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Abstract: Remarkable progress has been made in the high resolution, biocompatibility, durability
and stretchability for the implantable brain-computer interface (BCI) in the last decades. Due to
the inevitable damage of brain tissue caused by traditional rigid devices, the thin film devices
are developing rapidly and attracting considerable attention, with continuous progress in flexible
materials and non-silicon micro/nano fabrication methods. Therefore, it is necessary to systematically
summarize the recent development of implantable thin film devices for acquiring brain information.
This brief review subdivides the flexible thin film devices into the following four categories: planar,
open-mesh, probe, and micro-wire layouts. In addition, an overview of the fabrication approaches
is also presented. Traditional lithography and state-of-the-art processing methods are discussed
for the key issue of high-resolution. Special substrates and interconnects are also highlighted with
varied materials and fabrication routines. In conclusion, a discussion of the remaining obstacles and
directions for future research is provided.

Keywords: implantable thin film devices; brain-computer interfaces; structure design; fabrication approaches

1. Introduction

Brain-computer interface (BCI) technology shows great value in the clinical treatment
of brain diseases—including stroke and epilepsy—and plays a vital role in frontier scientific
fields such as brain research, bioelectronics, and nerve prosthetics [1–6]. Implantable BCI, as
a common tool to record neural signals in biomedical research, can be divided into cortical
electrodes and intracranial penetrating electrodes, according to the different implantation
sites [7–16]. Meanwhile, the implantable BCI has expanded many functional features,
including the modulation of neural activities by light, electrical and magnetic stimulation,
and drug delivery via microfluidics to achieve local control or treatment [17–31]. Most of
the existing BCI devices are rigid, such as the Utah electrode arrays, Michigan probes and
Pt-Ir microwire electrodes [17,32–41]. The Utah electrode array shows the characteristics of
high density, compact layout and reliability, which can collect hundreds of neural signals
synchronously. The Michigan electrode is also a needle-type rigid probe, which can support
a linear array of recording sites on the shank, whereas the Utah electrode array can each
support only one recording site at the tip of each electrode. These rigid invasive electrodes
are hardly compatible with the soft brain [42,43], which even may cause severe damage
to the brain tissue [44–46]. For the chronic implantation, glial scars are easy to cover the
surface of electrode sites, which is one of the reasons that affects the electrophysiological
quality of neural signals [47,48]. Traditional silicon and metal materials cannot match well
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with the brain tissue due to the stiffness problems. Therefore, it is urgent to develop new
BCI devices based on flexible or soft materials with satisfactory mechanical performance,
to effectively comply with soft tissue, reduce tissue damage during insertion, and extend
the implantation lifetime. In recent years, many cutting-edge research has reported the
development of neural interfaces based on the polymer materials, including the polyimide
threads as flexible neural probes as proposed by Elon Musk in 2019 [49].

Biocompatibility is an important factor in evaluating a polymer device. A BCI device
with good biocompatibility should be soft, nontoxic, and harmless to human body. It
is difficult to match the Young′s modulus between the traditional rigid materials and
soft brain tissues (E = 0.4–15 kPa) [50]. However, flexible polymer devices have unique
advantages in mechanical compatibility with soft brain tissue. The Young′s modulus of
biocompatible polymers such as polyimide (PI) [51,52], Parylene [53,54], SU-8 [55,56], and
polyethylene terephthalate (PET) [18,56] is from 2 to 5 GPa for certain types, which is much
lower compared to rigid electrodes. Some polymers such as Parylene-C and PDMS are
usually used as barrier films to protect the electrodes from moisture penetration, although
they are not the ideal encapsulation materials which require long and accelerated tests
against body fluid. Meanwhile, flexible thin film devices can be combined with optical
stimulation modules based on optogenetics, which combines genetic engineering with light
to manipulate the activity of individual nerve cells, including optical fibers [57–59], optical
waveguides [60,61] and micro-LEDs [62,63]. In addition, compared with the rigid devices,
flexible thin film devices have the following distinct advantages: (1) the structure layout
is multiple and variable [64–67]; (2) the polymer films are compatible with micro/nano
fabrication processes to realize miniaturization with fine high resolution [68,69]; and (3)
the biocompatibility of polymer electrodes ensures the stable chronic in-vivo recording and
reduces tissue inflammation [70,71].

In this work, implantable thin film devices with micron-scale size and good flexibil-
ity were classified according to the structures and fabrications as illustrated in Figure 1.
According to the structure design, flexible neural electrodes can be divided into four cate-
gories: planar [69,72], mesh [73,74], probe [49,75], and micro-wire [64,76] layouts. Different
structures can be applied to the specific implantation locations, which will affect the tensile
property, spatial resolution, and integration. The development of various structures is
beneficial for the detection of neural signals at different depths, the enrichment of elec-
trode types, and multifunctional integration. The fabrication processes of flexible thin
film devices mainly focuses on the following three aspects: high resolution [68,77], special
substrates [78,79], and special interconnects [80,81]. Traditional lithography process and
other new approaches were summarized to realize high-resolution aspects. Compared
with widely used materials such as PI, Parylene, Polydimethylsiloxane (PDMS), etc., new
materials—such as biodegradable materials, shape memory polymers, bacterial cellulose,
etc.—can also be applied as substrates with unique characteristics. In addition to tradi-
tional conductive metals such as gold and platinum, new conductive materials can provide
special properties such as high transparency and high stretchability. Finally, challenges and
future developments will be discussed based on recent advances in design and fabrication
approaches of the implantable thin film BCI devices.
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Figure 1. Classification of implantable thin film devices as Brain-computer interface (BCI) according to the four structure
layouts and three fabrication approaches (reprinted with permissions from [49,68,69,72–74,76–83]).

2. Design
2.1. Planar Layout

Thin film devices with planar layout can record neural signals from the surface of the
cerebral cortex. Owing to the entire planar substrate, high-density electrode sites can be
distributed throughout the region with enough space for interconnects. The main efforts
are focused on the ultra-thin flexible materials for conformal attachment and soft materials
with stretchability to achieve more compliant results with soft tissue. Figure 2 shows
some recent works of planar layout, which can be divided into flexible and soft structures
according to the different substrate materials.
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Figure 2. Planar layout. (a) a representative flat ultrathin electrode array with good biocompatibility, high density
and ultra-thin thickness; scale bar, 1mm (reprinted with permission from [68]); (b) a parylene-based planar array with
56 microelectrodes and 6 macrodots (reprinted with permission from [84]); (c) an Au NN-based transparent ECoG monitoring
system proposed as implantable planar neural electrodes; i: scale bar, 5 µm; ii: scale bar, 500 µm (reprinted with permission
from [85]); (d) a flexible planar microelectrode device which could be inserted through a small cranial suture (reprinted
with permission from [56]); (e) a soft, high-density and stretchable electrode grid (SEG) based on an inert, high-performance
composite material; scale bar, 500 µm (reprinted with permission from [72]); (f) a PDMS-based soft, stretchable, 16-channel
planar ECoG array (reprinted with permission from [86]); (g) the serpentine conductive leads embedded in polymer films
attached on any soft planar substrate as the stretchable planar ECoG electrodes (reprinted with permission from [87]).

2.1.1. Flexible Planar Structure

Polymers are most widely used as the flexible substrates with planar layout, which
have good mechanical fatigue resistance for chronic implantation on the cortical surface.
A representative flat ultrathin electrode array called NeuroGrid was designed with the
general characteristics of flexible thin film devices: good biocompatibility, high density,
and ultra-thin thickness of 4 µm (Figure 2a) [68]. The NeuroGrid was designed with
ultra-small electrode sites, which could successfully record stable local field potential
and action potential from the surface cortical neurons without penetrating into the brain
for more than one week. In another work, high-density Neural Matrix electrodes were
designed for a long service life of 60 years [88]. Meanwhile, it is also worth mentioning
that researchers used thermally grown silicon dioxide (t-SiO2) as a barrier on both sides
with moisture-proof effect.
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The impedance will increase as the electrode site downscales to improve spatial speci-
ficity, thus modification is necessary to increase the SNR (signal-to-noise ratio). Mehran et al.
compared the performance of poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)
(PEDOT:PSS) electrodes and traditional platinum electrodes (Figure 2b) [84]. They made a
microelectrode array with 56 microelectrodes and 6 microdots modified by PEDOT:PSS on
the thin planar substrate of Parylene-C (less than 6 µm in total) with Pt clinical electrodes
as comparison. They found that the PEDOT:PSS microelectrodes exhibited ten times lower
impedances than Pt microelectrodes, and showed the first PEDOT:PSS recorded stimulus-
locked human cognitive activity with changes in amplitude across pial surface distances as
small as 400 µm.

In addition to the improvement of electrochemical characteristics such as impedance,
there are also many studies devoted to improving the physical properties of devices. The
transmittance is another important direction for flexible electrodes besides high-density.
Higher transmittance can improve the optical imaging effect with a clearer spectral imaging
map. Besides, transparent electrodes are suitable to be combined with light stimulation
modules for the bidirectional interaction with brain, and help reduce photoelectric arti-
facts in the recording signals induced by the light. A gold nanonetwork (Au NN)-based
transparent neural electrocorticogram (ECoG) monitoring system was proposed in im-
plantable neural electronics (Figure 2c) [85]. By using the Au NN, the transmittance of
microelectrodes increased by 81%, and furthermore a low electrochemical impedance of
33.9 kΩ at 1 kHz with improved mechanical stability was achieved. Polymer nanofibers
were prepared on gold film, polymethylmethacrylate (PMMA) nanofibers were used as
template, and the density of Au-NN was adjusted by controlling the electrospinning time.
The density of nanofibers used for patterning the Au microelectrodes is a critical design
parameter that determines electrical and optical properties.

The commercialization of the brain-computer interface has been widely valued. How-
ever, it is necessary to consider the balance of device cost and performance. A low-cost,
multiplexed integrated µECoG system based on commercial electronics and flexible printed
circuit board (flex-PCB) manufacturing has been developed, with a flexible printed circuit
board that can meet the needs of mass production [89]. The electrode array has 61 contacts
with a diameter of 203 µm, a spacing of 406 µm and a total thickness of about 30 µm.
By multiplexing, the device successfully reduced the number of electrode wires and the
PCB was made of cheap manufacturing and assembly specifications. The costs of the
µECoG electrode array and the headstage can be controlled at about $29 and $130 (US
Dollar), respectively.

Most flexible electrodes for the spatiotemporal mapping of neural interactions still
need extensive craniotomy, which may affect brain function and cause irreversible damage.
In order to reduce the craniotomy area, a flexible microelectrode device named iWEBS
(insertable wrapping electrode array beneath the skull) was proposed, which could be
inserted through a small cranial suture and wrapped stably on the cortical surface of living
mice to minimize brain injury (Figure 2d) [56]. A slit with a size of merely 0.7 mm× 2.5 mm
was opened in each hemisphere of the brain. The inserted electrodes were firmly pressed in
place by the skull, which facilitated chronic and stable recordings in freely moving animals
without the need for additional adhesive materials. In addition, they adopted a bifurcated
flap shape, which enabled robust penetration and attachment to both hemispheres without
damaging the blood vessels located at the midline (superior sagittal sinus) of the brain.
Resection of a large area of the skull can easily lead to edema and deformation of the brain,
which may lead to serious dislocation of the target area of cerebral cortex and affect the
accuracy of detection.

2.1.2. Soft Planar Structure

Although a flexible structure can adapt to uneven surfaces, its mechanical mismatch
with soft tissue is still challenging as a long-term stable interface. Thin-film electrodes
with high stretchability are more adapted to the cortex surface with folds and wrinkles.
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However, the common materials and fabrication processes have severely restricted the soft
electrodes able to combine high electrode density and long-term stability. The development
of soft material and stretchable neural implantation devices combined with planar layout
have thus been an aspect worthy of attention. They can adapt to a small range of rugged
surfaces and achieve a close fit with the cerebral cortex, which is conducive to the fixation
of devices and the acquisition of clear neural signals. Here, Klas et al. developed a
soft, high-density, stretchable electrode grid (SEG) based on an inert, high-performance
composite material comprising gold-coated titanium dioxide nanowires embedded in
a silicone matrix (Figure 2e) [72]. Gold-coated titanium dioxide nanowires have good
conductivity, satisfactory electromechanical property and long-term stability. High-density
SEG with a thickness of about 80 µm and 8 × 4 electrodes sites of 50 µm × 50 µm in size
was obtained by using a filter lithography mask and dry etching. It enabled the device to
record high spatiotemporal signals in freely moving rats for three months and minimized
the craniotomy size for low invasiveness.

Some other researchers also choose soft, stretchable materials in planar ECoG elec-
trodes to conform the brain tissue. For example, a PDMS-based soft, stretchable, 16-channel
ECoG array was proposed with gold nanowire (Au NW) tracks and platinum (Pt) particle
electrodes (Figure 2f) [86]. The electrode site was designed as a ring with an inner diameter
of 200 µm and outer diameter of 400 µm with optical transparence, to be compatible with
wide-field and 2-photon calcium imaging. Another way to balance the stretchability and
traditional fabrication processes is the structure design, such as the serpentine conductive
leads embedded in polymer films attached to the soft elastic substrate (Figure 2g) [87]. To
improve the adhesion strength, a layer of titanium/silicon dioxide (5/50 nm) was deposited
on the back of serpentine structures. Then, the device was strongly covalently bonded to
the silicone base with treatment of UV-ozone. This work provides a simple but adaptable
method to apply the reliable stretchable electrodes either in vitro or in vivo.

2.2. Open-Mesh Layout

Of the diverse electrode layouts, an open-mesh on the flexible substrate is widely used
to realize better conformability on the cerebral cortex or into the deep brain regions. Here,
we will introduce four types of representatives with open-mesh layout: hole mesh, finger
mesh, three-dimensional mesh, and kirigami mesh.

2.2.1. Hole Mesh

In 2010, Kim et al. proposed specialized square mesh designs and ultrathin forms for
the polyimide-based electrodes (2.5 µm in total), which ensured minimal stresses on the tis-
sue and highly conformal coverage, even for complex curvilinear surfaces, as confirmed by
experimental and theoretical studies (Figure 3a) [74]. The key function is the silk material
in it that will dissolve and reabsorb in the cerebral cortex environment, as well as a sponta-
neous and conformal wrapping process that begins under the driving of capillary force.
Similar work was also presented by clinically-friendly silk-supported/delivered bioelec-
trodes with ultrathin polyimide substrate defined by the square hole mesh (Figure 3b) [90].
The silk is applied as the supporting substrate with its degradation product of amino acids,
which will be totally absorbed in the body with no side effects. Spatiotemporal ECoG de-
tecting/monitoring, electro-neurophysiological neural stimulating/decoding controllable
loading/delivery of therapeutic molecules, and parallel optical readouts of operating states
can also be realized for customizable intracranial applications.
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Figure 3. Open-mesh layout. (a) specialized square mesh designs and ultrathin forms for the
polyimide-based electrodes (reprinted with permission from [74]); (b) clinically-friendly silk-
supported bioelectrodes with ultrathin polyimide substrate structured by the square hole mesh
(reprinted with permission from [90]); (c) flexible epicortical arrays of graphene solution-gated field-
effect transistors (gSGFETs) on the polyimide substrate structured by the round hole mesh (reprinted
with permission from [91]); (d) a multiplexed round-hole neural probe with frequency-division multi-
plexing of neural signals by graphene sensors (reprinted with permission from [92]); (e) a finger-like
ECoG array to record neural activity simultaneously from different regions (reprinted with permis-
sion from [93]); (f) a finger-like 96-channel ECoG array with high temporal and spatial resolution
(reprinted with permission from [94]); (g) the syringe injection of submicrometer-thick, centimeter-
scale macroporous 3D mesh electrodes through needles (reprinted with permission from [73]); (h)
A Pt microelectrode array embedded in 11 µm thick krigami parylene film (reprinted with permission
from [95]).

The round hole mesh is another alternative for the flexible substrates to confor-
mally couple with cortical surfaces. Eduard et al. used flexible epicortical arrays of
graphene solution-gated field-effect transistors (gSGFETs) on the polyimide substrate with
round holes of various sizes to map cortical spreading depression in rats (Figure 3c) [91].
They demonstrated that gSGFETs were able to record, with high fidelity, infralow signals
(<0.1 Hz) to the typical local field potential bandwidth. In another work, Ramon et al.
demonstrated the high performance of graphene transistors as mixers to perform amplitude
modulation (AM) of neural signals in situ, which was used to transmit multiple signals
through a shared communication channel (Figure 3d) [92]. Round holes with a diameter of
200 µm were distributed uniformly on the substrate to ensure better attachment. This kind
of mesh layout has large coverage of the brain cortex with fine conformality, which can be
extended to other flexible sensor designs.

2.2.2. Finger Mesh

The microelectrode array shaped by finger mesh can be accurately arranged in the
specific regions of brain, while separating all channels in several individual groups on
the finger mesh. Fukushima et al. developed a new ECoG array to record neural activity
simultaneously from much of the medial and lateral cortical surface of the left hemisphere,
together with the supratemporal plane (STP) of the lateral sulcus in macaque monkeys



Coatings 2021, 11, 204 8 of 26

(Figure 3e) [93]. The ECoG array consisted of 256 electrodes for bipolar recording at 128 sites.
The “finger” electrode strips extended dorsoventrally or cau-dorostrally with four array
compartments. Similarly, Kaiju et al. developed an ECoG array with high temporal and
spatial resolution to decode the somatosensory evoked potentials (SEPs) (Figure 3f) [94].
The 96-channel array on a separated finger-like structure was mainly located in the finger
representative area of the somatosensory cortex of rhesus monkeys and partially inserted
into the central sulcus. The finger mesh structure separates the whole device into parts to
further improve the conformality to the rugged brain surface, which inspires other kinds
of flexible devices. However, the finger mesh structure is still not the best solution, as it
restricts the distribution of electrodes in a local area.

2.2.3. Three-Dimensional Mesh

Most open-mesh electrodes are fabricated in 2D and used to cover the uneven cortical
surface. Recently, 3D mesh electrodes are developed and injected into the deep brain
regions. Except for the planar 2D mesh, the flexible electrodes with 3D mesh can be
delivered into the internal brain regions. Jia et al. demonstrated the syringe injection
(and subsequent unfolding) of submicrometer-thick, centimeter-scale macroporous mesh
electronics through needles with a diameter as small as 100 µm (Figure 3g) [73]. In situ
imaging and modelling showed that optimizing the transverse and longitudinal stiffness
enabled the SU-8 based mesh to ‘roll up’ when passing through needle constrictions. The
syringe-injectable electronics could serve as a unique yet general platform for building
direct neuron–nanoelectronics interfaces for in-vivo studies. In another study, Xie et al.
designed a three-dimensional macroporous nanoelectronic brain probe that combined
ultra-flexibility and subcellular feature sizes to minimize mechanically induced scarring
and allow interpenetration and integration of neurons [96]. The transverse compressive
strain elements were incorporated to generate positive transverse curvature and yield
a cylindrical global probe structure, and local tensile strain elements in the supporting
arms of each sensor device were incorporated to produce negative curvature, bending the
devices away from the surface of the cylinder. The ultra-flexible 3D macroporous probe
could be stereotaxically implanted in a frozen state into rodent brains with minimal surgical
and acute tissue damage. The co-existence of implanted devices and biological tissues is
realized by the three-dimensional macroporous structural characteristics on the device,
which significantly reduced tissue damage.

2.2.4. Kirigami Mesh

The open-mesh structure can be developed with stretchability to allow deformation
with the soft brain. An ultrastretchable film device was realized by patterning slits as
a Kirigami design (Figure 3h) [95]. A Pt/Ti-microelectrode array embedded in 11 µm
thick parylene film with 5 × 91 slits exhibited a film strain of ≈250% at 9 mN strain-
force (0.08 MPa in stress) with a Young′s modulus of 23 kPa and maximum stretchability
of 470%. Therefore, the Kirigami mesh design significantly reduces the film′s strain-
force compared to the conventional stretchable elastomer substrates. The Kirigami-based
microelectrode device can simultaneously record in-vivo electrocorticogram signals from
the visual and barrel cortices of a mouse by stretching the film and tuning the electrode gap.
However, the Kirigami mesh may warp and deform vertically, which will adversely affect
the adhesion between electrodes and cerebral cortex under large deformation. Therefore,
how to eliminate the influence of out-of-plane deformation to the cerebral cortex is an
urgent problem in the mesh of Kirigami design.

2.3. Probe Layout

Unlike the devices of planar layout and open-mesh layout which are applied on
the cortex for ECoG signals, some electrodes need to be implanted into the deep brain,
such as probes and microwires, which can detect and record the signal of specific smaller
brain areas. The rigid Michigan probes are the most widely used penetrating devices to



Coatings 2021, 11, 204 9 of 26

interface with neurons. However, the serious mechanical property mismatch between
rigid probe and brain tissue results in frequent neuroinflammation and scar formation.
Furthermore, the generation of glial scars will seriously degrade the quality of neural
signals. To solve these problems, flexible or soft polymers are applied as the substrates to
replace conventional silicon probes.

In 2013, Tae-il et al. introduced an injectable class of cellular-scale optoelectronics that
integrated multifunction components on the PET-based probe, with examples of unmatched
operational modes in optogenetics, including completely wireless and programmed com-
plex behavioral control over freely moving animals [18]. The whole probe structure is
divided into four layers with a total thickness of ~20 µm, including a Pt microelectrode for
electrophysiological recording or electrical stimulation, a micro inorganic photodetector
based on ultra-thin silicon photodiode, a collection of four µ-ILEDs connected in parallel,
and a precise temperature sensor or micro heater. The SU-8 based microneedle bonded
to the bottom layer with a thin, bio-resorbable adhesive based on a film of purified silk
fibroin, which enabled removal of the microneedle after implantation. Thus, this ultrathin,
mechanically compliant, biocompatible device could afford minimally invasive operation
in the soft tissues of the mammalian brain. Since the devices of probe layout can penetrate
into the brain tissue, the multi-module integrated probe based on flexible substrate is dif-
ferent from the ECoG electrodes. It is a trend to control the neural circuits in the deep brain
by the temperature, drugs, and optical stimulation with the multifunctional flexible probes.

For probes made of low stiffness materials, the commonly used implantation method
is to use the rigid shuttle as a carrier to provide the probe with the required stiffness during
implantation, and then withdraw the shuttle after the probe is implanted. Temporary shut-
tles have been developed with soluble supporting materials such as silk, sugar, hydrogel,
etc. as coating, and metal as inserted rigid backbone layer [4,5,7,97]. Zhang et al. reported
a simple but robust mobile insertion shuttle consisting of a steel needle with a dissolvable
spheroid micropost for easier removal after probe implantation (Figure 4a) [97]. A simple
dip-coating process was used to create the dissolvable spheroid PEG micropost on the
insertion shuttle, which was based on the competition and balance between the gravity
and surface tension. In this way, the ultraflexible PI-based neural probe was successfully
implanted into the target brain region easily and quickly. The mechanical stiffness of
the flexible probe can be further reduced by the structure design. Guo et al. introduced
the paper-cutting Kirigami structure to the probe layout with low Young′s modulus and
excellent stretchability [98]. Meanwhile, the slits on the substrate allowed the electrode
sites floating out of plane and the circulation of the cerebrospinal fluid which would further
enhance biocompatibility. The probe tip was designed with a hole with a diameter of
0.5 mm, so the probe could be accurately implanted into the brain with the aid of a steel
needle. However, although a series of subtle experiments have been done to obtain accurate
control of PEG micropost to reduce the damage during implantation, the existence of the
shuttle inevitably increases the damage to the brain during its insertion and withdrawal.

The most immediate way to develop devices with good softness is to choose materials
with low Young′s modulus, so as to reduce the damage to the brain as well as the foreign
body reaction, which can cause local swelling and an inflammatory reaction. In a recent
study, Gallium (Ga) was used inside of a probe structure with the adjustable rigidity by
five orders of magnitude before and after the insertion to the brain, due to the solid-liquid
phase change of liquid metal at body temperature and the consequent shape deformation
of the probe. Thus, the probe could be delivered into the deep brain region without an
external shuttle vector (Figure 4b) [81]. Pressurized liquid Ga was introduced into the
stretchable microfluidic “hardening” channel to deform and expand the cross section of
the probe, and then frozen to solid state to obtain a rigid probe for deep brain implantation.
Once implanted, the probe would become soft and flexible in a few minutes. Miniaturized
design and soft material PDMS were adopted to reduce the tissue damage caused by the
probe moving in all directions. Another approach to obtain the soft neural probe is 3D
printing. Hyunwoo et al. introduced a 3D printable conducting polymer ink based on the
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poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) with high perfor-
mance, which could be integrated with insulating elastomers (PDMS) via multi-material
3D printing in a facile, fast, and significantly streamlined manner (Figure 4c) [77]. The
multi-material 3D printing capability in high resolution allowed printing both insulating
encapsulation (PDMS ink) and electrodes (conducting polymer ink) of the neural probe
by a facile continuous printing process without the need of post-assemblies or complex
multi-step procedures in conventional fabrication methods such as electron-beam lithogra-
phy. The resultant probe consisted of nine PEDOT:PSS electrode channels in the feature
size of 30 µm in diameter with the impedance in the range of 50–150 kΩ at 1 kHz, suitable
for in-vivo recording of neural activities.

Figure 4. Probe layout. (a) a flexible neural probe with the simple but robust mobile insertion shuttle consisting of a
steel needle with a dissolvable spheroid micropost (reprinted with permission from [97]); (b) the PDMS-based probe with
embedded Gallium (Ga) could be adjusted by five orders of magnitude before and after the insertion into the targeted
brain region (reprinted with permission from [81]); (c) a high-performance 3D printed probe fabricated by the printable
conducting polymer ink; scale bar, 1mm (reprinted with permission from [77]); (d) the arrays of small and flexible electrode
“threads” with up to 3072 electrodes (reprinted with permission from [49]); (e) a penetrating microelectrode probes in array
focusing on light transmittance (reprinted with permission from [82]).

A single neural probe can only collect limited data at one local position, so the multi-
shank probe array stands as a common solution to record more neural signals across
multi-regions. Musk et al. contributed to the commercialization of BCI by developing a
neurosurgical robot specially used for flexible neural probe implantation (Figure 4d) [49].
They built arrays of small and flexible electrode “threads”, with up to 3072 electrodes
distributed on 96 threads in each array. The neurosurgical robot was capable of inserting
six threads per minute, that is, 192 electrodes. A large number of fine and flexible PI-based
probes were effectively and independently inserted into multiple brain regions, and each
wire could be inserted into the target region of the brain with micron accuracy, while
avoiding surface blood vessels. The system achieved a peak yield of up to 70% in long-term
implantation electrodes. Zhao et al. proposed a kind of multi-shank ultraflexible neural
electrode array with surgical footprints as small as 200 µm2 to conduct minimally invasive
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experiments in a mouse model [75]. The alignment of probes was guided by making
microprism on the reticular substrate, and the electrode array was implanted into the
cerebral cortex by using arrays of tungsten microwires as shuttle devices and bioabsorbable
adhesive polyethylene glycol (PEG) to temporarily attach a shank onto each microwire. The
smallest inter-shank spacing they demonstrated using the microtrenches guided microwire
arrays was 150 µm, which was comparable to the closest spaced silicon neural probes and
Utah arrays. PEG coating will dissolve in the brain tissue environment in less than 2 min,
thus the insertion time is limited. For probe electrodes, the fabrication of shuttle and surface
coating needs to be controlled precisely, which can not only assist probe implantation, but
also minimize damage. This requires the choice of proper materials for shuttle and coating,
as well as precise size control.

Kyung et al. designed a penetrating microelectrode array focusing on light transmit-
tance (Figure 4e) [82]. They used polyethylene glycol to temporarily harden the nanonet
array, thus inserted the probe into the brain in a minimally invasive environment. The array
has good robustness in 1000 bending cycles and high transmittance of 67% at 550 nm, which
is suitable for the combination of various optical methods. In another study, a biodegrad-
able shuttle structure was added to assist penetration of the flexible probe array [53].
Wang et al. designed a parylene C polymer neural probe array with 64 microelectrodes
across 8 individual shanks to anatomically match specific regions of the hippocampus of
rats. It is worth noting that the mechanical support technology developed in this work
involves a new type of biodegradable polymer scaffold, which can temporarily shorten the
shank length and thus increase its stiffness during implantation. Therefore, it enables access
to deeper brain regions while preserving a low original cross-sectional area of the shanks.
A single shank of probe can only record the neurons in a small region. Therefore, the
probe array with multi-shanks should be developed to satisfy the necessity of multi-region
acquiring as well as stimulation.

2.4. Micro-Wire Layout

Flexible micro-wire layout is a common strategy to acquire signals or electrical stimu-
lation to the target brain regions. Zhao et al. proposed a graphene encapsulated copper (G-
Cu) microelectrode to avoid the toxicity of copper for direct implantation (Figure 5a) [41].
Graphene encapsulation layer was directly deposited on the surface of copper microfila-
ment by low-pressure chemical vapor deposition, providing a seamless and fully covered
graphene coating and an impermeable barrier to copper corrosion. Besides, the G-Cu mi-
croelectrodes show no image artifacts in a 7.0 T MRI (magnetic resonance imaging) scanner,
indicating minimal magnetic field distortion in their vicinity. This high MRI compatibility
(which should have no image artifacts and get minimal magnetic field distortion in its
vicinity) can create new opportunities for fundamental brain activity studies and clinical
applications requiring continuous MRI and electrophysiological recordings.
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Carbon-based micro-wires have been more popular recently, compared to metal micro-
wires, for their better biocompatibility and good mechanical and electrochemical properties.
Graphene microwires developed by Wang et al. not only possessed natural biocompat-
ibility, but also kept unique mechanical and electrochemical properties (Figure 5b) [76].
By applying a thin platinum coating on wet-spun graphene microwires as a current col-
lector, the resistivity of graphene fibers was reduced. The electrochemical properties of
graphene and the electronic properties of Pt were combined with microelectrodes, without
limiting its mechanical flexibility and high surface area. The low impedance and porous
structure of graphene microwires can provide a high charge injection capacity and record
and detect neuronal activity in a much smaller area than the prior methods. In another
work, Lu et al. developed a soft and MRI compatible implantable electrode for use in
chronic longitudinal studies employing both MRI and electrophysiology (Figure 5c) [99].
The diameter of carbon nanotube fibers ranges from 20 to 5 µm and its bending stiffness is
one order of magnitude smaller than the previously reported microwires. Under the 7.0 T
magnetic resonance scanner, the carbon nanotube microwire electrode shows excellent
interface electrochemical performance and greatly reduces magnetic resonance imaging
artifacts. Using a shuttle-assisted implantation strategy, soft carbon nanotube microwire
electrodes can accurately target specific brain regions and record high-quality single-unit
neural signals. Besides, the brain inflammatory responses are greatly reduced compared
with their stiff metal counterparts. Although their service life is shorter than some flexible
polymer electrodes, their active sites with 5 microns in diameter significantly improve
the stimulation resolution and facilitate the identification of individual neurons in record-
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ing. They are expected to be developed as the new high-density intracellular probes with
thousands of channels in the future.

The multifunctional micro-wire electrode is an emerging direction by introducing the
waveguides or microfluidic channels. Du et al. designed a composite flexible multimode
microwire probe composed of metal electrodes for recording neural signals and double-clad
waveguides for optical stimulation (Figure 5d) [100]. To improve the optical transmission
performance, the double-clad waveguide is used to confine the light to the inner core,
and the metal electrode is embedded in the outer layer of the optical microwire probe.
This configuration makes the optical microwire probe acquire more than 90% excellent
optical transmission performance, high flexibility and mechanical properties, and low
specific impedance. In addition, the functional optical fiber probe can be produced by hot
stretching technology with low cost and high yield.

When the flexible polymer-based electrodes are thin and narrow enough, they could
be implanted into the deep tissue like microwires. Ferro et al. designed and created
NeuroRoots, a bio-mimetic multi-channel implant sharing similar dimension (10 µm wide,
1.5 µm thick), mechanical flexibility and spatial distribution as axon bundles in the brain,
yet centimeters long, organized in axon-like tendrils (Figure 5e) [83]. Each electrode is
independent, allowing complete flexibility in the number of electrodes at a given depth,
without increasing the electrode width, and thus damage. NeuroRoots electrodes detected
action potentials reliably for at least 7 weeks in rats and the signal amplitude and shape
remained relatively constant during long-term implantation. Guan et al. also developed
a similar implant named Neurotassel, consisting of an array of flexible and high–aspect
ratio microelectrode filaments up to 1024 channels, each with a neurite-scale cross-sectional
footprint of 3 µm× 1.5 µm, to form implantable fibers with a total diameter of ~100 µm [64].
Another similar electrode array is the self-expanding octopus electrode array, which could
effectively minimize the hardness of the implant and the damage to the tissue near the
recording site (Figure 5f) [101]. The octrode array was fabricated by enwrapping a bundle
of eight formvar-coated nickel-chromium microwires with a layer of polyethylene glycol in
a custom-made mold. After the electrodeposition of platinum nanoparticles, the microwires
at the electrode tip were gathered together and then re-enwrapped with a thin layer of
gelatin to maintain their structure and mechanical strength for implantation. The bio-
compatible gelatin coating expanded and dissolved rapidly, and the collected microwires
self-spread at the implantation site, thus adhering to the cerebral cortex.

3. Fabrications
3.1. High Resolution

Photolithography is the common fabrication approach to realize high-resolution,
which refers to the technology of transferring the pattern on the mask to the substrate by
means of photoresist under the action of light. The NeuroGrid designed by Dion et al.
has an electrode surface area of only 10 µm × 10 µm and an interelectrode spacing of
30 µm (Figure 6a) [68]. These ultrasmall microelectrodes on the NeuroGrid can record
both local field potentials (LFPs) and action potentials from superficial cortical neurons
without penetrating the brain surface, both in behaving rats and in human patients un-
dergoing surgery to treat epilepsy. Thanks to the reliable photolithography, the scalable,
neuron-sized-density electrodes allow isolation and characterization of multiple individual
neurons′ action potential waveforms across the cortical surface. In another study, Yang
et al. designed a Si shadow mask combined with electron beam evaporation and chemical
vapor deposition technology (Figure 6b) [78]. The deposited chromium/gold layer was
patterned by the shadow mask, which was obtained from the traditional photolithography
process. This method guaranteed that the line-width of gold electrode reached 5–100 µm.
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Figure 6. High resolution. (a) the NeuroGrid fabricated with conventional photolithography has an electrode Scheme
10 µm × 10 µm and an interelectrode spacing of 30 µm (reprinted with permission from [68]); (b) a Si shadow mask
combined with electron beam evaporation and chemical vapor deposition technology (reprinted with permission from [78]);
(c) a polymer probe with 32 recording sites by an improved electron beam lithography (EBL) process of polymer substrate
(reprinted with permission from [102]); (d) a simple CO2 laser machining process of a neural probe based on the cyclic
olefin polymer (COP); scale bar, 1 mm (reprinted with permission from [103]); (e) 3D printable conducting polymer ink
based on poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) for 3D printing of conducting polymers as
neural probe (reprinted with permission from [77]); (f) the composite flexible multimode optical fiber probe fabricated by a
strategy of compound scaling and shrinking process (reprinted with permission from [99]).

New methods are also developing to realize high resolution, including electron beam
lithography (EBL), laser micromachining, 3D printing, thermal drawing, etc. Electron beam
exposure is a technology that uses electron beams to directly draw or project and copy
graphics on a wafer coated with photoresist. It has the characteristics of high resolution
(the limit resolution can reach 3~8 µm), easy generation and modification of graphics, and
a short production cycle. Laser micromachining can produce a smooth cutting surface
without causing surrounding deformation, and its machining accuracy can reach 10 µm. At
present, 3D printing and thermal drawing has only been tried on individual devices, and its
process effects and indicators still need to be clarified and improved. EBL technology can
realize high pattern resolution and ensure good alignment accuracy. However, because the
insulating surface will cause an unnecessary charging effect in the exposure process, and
the beam itself and the processing required to construct the EBL resist mask may damage
the polymer film, it is difficult to carry out EBL for polymer substrate. Kee Scholten
and Ellis Meng developed an improved EBL process for polymer substrate and designed
a polymer probe with 32 recording sites patterned along a 2 mm long Parylene-based
shank and critical dimensions as small as 250 nm (Figure 6c) [102]. Submicron structures,
including conducting traces, serpentine resistors, and nano-patterned electrodes, were
machined and presented as components in robust, flexible, free-film devices. The EBL with
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smaller feature size removes the limitation on recording density of polymer neural probes,
with mechanical and material properties better suited for chronic implantation than silicon.

For the flexible probe fabricated by 3D printing technology, its unique advantages of
programmability, facility, and high throughput are unmatched by conventional methods,
and the processing of microscale patterns is not inferior to inkjet printing and screen
printing. Hyunwoo et al. introduced a high-performance 3D printable conducting polymer
ink based on poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) for 3D
printing of conducting polymers (Figure 6e) [77]. Its special PEDOT:PSS ink can change
the size of electrodes by changing the size of nozzle. The resulting conductive polymer ink
shows excellent 3D printability, which can be produced with high resolution (over 30 µm),
high aspect ratio (over 20 layers) and highly reproducible conductive polymer, and it is also
easy to integrate with other 3D printable materials such as insulating elastomers through
multi-material 3D printing. The printed probe consists of nine PEDOT:PSS electrode
channels in the feature size of 30 µm in diameter with the impedance in the range of
50–150 kΩ at 1 kHz, suitable for in vivo recording of neural activities. However, although
this approach has achieved relatively high printing accuracy, it is still not ideal compared to
traditional photolithography or some other new methods. Besides, the printing materials
are limited. For some composite materials, maintaining a high accuracy is difficult. Thanks
to the convenience and batch processing ability of 3D printing, it can rapidly structure the
flexible thin film devices with unconventional materials, such as conductive polymers.

In addition to 3D printing, some other processes are also successfully applied to obtain
the high-resolution electrodes instead of the mask patterning, which simplify the process to
some extent. Shinyong et al. developed a simple laser machining process of a neural probe
based on the cyclic olefin polymer (COP) (Figure 6d) [103]. Due to the good adhesion to
gold, the gold film can be thermally laminated on the COP substrate using a heating press
without an adhesive layer. The gold thin film can be micromachined by ultraviolet laser
ablation without damaging the copper substrate, because the COP substrate has ultraviolet
transparency. Compared with metal deposition and photolithography techniques used
to fabricate conventional polymer-based neural probes, this fabrication approach does
not need masks, vacuum and fabrication facilities. They fabricated a COP-based depth
neural probe with shank length of 10 mm, which was partially cut by a CO2 laser with a
wavelength of 10 µm. The electrode sites and connection pads were also opened by CO2
laser cutting.

The composite flexible multimode optical fiber probe proposed by Du et al. was
composed of a metal electrode for recording neural signals and a double-clad waveguide
for optical stimulation (Figure 6f) [100]. Its metal electrodes are regularly embedded into
biocompatible polymer fibers with double-clad optical waveguides by hot stretching. They
put forward a strategy of compound scaling and shrinking process, which requires that the
size of fibers remain unchanged or change continuously during drawing. The fabricated
multimodal fiber probe is highly flexible with diameter of ~300 µm.

3.2. Special Substrates

For flexible thin-film devices, PI, Parylene, PDMS and the like are commonly used
as substrate materials. They have lower Young′s modulus, which improves the match-
ing degree between the device and the brain to some extent. However, these traditional
materials lack some of the unique characters for specific applications, such as low per-
meability and poor water solubility, which affect the local tissue fluid flow to a certain
extent, may cause rejection of organisms, and are not conducive to the specific demand
of implantation in vivo. Substrates made of unusual materials show excellent properties.
For example, Guo et al. designed a flexible neural electrode array based on hot-pressed
nanopaper substrate (Figure 7a) [104]. Hot-pressed nanopaper has higher biocompatibility
because of its good hydrophilicity and water wettability. Besides, nanopaper exhibits
high flexibility and good shape stability. Dried and bleached pine wood pulp board in
NaBr/NaClO/TEMPO solution was suspended to selectively oxidize hydroxymethyl
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groups of cellulose fibers into carboxyl groups, so that oxidized fibers were decomposed
into nano-cellulose fibers. The dispersion of nano-cellulose fibers was then filtered through
nitrocellulose membrane to obtain wet gel membrane, and finally hot-pressed into nano-
paper membrane at 120 ◦C and 15 kPa. The diameter of nano cellulose fiber is much smaller
than the wavelength of light, which effectively reduces light scattering. The transmittance
of hot-pressed nanopaper reached 96%. The neural electrode array based on nanopaper
was released from the SiO2/Si substrate and transferred onto a 40 µm-thick nanopaper
substrate by a polymethylmethacrylate (PMMA)-assisted transfer technique.

Figure 7. Special substrates. (a) a flexible neural electrode array based on hot-pressed nanopaper substrate (reprinted with
permission from [104]); (b) a passive, bioresorbable neural electrode array using a film of SiO2 and a foil of poly(lactic-co-
glycolic acid) (PLGA) for ECoG and subdermal EEG measurements (reprinted with permission from [79]); (c) a bioabsorbable
ECoG device using poly(l-lactide) (PLLA) and polycaprolactone (PCL) composite which can degrade slowly in biological
fluid until it disappears completely (reprinted with permission from [105]); (d) the capacitive BaTiO3/PI electrode array
(reprinted with permission from [106]); (e) softening substrates for neural recording electrodes with the ternary thiol-
ene/acrylate shape memory polymer networks (scale bar, 60 µm; reprinted with permission from [107]); (f) supersoft
multichannel electrodes by depositing gold layers on thin bacterial cellulose (reprinted with permission from [78]); (g) a
totally soft organic subdural electrode by hydrogel substrate (reprinted with permission from [108]); (h) LCE-based
deployable intracortical microelectrode arrays (MEAs) (scale bar, 7mm in left and 500 µm in right; reprinted with permission
from [109]).

Biodegradable materials are also applied for brain-computer interfaces as the sub-
strates. These materials will dissolve gradually after being implanted for a certain period,
thus reducing foreign body reaction or the need of a secondary operation. Yu et al. pro-
posed the passive, bioresorbable neural electrode array for ECoG and subdermal EEG
measurements. A photolithographically patterned, n-doped Si NM (~300 nm thick) defines
the electrodes and interconnects. A film of SiO2 (~100 nm thick) and a foil of poly(lactic-
co-glycolic acid) (PLGA) (~30 µm thick) serve as a bioresorbable encapsulating layer and
substrate, respectively (Figure 7b) [79]. It can be estimated that the present device designs
and material choices allow complete dissolution of the device in two months. The flexible
biodegradable devices can also be used to treat brain disorders where transient monitoring
and modulation of physiologic function, implant integrity, and tissue recovery or regen-
eration are required. Xu et al. designed a bioabsorbable ECoG device integrated with
an intracortical pressure sensor for monitoring swelling of the cortex during operation
(Figure 7c) [105]. The substrate of the device is made of bioabsorbable material with poly(l-
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lactide) (PLLA) and polycaprolactone (PCL) composite and transient metal molybdenum,
which can degrade slowly in biological fluid until it disappears completely, thus avoiding
the possible infection risk caused by electrode removal surgery. The biodegradable materi-
als could not only used for transient BCI devices, but could also inspire the development
of other implantable biosensors and actuators.

The capacitive-type electrodes can enhance safety by eliminating leakage currents
between the devices and the biology, and also avoid irritation and allergic reactions that
are caused by direct contact of metal electrodes. Chen et al. developed a barium ti-
tanate/polyimide (BaTiO3/PI) nanocomposite with high dielectric constant, which was
successfully synthesized and employed as the ultrathin dielectric layer of the capacitive
BaTiO3/PI electrode array (Figure 7d) [106]. For the sample with BaTiO3 content of 40 wt.%,
the dielectric constant was determined to be in the range of 30.14–51.54. Compared with
the pure polyimide, the dielectric constant of the composite was obviously improved by
10–17 times. The capacitive BaTiO3/PI electrode array can significantly attenuate the elec-
trical leakage current during signal acquisition and ensure electrical safety for applications
on surfaces of internal organs such as heart and brain. The signal quality of the prepared ca-
pacitive BaTiO3/PI was equivalent to the obtained signals from the resistive electrode array,
which can be used to manufacture the small-area capacitive coupling electrode arrays.

The application of several different chemicals to synthesize softening polymers and
use them as substrate to improve biocompatibility has also been proposed [110–112].
Taylor et al. used the ternary thiol-ene/acrylate shape memory polymer networks to create
softening substrates for neural recording electrodes (Figure 7e) [107]. The electrode was
manufactured by photolithography and other traditional approaches. It can soften from
more than 1 GPa to 18 MPa after implantation to reduce the mechanical mismatch at
the biological-non-biological interface. Control of the glass transition temperature and
modulus in physiological conditions was achieved by changing diacrylate content from
0 mol.% to 31 mol.%.

Bacterial cellulose, hydrogel, and liquid crystal polymer are also recently reported
as the special soft substrates besides the shape memory polymer. Yang et al. presented
supersoft multichannel electrodes by depositing gold layers on thin bacterial cellulose
(BC) (Au-BC electrodes) (Figure 7f) [78]. The Young’s modulus of BC substrate is 120 kPa,
which can match well with the cerebral cortex, and thus improve biocompatibility. After
the bacterial cellulose was harvested, the ultra-thin BC film was prepared by hot pressing.
The absorbed water was removed by hot press until BC film became completely dry and
smooth. By the electron beam evaporation, the pattern of chromium/gold layer was
deposited on the substrate through shadow mask. Compared with the common polymer-
based electrodes, the BC electrode exhibited excellent resistance to torsion and fatigue
damage. Shuntaro et al. developed a totally soft organic subdural electrode by embedding
an array of poly(3,4-ethylenedioxythiophene)-modified carbon fabric (PEDOT-CF) into the
polyvinyl alcohol (PVA) hydrogel substrate (Figure 7g) [108]. Carbon fabric was cut into
circular electrodes, its round back surface and wires were then insulated by coating thin
PDMS, followed by electro polymerization of PEDOT on the exposed front surface of the
carbon fiber round part. In the gelation process, the carbon fiber array was embedded in
the hydrogel matrix. Compared with metal electrodes, carbon fiber has relatively lower
magnetic susceptibility and higher resistivity, which reduces the risk of image artifacts
and heat in the process of magnetic resonance imaging, and obtains better impedance
characteristics through modification. As a matrix material, hydrogel can obtain mechanical
properties close to biological tissues, excellent maneuverability, adhesion to brain surface,
and permeability to body fluids.

The foreign body response (FBR) is a limitation for the chronic functionality of neu-
ral electrodes [2,7]. Liquid crystal elastomers (LCEs) are responsive materials capable
of programmable and reversible shape change. These hydrophobic materials are also
non-cytotoxic and compatible with photolithography, especially suitable as the substrate to
minimize FBR. Rihani et al. explored the feasibility of LCE-based deployable intracortical
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microelectrode arrays (MEAs) (Figure 7h) [109]. Liquid crystal molecules in LCEs show
reversible shape changes when stimulated by temperature and light, and have biocompati-
bility in vitro. During processing, the LCE probe was released from the substrate and bent
into a three-dimensional shape, so polyethylene glycol (PEG) was used to flatten the device.
The PEG layer dissolved in physiological conditions, allowing the LCE probe to deploy
post-implantation. LCE-based deployable intracortical MEAs were capable of maintaining
electrochemical stability, recording extracellular signals from cortical neurons in vivo, and
deploying recording sites greater than 100 µm from the insertion site in vivo.

In the past decade, the development of new materials has facilitated the fabrication of
flexible thin film devices based on the special substrates. In the future, we can expect that
more and more new materials with special properties will be used as the flexible substrates,
including but not limited to: transparence, biodegradability, softness, and resistance.

3.3. Special Interconnects

The novel fabrication approaches of conductive interconnects in thin-film devices
are also important according to the applications. Traditional precious metals like gold or
platinum can be replaced by the emerging conductive materials as well as the corresponding
fabrication methods.

Carbon-based materials, like carbon nanotubes, graphene, or carbon fibers, can be
used as interconnects owing to their high flexibility and transparence, good electrical
conductivity, and mechanical properties, relatively stable chemical properties, and good
electrochemical properties. Dong-Wook et al. proposed a transparent micro-ECoG array
based on graphene, which could be implanted on the brain surface of rodents for high-
resolution neurophysiological recording (Figure 8a) [80]. Graphene has excellent electrical
conductivity, thermal conductivity, transferability, strength, and adjustable electronic char-
acteristics. The electrode sites and portions of the traces that were to be in contact with the
brain were left for the subsequent graphene transfer and patterning, such that the brain
contact area of the electrode would be transparent. Following metallization, four graphene
monolayers were transferred and stacked sequentially onto the wafer surface, using the
wet transfer technique. In addition, the photoelectric artifact is a serious issue to be avoided
during optical stimulation due to the ionic charge transfer layer at the conductor-electrolyte
interface. Photoelectric artifact refers to the large signal interference when the light source
is turned on or off, so as to drown the original neural signal changes to be observed.
Graphene exhibits relatively high work function and reduces photoelectric artifacts for its
zero bandgap characteristics similar to metals.
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Carbon nanotube can also be used as an interconnect thanks to its transparence and
stretchability. Zhang et al. reported a stretchable transparent electrode array from carbon
nanotube (CNT) web-like thin films that retained excellent electrochemical performance
and broadband optical transparency under stretching, and were highly durable under cyclic
stretching deformation (Figure 8b) [113]. When stretched to 20% strain, the carbon nanotube
/PDMS composite kept high optical transparency, ensuring its reliable application with
external deformation. By using different deposition parameters to change the film thickness,
the transmittance and conductivity of carbon nanotube films can be adjusted. Thicker
films have higher conductivity but lower optical transparency. The manufacturing process
of the carbon nanotube stretchable transparent electrode array includes patterning the
carbon nanotube film and the SU-8 insulating layer on the sacrificial substrate, and then
coating the PDMS film on the carbon nanotube/SU-8 composite followed by removing
the sacrificial substrate. In this way, the electrode array finally obtained does not contain
opaque metal and shows high optical transparency. Meanwhile, the CNT electrodes show
lower impedance than graphene electrodes. Under synchronous light stimulation/imaging,
electrical recording can be performed with negligible light-induced artifacts, and real-time
continuous recording can be performed under traumatic brain injury. This can help the
study of optical imaging of the brain.

In another study, electrodes made by (ITO)/metal grid also had high transparency.
Chen et al. developed a high-performance indium tin oxide (ITO)/metal grid hybrid flexi-
ble transparent microelectrode with high optical transmittance (59%–81%), superior elec-
trochemical impedance (5.4–18.4 Ω·cm2), and excellent sheet resistance (5.6–14.1 Ω·sq−1)
(Figure 8c) [114]. The hybrid structures retained the superior mechanical properties of
flexible metal grids other than brittle ITO, with no changes in sheet resistance even after
5000 bending cycles. Simple lithography and wet etching were applied. By controlling
the parameters of ITO/gold grid hybrid structure, high optical transmittance, excellent
electrochemical performance and mechanical flexibility were obtained. The flexible and
transparent ITO/metal grid microelectrodes and interconnects can promote the new exper-
imental designs combining electrophysiology and optophysiology, and serve as the next
generation multifunctional optoelectronic neural interfaces.

Another carbon-based material for interconnects is the carbon fiber (CF). Maria et al.
introduced a microfabrication technique for patterning flexible, cloth-like, polymer-derived
CF mats embedded in polyimide (PI) by selective reactive ion etching (Figure 8d) [115]. This
scalable, monolithic manufacturing method eliminated any joints or metal interconnects
and created ECoG electrode arrays based on a single CF mat. The resolution of the CF
structure was as low as 12.5 µm in-plane and height of about 3 µm. A combination of
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photolithography, stripping, and etching were used to embed the carbon fiber mat and
form a pattern. These super-flexible neural interfaces show mechanical and electrochemical
stability and magnetic resonance compatibility in vitro, as well as excellent recording
performance in vivo. In this work, the patterning processing for carbon fibers provides as
a valuable alternative method for other carbon-based flexible devices.

Electrodes bearing large stretching meet the problem of easy delamination of electodes
from the substrate due to the mechanical mismatch. Qi et al. prepared polypyrrole
(PPy) electrode materials modified by nanowires through a simple electro-polymerization
process (Figure 8e) [116]. An effective way to acquire stretchable electrode is to induce
wavy structure on electrode surface by pre-stretching strategy. A transition layer was
constructed at the electrode-substrate interface to enhance the adhesion between electrode
array and substrate. By utilizing the PPy as the conductive electrode, stretchable polymeric
MEAs were fabricated with both high stretchability (≈100%) and good electrode–substrate
adhesive strength (1.9 MPa). Furthermore, low Young′s modulus (450 kPa), excellent
cycling stability (10,000 cycles), and high conductivity of the MEAs were also achieved for
ECoG signal acquiring.

With the development of 3D printing, the fabrication of thin-film electrodes with
various structures has been greatly simplified. Hyunwoo et al. introduced a novel 3D
printable conducting polymer ink based on poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS) for 3D printing of conducting polymers, and even a soft neural
probe (Figure 8f) [77]. Conductive polymer ink was prepared from PEDOT:PSS solution,
dried at 60 ◦C for 24 h after printing followed by annealing at 130 ◦C for many times. The
Young’s modulus of 3D printable conductive polymer ink reached about 1.5 GPa in dry
state and reduced by three orders of magnitude in hydrogel state, effectively improving
the mechanical matching degree between devices and brain tissue.

Silver nanowires have excellent electrical conductivity and mechanical properties,
which are generally used to make conductive structures of thin-film neural electrodes in
recent years. Silver nanowires also provide good transparency. Teppei et al. reported
the material strategy underlying an optogenetic neural interface comprising stretchable
and transparent conductive tracks and capable of demonstrating high biocompatibil-
ity after long-term (5 months) implantation. Ag/Au core-shell nanowires contribute
toward improving track performance in terms of stretchability (<60% strain), transparency
(<83%) and electrical resistance (15 Ω·sq−1) (Figure 8g) [117]. Stretchable transparent silver
nanowires/gold nanowires are encapsulated in transparent polymer and connected to
hydrogel-coated microelectrodes through silver pads. Transparent traces have 3 times
higher stretchability and 20 times higher electrical durability compared to pristine sil-
ver nanowires. The high transparence and noble metal behavior will help reduce the
light-induced artifacts for optogenetic analyses. Ag/Au core-shell nanowires show lower
cytotoxicity and inflammatory reactions than traditional metal interconnects, which are
expected to become a substitute for traditional metals.

Good tensile properties can help conductive materials better adapt to the overall
deformation of the electrode and the brain. Wen et al. proposed a multifunctional, flexible,
and stretchable neural probe for chemical sensing and chemical delivery using gallium
(Ga) in the probe construction (Figure 8h) [81]. The multifunctional and ultra-large ad-
justable stiffness probe was a compact multi-layer independent structure, which integrated
platinum electrodes, microfluidic channels, and electrical interconnections. The stiffness of
this probe could be adjusted by five orders of magnitude before and after brain insertion,
without external shuttle vector during implantation. Liquid gallium was injected into
interconnection and hardened channels, and frozen to solid state to maintain shape and
strength. Once implanted in the body, the probe became ultrasoft in a few minutes. Using
miniaturized design and soft base material, the flexible and stretchable probe had less
tissue damage induced by brain movement in all directions.
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4. Conclusions and Recommendations

Recent advances and substantial achievements on implantable thin film devices as
BCI can address the issues of mechanical interfacial mismatch owing to material properties
and delicate structures, and reduce the damage to the brain tissue for chronic implantation.

In this brief review, different types of flexible thin film electrodes were introduced
according to their structure layouts and fabrication processes. They will improve functional
characteristics of neural electrodes with brain-compatible mechanical properties, low
invasiveness, light transmission, high resolution, biodegradation, and so forth. Four typical
structure layouts were proposed to fit either the cortical surface or the deep brain, including
the plane, mesh, probe, and microwire. The fabrication processes were then discussed
according to the high resolution, special substrates, and interconnect materials. Advanced
processing methods, such as electron beam lithography, 3D printing, and hot drawing, were
compared with traditional lithography. The processing technologies of special substrates
and unconventional conductive materials were also discussed, given the compatibility
to MEMS fabrication. Biodegradable materials have good biocompatibility and minimal
tissue damage, which will gradually dissolve in vivo after a few days to a month without
the need of secondary operation. Conductive materials, such as liquid metal, PEDOT:PSS,
and gold/silver nanowires, were also used as an alternative to common metal films.

Although flexible thin film electrodes such as BCI have made significant advances
recently, there remains challenges to improve the compliance, prolong the service life,
reduce the electrode size, and increase the density. The potential difficulties mainly focus
on the following three aspects: (1) New insulating and conductive materials with unique
properties or functions are usually incompatible with the existing processing technologies;
(2) The brain injury caused by implantable devices is inevitable, especially for the insertion
case; (3) Compared with the massive neurons in the whole brain, the number of electrode
sites is too small, and they can only focus on a limited local area with little information.

The future development of flexible thin film devices as implantable BCI should con-
centrate on the above-mentioned issues, and address them by the continuous improvement
of structural optimization and fabrication compatibility based on the advanced materials.
In order to reduce the mechanical trauma caused by the insertion and brain micromotion,
we should explore neural probes with adjustable strength and flexibility, further minia-
turize the electrode size and improve the mechanical matching between the implanted
device and the brain tissue. With suitable materials, the chemical stability can be further
improved to promote the biocompatibility of electrode-tissue interface, enhance the quality
of recording signals, and inhibit tissue damage during neural stimulation, so as to realize
stable chronic implantation with superior performance. In the future, flexible thin film
brain-computer interfaces will be more diversified as a fundamental tool to interact with
brain information. We envision that the implantable thin film devices will continue to be
crucial for neural engineering and neuroscience. Meanwhile, breakthrough innovations
are needed to address key technical challenges.
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