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Abstract—!Advances in sensing technology raise the possibility 

of creating neural interfaces that can more effectively restore or 
repair neural function and reveal fundamental properties of 
neural information processing. To realize the potential of these 
bioelectronic devices, it is necessary to understand the capabilities 
of emerging technologies and identify the best strategies to 
translate these technologies into products and therapies that will 
improve the lives of patients with neurological and other disorders. 
Here we discuss emerging technologies for sensing brain activity, 
anticipated challenges for translation, and perspectives for how to 
best transition these technologies from academic research labs to 
useful products for neuroscience researchers and human patients. 

Index Terms — Neural engineering, Sensors 

I.! INTRODUCTION 
ew sensing technologies capable of recording from large 
numbers of neurons for extended periods of time could 

fundamentally improve our understanding of the brain and the 
treatment of neurological disorders. Recent advances in sensing 
technologies from a variety of research domains promise to 
provide just such improvements in neural interface technology, 
but each of these approaches have unique technological 
challenges and opportunities.  

As part of the IEEE Brain Initiative, we recently gathered a 
group of researchers and stakeholders in Glasgow, Scotland to 
discuss the current state of the art for some of these emerging 
sensing technologies and the opportunities and challenges they 
present. This review focuses on emerging brain sensing 
technologies that currently reside in the academic research 
domain and may come to market in the coming years. For 
readers interested in brain sensing technologies that are 
currently commercially available, we encourage them to 
explore one of the excellent recent reviews of commercial brain 
sensing technologies [1]–[3].  
 In preparing this review we identified three areas where 
advanced sensors could disrupt brain sensing technology: 1) 
New electrode technologies (Section III), 2) Integrated optical 
sensors (Section IV), and 3) Magnetic field sensors (Section V). 
In Section VI we summarize the panel discussion regarding the 
opportunities and challenges for emerging sensing 
technologies. Before exploring each of these technologies in 
detail, we first describe the sensing challenge facing brain 
interfaces and potential opportunities for these sensing 
modalities. After describing recent efforts in these areas, we 
conclude with a summary of a panel discussion that occurred 

during the Glasgow meeting where we discussed grand 
challenges for the brain sensing community. 

II.! CHALLENGES FOR BRAIN SENSING AND OPPORTUNITIES FOR 
NEW TECHNIQUES  

At a fundamental level, sensors that detect the spiking 
activity of individual neurons convert sub-millivolt voltages 
within the brain into electronic signals in the solid-state circuits 
where all data processing occurs [4] (Fig. 1). This conversion is 
typically performed using an electrical interface between the 
electrolyte solution in the brain and a metal or organic electrode 
and associated electronics [5]. Alternatively, light can act as an 
intermediary where electrical activity is encoded into the 
intensity of light that is scattered, absorbed [6], for emitted 
through fluorescence [7], [8] or bioluminescence [9], [10]. It 
may even be possible to sense this electrical activity by 
modulating light that passes through a waveguide with electro-
optic elements [11]. The currents produced during spiking 
activity also produce magnetic fields that can be detected non-
invasively outside the brain [12]. 

 
 Fig. 1 | Sensing modalities for measuring neural activity discussed in 

this review. (Left) Neural action potentials can measured based on changes 
in electrical potential near the cell body, Section III. (Center) Action 
potentials can also be detected with light based on changes in fluorescence 
or changes in transmission of electro-optic waveguides, Section IV. (Right) 
Neural activity can also be detected based on the magnetic fields produced 
by currents propagating along neural processes, Section V. 

 
Each of these sensing modalities have unique opportunities 

and challenges that we address in turn in the sections below. 

III.! ELECTRICAL SENSING OF BRAIN ACTIVITY 
 Electrodes have the advantage of direct transduction of the 

voltage produced by neurons, but require close proximity to the 
cells they intend to study, placing a premium of technologies 
that minimize damage to the brain. In neuroscience, these 
electrodes can record voltages in the surrounding electrolyte; 
stimulate voltages in surrounding electrolyte; patch neurons 
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[13], measuring voltages and currents; or perform 
electrochemical analysis of redox-active compounds, such as 
neurotransmitters [14]–[18].  Each of these applications puts 
different requirements on the electrodes (and the interfacing 
electronics).  In other words, electrodes need to be designed 
together with the electronics to which they are connected. 

Direct electrical transduction brings many advantages, but in 
contrast to the remote sensing possible with optical techniques, 
electrodes must be within roughly 100-200 microns of an 
electrically active cell to isolate action potentials. This 
requirement for close proximity raises challenges in creating 
electrodes with appropriate form factors.  Biological systems 
are curved and malleable, while solid-state devices are hard and 
flat, a difference that can be handled in one of two ways. One 
can miniaturize the device with respect to the biological tissue 
(e.g. ultra-small solid-state devices), or one can create solid-
state devices that can conform to biological tissue (e.g. flexible 
or pliable electronics) [19].  

A.! CMOS bioelectronics for brain sensing 

When choosing to employ electronic interfaces, there are 
enormous advantages to integrating these interfaces with state-
of-the-art complementary metal-oxide-semiconductor (CMOS) 
electronics. First, integration of electronics close to the 
electrodes improves signal fidelity by delivering gain closer to 
the transducer, improving noise performance. CMOS-
integrated electronics also enable dense electronics, having the 
potential to mirror the kind of densities achieved in CMOS 
imagers. Time-multiplexing of amplifiers is another technique 
used to optimally exploit the density of electronics available 
[20]. 

Electrodes themselves fall into two main categories:  
Faradaic and non-Faradaic [21].  Non-Faradaic electrodes are 
sometimes also called ideal polarized electrodes (IPE); they 
present a capacitive interface with no dc current conduction. 
Electrophysiology electrodes are essentially non-Faradaic.  
Faradaic electrodes, in contrast, allow dc current flow and are 
needed if electrochemical analysis is performed. For non-
Faradaic electrodes, electrode impedance is usually measured 
at 1 kHz and it is essentially the magnitude of the capacitive 
impedance of the electrode, or |1/wC|.  Optimizing non-
Faradaic electrodes typically is synonymous with increasing the 
capacitance of the electrode, which is usually done by 
increasing the effective capacitance per unit area.  Increase in 
capacitance is usually accomplished by increasing the surface 
area through a “porous” surface, such as platinum black and 
TiN. Another approach is the addition of organic conducting 
polymers such as PEDOT:PSS [22] as described below.  
Scaling the electrodes to smaller capacitance values increases 
the noise on the electrode according to kT/C, although more 
practical limitations on scaling the capacitance on the electrode 
may come from the interfacing electronics and the associated 
capacitance divider, which reduces signal. 

Active CMOS multielectrode arrays, employed primarily for 
in vitro neural studies such as of the retina, set the standard for 
the density and scaling of the electronics for electrophysiology.    
Recent work has produced arrays supporting as many as 65k 

simultaneous recording and stimulating channels [23].  To 
expand these efforts to in vivo measurement, one of four form 
factors is required: 

! Penetrating Shanks (flexible and rigid).  Both passive 
[24] and active [25] versions penetrate the cortex and transmit 
data wireless or via wires to the surface. Form factors include 
single or multi-electrode and some flexible versions can be 
injected through syringes or using fluidic microdrives as 
described below. 

! Surface recording arrays.  These are both passive [26] and 
active [19] and are capable of recording both local field 
potentials (LFPs) and single-unit responses (action potentials). 
These can be both wired and wireless. 

! Ultra-small free-floating motes. These must generally 
communicate wirelessly to the surface of the brain or skull. 

 

 
Fig. 2 | Example of thin, flexible CMOS electronics. When thinned below 
15 µm in thickness silicon electronics can bend and flex to match complex 
topographies like those in the brain to provide close contact with neural 
tissue. Here we see a flexible array of neural electrodes wrapped  

 
There have been several efforts associated with the 

development of passive silicon shanks.  By “passive,” we mean 
that the shanks themselves have no active electronics.  With 
advanced packaging approaches and custom application-
specific integrated circuits (ASICs) for the electronics, passive 
silicon shanks have been scaled to 1024 electrodes on a single 
shank.  Active CMOS shanks integrate the electronics on the 
shank itself and can achieve similar scales.  Ultra-small passive 
wired electrodes can be injected [27] or developed into large 
bundles [28]. There are also passive and active surface 
recording electrodes using flexible polymer materials as 
substrates.  Active CMOS arrays can also be created by thinning 
silicon CMOS down to thicknesses below 15 mm, rendering 
these devices flexible and pliable [29].  Ultra-small wireless 
implants generally require other energy modes for 
communication and telemetry at depth, including ultrasound 
[30]–[32], or magnetic fields [33].  

Electrical interfaces continue to be an important type of 
neural interface and maintain several advantages over optical 
approaches, however they are generally more invasive and 
require close proximity with the target neurons. The optimal 
choice of electrode type depends on the problem at hand, and it 
is often critical to codesign the electrodes and the associated 
electronics. Scaled CMOS electronics is an important part of 
the story, and CMOS can be shaped into unusual form factors. 
























