield data sets that are large enough to 

perform advanced computational analyses (including, but not limited to, information-

theoretic methods) [9], [14]. While advances in spike-sorting algorithms [12], [15], [16] 

have helped to better discriminate multiple units recorded on the same channel, the ability to 

record single units on an MEA channel remains essential to such research efforts.

Current technologies employ flexible polymers, such as polyimide [3], [17], [18], 

polydimethylsiloxane (PDMS) [19], [20], and parylene-C [21], [22], as the substrate for the 

MEA and use metals like gold for contact sites. MEA fabrication is also beginning to 

combine materials in order to optimize the processing parameters and mechanical properties 

of different polymers [23], [24] as well as to utilize modified silicone polymers [25]. The 

advantage of using these materials includes their compatibility with muscles and other 

tissues as well as their biocompatibility. However, each of these materials have their own 

processing challenges: PDMS suffers from poor metal adhesion [26]–[28] and polyimide 

typically requires a metal etch mask [29], [30] or, in the case of photo-definable polyimide, 

is significantly more expensive. In this article, we present a hybrid polyimide-PDMS 2-D 
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and 3-D MEA fabrication process leveraging the benefits of each of the materials while 

mitigating their shortcomings. Using a 2-D MEA with the hybrid polyimide–PDMS 

substrate resulted in EMG recordings that were better than those obtained using a pair of 

fine-wire electrodes inserted into muscles. Owing to the high signal-to-noise ratio (SNR) of 

the 3-D MEAs, small units can also be detected, which otherwise would be masked by noise.

II. Fabrication of 2-D and 3-D MEAs

The fabrication of 2-D and 3-D MEAs is summarized in Fig. 2. A base layer of polyimide is 

first spin-coated and cured; this serves as the substrate for subsequent fabrication steps. The 

traces for the MEAs are then fabricated followed by spin-coating of PDMS to serve as the 

top insulation layer for the 2-D MEAs. The electrode and the connector sites on the MEAs 

are then exposed by etching the PDMS from those areas.

To obtain the 3-D MEAs, a photoresist reflow process is utilized to form the hemispherical 

domes [shown in step (e) in Fig. 2] after the lift-off process step [step (d) in Fig. 2]. The 

profile of the domes obtained from this process is shown in Fig. 3. The double-reflow 

process described in [31] can also be utilized to fabricate domes of varying heights, which 

will allow multiheight 3-D electrode formation in the same process. After the dome 

formation, the 3-D electrode sites are electroplated followed by the removal of seed layer 

and sacrificial photoresist dome layer. The electroplated surface is then passivated using 

electroless gold. Similar to 2-D MEAs, PDMS is used as the top insulation and a subsequent 

etch process is then utilized to expose the electrode site. Further details of formation of 3-D 

MEAs can be found in [32]. Optical images of the fabricated 2-D and 3-D electrodes are 

shown in Figs. 4 and 5 respectively.

III. MEA Characterization and EMG Measurements

A. Electrical Characterization of Fabricated 2-D MEAs

Four-point resistance measurements for the trace and electrodes on the fabricated devices 

were performed, as shown in Fig. 6. The average resistance of the traces and the electrode 

impedance for the 200-, 125-, and 50-μm diameter electrodes was measured to be 234 Ω. 

The electrode size did not impact the dc resistance significantly as the resistance was 

primarily determined by the metal trace. To characterize biologically relevant electrical 

properties, the impedance at 1000 Hz was measured with an Intan RHD2000 Eval board 

(Intan Technologies). The MEA devices were submerged in a grounded bath of saline (10% 

saline solution, TEKNOVA) and connected via a zero-insertion-force (ZIF)-clip/Omnetics 

adapter to an Intan RHD 2132 amplifier board [Intan Technologies; Fig. 6(b)]. The average 

impedances for the 200-, 125-, and 50-μm diameter 2-D electrodes were measured to be 77, 

107, and 556 kΩ, respectively, while the average impedance of the 3-D electrodes was 

measured to be 67 kΩ.

B. EMG Measurements

A data collection flowchart from the songbird experiment is summarized in Fig. 7. The air 

pressure inside the air sac and the EMG activity from the expiratory muscle of the songbird 

are simultaneously recorded. An Intan amplifier (RHD 2216) coupled with an evaluation 
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board (RHD 2000) is used to amplify and digitize the recorded EMG signal. The evaluation 

board also records air pressure data for analysis. Spike sorting is used to identify motor 

units, which can then be used for mutual information assessment.

EMG activity was recorded from the expiratory muscles of anesthetized songbirds using the 

flexible MEA devices described above or a pair of fine-wire electrodes made from 25-μm 

diameter stainless steel wire. All procedures performed had been approved by the Emory 

University Institutional Animal Care and Use Committee. EMG recordings for the 

polyimide-PDMS devices were collected using 16 electrode sites that were 200, 125, and 50 

μm in diameter and were placed in a 2-D array with equal spacing. An Intan RHD2216 

bipolar amplifier was used to subtract and amplify voltage signals from pairs of EMG 

electrode contacts, yielding eight bipolar recordings. Based on the physiological properties 

(relative amplitude, type of burst, etc.), example EMG units on electrode pairs were selected.

The EMG units shown here (Fig. 8) fired rhythmically throughout the expiration phase of 

each breathing cycle. These EMG units were also the smallest units identified within each 

recording. A qualitative comparison of different electrode diameters [Fig. 8(a)–(c)] does not 

show significant differences in signal fidelity. To illustrate the extent to which the MEAs 

represent a significant improvement over standard, fine-wire EMG techniques, Fig. 8(d) 

shows a fine-wire recording from the expiratory muscle. As is typical for wire EMG 

recordings, the recorded signal consists of many overlapping spike waveforms [in 

comparison with the isolated recordings of single units shown in Fig. 8(a)–(c)].

C. SNR Comparison for Fabricated 2-D and 3-D MEAs

The fabricated 2-D and 3-D MEAs at 300-μm pitch were used to measure EMG for SNR 

comparison. The EMG recordings were carried out for 30 min each and alternated between 

the 2-D and 3-D MEAs. The muscle surface was kept moist by putting a drop of saline in-

between recordings. Care was taken to make sure that the electrodes are placed over the 

same location of the expiratory muscle of the bird. The SNR was measured within the same 

recordings and was calculated as an average of multiple samples from different time points 

within each 1-min recording. Due to the rhythmicity of expiratory muscle activity, EMG 

electrodes did not detect activity between periods of exhalation. The root-mean-square (rms) 

values of the amplitude of the signal and noise during a period of activity and no-activity, 

respectively, were used to determine the SNR. Fig. 9(a) shows the SNR for the 2-D and 3-D 

MEAs for the four experiments that were performed. Fig. 9(b) depicts a sample EMG signal 

with highlighted signal and noise regions—rms values of the amplitude were calculated for 

signal and noise using the green and red shaded regions of the EMG signal, respectively, to 

obtain the SNR values. The error bars in Fig. 9(a) denote the standard error of mean. The 

lower SNR of the 2-D electrodes can be attributed to the higher electrode impedance due to 

the lower surface area [33]–[35]; the 3-D electrodes, on the other hand, provide a larger 

surface area with the same footprint as that of 2-D electrodes which in turn results in a lower 

electrode impedance and a higher SNR. Furthermore, since the 2-D electrodes are inset 

below the top insulation layer, they are also more susceptible to protein buildup on the 

electrode surface during the course of an in vivo measurement, which also translates into a 
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higher electrode impedance. The 3-D MEAs provide higher SNR throughout the course of 

the experiment with up to 7× higher SNR for the larger unit.

IV. Conclusion

In vivo EMG recordings from breathing muscles of a songbird utilizing hybrid polyimide-

PDMS flexible MEAs with 2-D and 3-D electrodes are presented. The lithography-based 

process enables ease of fabrication and scalability for the MEAs. The fabrication process for 

obtaining the 3-D contacts allows for easy height modulation of the electrodes by modifying 

the photoresist thickness. EMG activity from the expiratory muscle of the bird as well as the 

air pressure data are simultaneously recorded using the Intan amplifier and evaluation board. 

The fabricated 3-D MEA presented here further improves the SNR of the EMG recordings 

by providing better muscle contact and a higher surface area; the 3-D MEAs can sustain a 

higher SNR over an extended period, as compared to the 2-D MEAs. This enables detection 

of smaller amplitude units, which are otherwise masked by noise, and hence provide a 

reliable and holistic measurement; this in turn would enable a better and more complete 

understanding of the precise mechanism by which the nervous system controls behavior.
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Fig. 1. 
Experimental setup for measuring the EMG activity. (a) Multi-electrode arrays are used to 

measure the EMG activity of the expiratory muscles. (b) Air pressure and spike data-tick 

marks indicate spike times.
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Fig. 2. 
Fabrication process flow for 2-D and 3-D MEAs.
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Fig. 3. 
Profilometer scan showing the hemispherical structures formed using the reflow process.
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Fig. 4. 
Optical image showing the fabricated electrodes. (a) 200-μm diameter, 300-μm pitch. (b) 

125-μm diameter, 200-μm pitch. (c) 50-μm diameter, 100-μm pitch.
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Fig. 5. 
3-D optical images of the fabricated 3-D MEAs.
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Fig. 6. 
(a) Schematic of four-point dc resistance measurement across traces for each electrode array. 

(b) Image of impedance measurement at 1000 Hz, where each electrode array is submerged 

in a grounded bath of saline.
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Fig. 7. 
Data collection flowchart [32].
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Fig. 8. 
EMG recordings of expiratory muscle activity using two types of devices. EMG recorded 

using (a)–(c) MEAs and (d) a pair of fine-wire electrodes.
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Fig. 9. 
(a) SNR comparison for the fabricated 2-D and 3-D MEAs. (b) Signal and noise regions of 

the measured EMG.
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