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Abstract—We present a compact wireless headset system for
simultaneous multi-site neural recording and neurostimulation in
the rodent brain. The system comprises flexible-shaft microelec-
trodes, neural amplifiers, neurostimulators, a digital time-division
multiplexer (TDM), a micro-controller and a ZigBee wireless
transceiver. The system is built by parallelizing up to four 0.35.m
CMOS integrated circuits (each having 256 neural amplifiers and
64 neurostimulators) to provide a total maximum of 1024 neural
amplifiers and 256 neurostimulators. Each bipolar neural ampli-
fier features 54dB-72dB adjustable gain, 1Hz-5KHz adjustable
bandwidth with an input-referred RMS noise of 7.99.V and
dissipates 12.9uW. Each current-mode bipolar neurostimulator
generates arbitrary waveform programmable biphasic currents
in the range of 20-250uA and dissipates 2.64W in the stand-
by mode. Reconfigurability is enabled by stacking a set of
dedicated mini-PCBs that share a common signaling bus within
as small as 22x30x 15mm?® volume. The system features flexible
polyimide-based microelectrode array design that maximizes pad
packing density. Electrodeposition pad nanotexturing reduces the
electrode-tissue interface impedance from an average of 2MY)
to 30K2 at 100Hz. The system has been validated in vivo in
Sprague-Dawley rats.

I. INTRODUCTION

Simultaneous monitoring of electrical neural activity at
many locations in the brain provides electrographic data with
high spatial resolution. This enables investigation of the be-
havior of a large population of neurons and comprehensive
neural activity assessment required for developing state-of-
the-art neural prostheses, such as for treatment of medically
refractory epilepsy [1]. Simultaneous electrical current stimu-
lation localized at many sites in the brain allows for fine-tuned
neurostimulation therapies optimized to a given neural disor-
der and custom tailored to each specific patient, potentially
increasing their efficacy. Combining both neural monitoring
and neural stimulation in a single implantable device enables
responsive neural stimulation, where stimulation is triggered
by detected neural events, a promising paradigm in modern
neuro-rehabilitation.

A steady increase in the number of monitored sites in the
brain has been observed, approximately doubling every seven
years [2]. Expanding the number of recording and stimulation
sites introduces several challenges including noise, power
consumption and form factor of electronic neural interfacing
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Fig. 1. System-level block diagram.

circuits as well as impedance and fragility of microelectrodes.

Multi-channel commercial neural recording and stimulation
systems for humans do not interface with many recording or
stimulation sites (e.g., currently up to eight for responsive neu-
rostimulation for treatment of medically refractory epilepsy).
Animal models of neurological disorders, particularly rodent
models, are widely accepted as low-cost vehicles for devel-
oping state-of-the-art neural prostheses. Commercial neural
recording and stimulation products for implantation in rodents
currently offer up to 32 channels [3]. In academia, Neurochip-
2 at University of Washington has been very successful but
weighs 145g and has only three recording and stimulation
channels [4]. HermesD at Stanford University has 32 recording
channels but no neurostimulation channels [5]. A number of
other state-of-the-art headset designs have been reported [6],
[7], but either have a limited number of channels, or lack
neurostimulation, or have a large form factor.

Several microelectrode designs, mostly silicon-based, have
been developed for multi-site neural recording and stimulation
[8], [9]. Silicon electrodes can cause post-operative trauma
and damage to brain tissue due to their rigid nature. Silicon
structures are brittle, and prone to mechanical failure and to
releasing debris in the brain. Additionally, the high packing
density requirement necessitates smaller size of each tissue
contact, increasing its impedance, thus degrading the recording
signal-to-noise ratio and the maximum stimulation current for
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Fig. 2.  Wireless headset: (a) assembled stack and (b) individual boards.

a given supply voltage.

In this paper, we present a compact wireless rodent headset
with a maximum channel count of 1024 for simultaneous
neural recording, and 256 for simultaneous neural stimulation.
It is interfaced with flexible-shaft microelectrode arrays with
tissue contact surface modified by nanotexturing to reduce its
impedance on average by a factor of over 60. The system
targets simultaneous large-scale neural monitoring, spatially-
rich neural stimulation and closed loop neurostimulation for
monitoring and treatment of medically refractory epilepsy.

II. METHODS AND MATERIALS

The head-mounted system is comprised of two components:
an electronic headset and a flexible microelectrode array.

A. Rodent Headset

The headset system consists of 2 core and 3 optional stacked
miniature printed circuit boards (PCBs) as shown in Fig.
2. Each module provides circuits for a distinct function, as
described next.

1) Neural Amplifiers and Stimulators (Core) Module: A
neuro-interface integrated circuit was designed to provide 256
recording and 64 stimulation channels [10]. The chip is wire-
bonded onto a 22mmx30mm PCB module and protected by
epoxy. Four of these modules can be stacked to provide 1024
simultaneous recording channels and 256 stimulation channels.
In this prototype only 64 channels were used for experimental
testing.

The amplifier in each channel has a programmable mid-band
gain from 54dB to 72dB, programmable bandwidth of 1Hz
to 5SKHz with 7.99uV,.,,,s input-referred noise, and consumes
12.94W [10]. Microelectrodes are connected to the amplifier
in a bipolar fashion through four Omnetics connector ports. A
low-power FPGA performs time-domain multiplexing of these
channels.

The bipolar stimulators feature charge-balanced symmetric
biphasic stimulation which provides control over the charge
delivered to the tissue. The charge density is limited to
60uC/cm? per phase to prevent tissue damage [11]. The
stimulation current ranges from 20 to 250p¢A and each stim-
ulator consumes 2.6uW quiescent power. Each stimulation
channel can be individually addressed and the stimulation
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Fig. 3. 2-D microelectrode array: (a) fabrication process and (b) dimensions.

parameters are set by the on-board FPGA. A group of selected
stimulation channels provide simultaneous stimulation without
multiplexing.

2) Biasing (Core) Module: The bias voltages and currents
required by the neural recording and stimulation chip are
generated by a set of DACs.

3) Power Supply (Optional) Module: The power supply
module provides multiple regulated source voltages for dif-
ferent circuits of the system.

4) ADC (Optional) Module: The analog recorded data, is
fed to the ADC module to digitize the data.

5) Wireless Tx/Rx and Microprocessor (Optional) Module:
The digital data packets received from the ADC module can be
transmitted through a ZigBee wireless connection. Commands
can be wirelessly received through the same interface. A TI
microcontroller can be used in a closed-loop configuration.
The wireless interface is included to facilitate debugging of
the neurostimulator in the closed-loop configuration.

This system weighs 12¢g, is powered by a Lithium-sulfur
dioxide battery (not shown) and can operate for 10 hours
continuously. Mini-PCBs in items 3 to 5 were designed and
fabricated by Canadian Microelectronics Corporation (CMC),
in a joint reserach project.

B. Flexible Microelectrode Array

The microelectrodes provide a 2-D array of neural inter-
facing sites capable of both neural recording and stimulation
through large-area pads. The electrode architecture was de-
veloped to maximize channel packing and was employed to
create an array of shafts. Each shaft has a width of 130xm
and accommodates six 110pumx110pum pads. The array is
implemented on a flexible polyimide substrate with gold met-
allization layers. During insertion, the electrode is subjected to
axial and shear loading and is susceptible to buckling failure
which inhibits tissue penetration. The electrode structure is
designed to survive the mechanical forces experienced during
tissue penetration and has a small footprint to reduce tissue
trauma and improve biocompatibility. The design scales up to
1024 sites by increasing the number of shafts and layering
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Fig. 4. Scanning electron microscope (SEM) images of: (a) smooth-
surface microelectrode (SME), (b) nanotextured microelectrode (NME), (c)
commercial microelectrode (CME), and (d) commercial microwire (CMW).

multiple substrates onto each other. This has been experimen-
tally validated.

1) Fabrication Process: A gold thin film is formed on
a polyimide substrate by DC sputtering deposition using
chromium as an adhesion layer. After metal layer patterning,
polyimide passivation layer is spin coated and dry etched to
expose the contact pads. A second metal layer is deposited
and patterned to raise the pad profile. Finally, the electrode is
diced and released using laser micromachining [12].

2) Electrode Contact Surface Modification: The resulting
smooth-surface microelectrodes (SME) have a high electrode-
tissue interface impedance (~2MS(2 at 100Hz). A pad sur-
face modification technique was developed using low-current
pulsed electroplating process. The resulting nanotextured elec-
trodes (NME) exhibit rough surface and an average impedance
of ~30k€2 at 100Hz.

III. EXPERIMENTAL RESULTS

The system has been used in comparing the performance
of several electrodes including smooth-surface microelectrodes
(SME), nanotextured microelectrodes (NME), commercial thin
film microelectrodes (CME) and commercial microwire elec-
trodes (CMW). Fig. 4 presents the scanning electron micro-
scope (SEM) images of the electrodes. The close-up views in
Fig. 4 illustrate the surface condition of the metal contacts.
The NME exhibits the most roughened surface with the
desired nano-scale structures clearly seen and yields the lowest
impedance, as described next.

A. Microelectrodes Characterization

The electrode-tissue interface impedance of the presented
and the commercial electrodes were measured using standard
two electrode electrochemical cell with 0.9% saline solution.
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Fig. 5. Measured impedance of the presented and commercial electrodes.

The impedance Bode plots for the electrodes, obtained by
impedance spectroscopy (Solatron SI 1260 Impedance/Gain-
Phase Analyzer), are shown in Fig. 5. The presented rough sur-
face nanotextured microelectrode (NME) exhibits significantly
lower impedance in the 10Hz to 100kHz frequency band due
to the increased effective surface area.

Electrode-electrolyte noise was measured using a large
(2cmx2cm) surface platinum reference plate in a standard
physiological saline solution. Fig. 6 illustrates electrode-
electrolyte noise densities of the presented and commercial
electrodes. The NME has the lowest noise density due to the
lower impedance.

B. In vivo Neural Signal Recording Performance

These studies were conducted at the Neurosciences &
Mental Health Research Institute of Hospital for Sick Children
(Canada) with an approval from the ethics committee. The
headset system was tested chronically in vivo in freely moving
rats. The recording performance of the four electrode types
was evaluated in acute recordings using the headset system.

1) Chronic Recordings: Dawley rats (weight:150-250g)
were injected (intraperitoneally) with kainic acid to induce
a chronic epilepsy model. Three weeks after the injection,
CMW electrodes were implanted in both hippocampi of the
rats. Neural signals were recorded at 200Hz sampling rate
using the headset system and a commercial amplifier (Biopac
Inc.) in order to validate the recording system. Fig. 7 shows
electrographic seizure recordings from a rat (8 weeks after the
injection) using the presented and commercial systems. The
long-term recordings are stable without a significant decrement
in signal quality for up to 9 weeks after implantation.

2) Acute Recordings: One Dawley rat underwent a cran-
iotomy with general anaesthesia. Through the craniotomy
windows, four types of microelectrodes (Fig. 4) were im-
planted into the somatosensory area. Bipolar recordings were
performed using the headset system. The recorded signals have
been analyzed in several frequency bands (e.g., delta 0.1-4Hz,
theta 4-7Hz, alpha 8-13Hz, beta 13-30Hz, gamma 30-100Hz).
The mean field potential power in each band was measured
in order to evaluate the recording quality, as shown in Fig.
8. Fig. 8 illustrates that SME and CME exhibit higher low-



Fig. 7. Neural signal recording in vivo using: (a) the presented headset
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Fig. 6. Measured electrode noise spectral densities of the presented and commercial electrodes.
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Fig. 8. Field potential power recorded from somatosensory area using the
presented and commercial electrodes.
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