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1.  Introduction

Neural interfaces aim to bridge the brain to the outside world, 
through the recording or stimulation of neural activity. As an 
example, brain–computer interfaces (BCIs) intend to restore 
or by-pass functional skills for patients with paralysis, motor 
dysfunction or limb loss [1]. A variety of devices can be used 
for interfacing with the central nervous system, where their 
invasiveness is directly linked to the application of the BCI. 
Macro-electrodes on the scalp can record slow (∼100 Hz) 

variations of brain waves, and might be used for simple comp
uter transduction, such as spelling devices [2, 3]. On the other 
hand, implantable electrodes are able to detect high quality 
field potentials and single neuron activity with great tempo-
ral resolution (0.2–7 kHz) [4], which could be used to control 
more complex external devices, such as a robotic hand [5, 6]. 
Moreover, uses for implantable devices are emerging in the 
treatment of numerous diseases, from Parkinson’s deep brain 
stimulation to dystonia and depression [7]. While implant-
able electrodes have been widely used for neurophysiological 
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Abstract
This review intends to present a comprehensive analysis of the mechanical considerations for 
chronically-implanted neural probes. Failure of neural electrical recordings or stimulation 
over time has shown to arise from foreign body reaction and device material stability. It seems 
that devices that match most closely with the mechanical properties of the brain would be 
more likely to reduce the mechanical stress at the probe/tissue interface, thus improving body 
acceptance. The use of low Young’s modulus polymers instead of hard substrates is one way 
to enhance this mechanical mimetism, though compliance can be achieved through a variety 
of means. The reduction of probe width and thickness in comparison to a designated length, 
the use of soft hydrogel coatings and the release in device tethering to the skull, can also 
improve device compliance. Paradoxically, the more compliant the device, the more likely it 
will fail during the insertion process in the brain. Strategies have multiplied this past decade to 
offer partial or temporary stiffness to the device to overcome this buckling effect. A detailed 
description of the probe insertion mechanisms is provided to analyze potential sources of 
implantation failure and the need for a mechanically-enhancing structure. This leads us to 
present an overview of the strategies that have been put in place over the last ten years to 
overcome buckling issues. Particularly, great emphasis is put on bioresorbable polymers and 
their assessment for neural applications. Finally, a discussion is provided on some of the key 
features for the design of mechanically-reliable, polymer-based next generation of chronic 
neuroprosthetic devices.

Keywords: chronic implantation, neuroprosthetic devices, brain mechanical properties, stress 
relief, insertion methods, flexible polymers, biomaterials
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aims, the turn toward chronic implantation has brought many 
issues that are yet to be addressed. Unstable electrical record-
ings over time vary with body acceptance and implant material 
lifetime. In the case of stimulating devices, signal amplitude is 
often increased to get around the scarring zone. The implant
ation of a foreign body in the brain involves a mechanical and 
biological trauma that brings device migration and encapsula-
tion, eventually resulting in impedance increase or even loss 
of functionality [8, 9]. Metal corrosion and degradation of 
passivation layers also play a great role in device failure over 
long periods of time [10]. To increase device acceptability, 
biocompatibility and material life time have become areas of 
interest [4], as well as insertion conditions and design optim
ization [11, 12].

Historically, silicon has been extensively exploited in neu-
roprosthetics. While an insulating layer offers an improve-
ment in electrode viability, other parameters are yet to be taken 
into account. The mechanical mismatch between a standard 
silicon probe (modulus 150–170 GPa) and the surrounding tis-
sues (modulus 3–100 kPa) still prompts a great deal of strain. 
Indeed, the brain micromotions-respiration, vascular pulsatility 
and head movements, induce displacements in the order of tens 
of microns around the silicon or metal shank, which leads to 
an enhanced mechanical stress around the shank [13]. In this 
sense, theoretical modeling work showed that flexible implants 
should absorb parts of these micromotion forces, especially in 
the x and y directions [14]. Following this lead, one of the emer-
gent approaches is the use of flexible, polymer-based neural 
shanks that partially relieves the stress between the soft tissues 
and the implanted device [14, 15]. But designing a neural probe 
that mechanically matches brain tissues is demanding, espe-
cially considering that, to this day, there is no consensus over 
the ideal form such a probe should take. Mechanical compli-
ance is often associated with flexibility and Young’s modulus, 
when other parameters need to be taken into account, such as 
insertion footprint and device tethering to the skull. A probe too 
thin or too flexible, though ideal for a stress-reducing implant, 
would be impractical to handle, and would eventually tear, 
deform and break. Furthermore, this compliant probe should 
be able to be implanted in the brain and reach a targeted region 
without failing. Numerous studies focused on the best way to 
overcome this stiffness/flexibility paradox for a large range of 
applications, yet no miracle solution is standing out.

The mechanical considerations for chronically-implanted 
neural probes sets the background for this review. In the first sec-
tion, we introduce the notion of strain in the context of intracorti-
cal probes, along with the strategies to achieve better mechanical 
compliance with the surrounding environment. One can focus on 
the addition of a hydrogel coating or the turn towards polymeric 
implants to reduce the stress around traditional hard devices, on 
implant geometry, on device fixation mode, or a combination of 
these strategies. A new generation of soft, thin, floating implants 
could represent substantial advances in the acceptance and reli-
ability of intracortical prosthetic devices.

Paradoxically, as researchers strive to achieve mechani-
cally-mimicking implants, these very same devices often fail 
during the implantation procedure: they are too thin or too 
flexible to withstand insertion forces and generally fail while 

trying to make their way into the tissue. The second section is 
dedicated to the insertion strategies that have been developed 
over the years to assist implantation of compliant devices. 
After an introduction on insertion mechanisms, these strate-
gies are described and discussed, such as the use of a retract-
able tool or bioresorbable polymers.

Finally, certain mechanical considerations for intracorti-
cal probes and their engineered solutions is discussed. The 
influence of insertion conditions and footprint, the enhance-
ment of device interfaces through bioactive features and pos-
sible coating formations inspired from the tissue engineering 
field, are potentially marking the path towards a new gen-
eration of engineered intracortical implants that are reliable 
long term.

2.  How to achieve stress relief for chronic 
implantation

2.1.  Chronic stress at the probe/tissue interface  
and compliance

As stated in the introduction, the main hypothesis is that the 
mechanical strains that arise around the implant site represent 
one of the leading factors responsible for the sustained tissue 
response [14, 15]. The pulsatile micromotions issued from 
respiration and cardiac pace create a stress at the probe/tissue 
interface, consequently aggravating body inflammation. In rat 
brains, these micromotions are on the order of tens of microns 
for respiration-induced pressure and 0.2 μm due to cardiac-
induced pressure [13] (figure 1(A)). Finite element stimulation 
shows that tethering forces induce elevated strains, located 
principally at both tips of the probe [14] (figure 1(B)).

Targeting stress-relief for chronically implanted intracortical 
probes presents with many aspects. It is generally accepted that 
a device that matches most closely to the surrounding tissues 
would have a better chance of being accepted [14, 18, 19]. This 
mechanical mimetism, also known as compliance, is often mis-
takenly associated with material flexibility. Compliance repre-
sents the ability of a system to deflect upon axial forces brought 
on it by the surrounding tissues, and therefore is closely linked 
to the buckling force described by Euler’s formula

Fbuckling =
π2IxE
(KL)2� (1)

where Fbuckling is the buckling force, E is the beam Young’s 
modulus, L its length (dimension along the z axis) and K the 
beam effective length factor, whose value depends on the beam 
fixation. The moment of inertia Ix along the x axis depends on 
the shape and dimension of the beam cross-section. In the case 

of a rectangular beam, it is equal to Ix =
ab3

12 , where a is the 
beam thickness (dimension along the y axis) and b its width 
(dimension along the x axis, where the buckling occurs).

Therefore, the compliance is a function of structure, while 
flexibility (elastic modulus) is a function of material [20]. As 
an example, for the same length, width and fixation mode, a 
20 μm-thick Parylene beam (E∼3 GPa) would have approx-
imately the same compliance as a 5 μm-thick silicon beam 
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(E∼200 GPa). Consequently, to achieve better compliance, 
one or several strategies can be chosen:

	 (i)	reduce the effective elastic modulus of the material. This 
can be done, for instance, either by using low-modulus 
coatings such as hydrogels, or by fabricating the device 
from flexible polymer materials,

	(ii)	adjust the dimensions of the probe, that is to say, reduce 
the cross-section or increase device length,

	(iii)	loosen the device fixation to the skull.

2.2.  Hydrogel coatings around stiff shanks

Silicon neural implants remain the most widespread technol-
ogy, with the huge success of Utah-like or Michigan arrays 
[24]. It allows integration of circuitry components on the 
shaft, also known as CMOS-based neural probes [25, 26]. 
Indeed, high numbers of electrodes over a single shank are 
desirable to investigate complex neural networks and CMOS 
technology allows us to overcome the spacing and width limi-
tations of parallel leads defined by lithography. Therefore, 

manufacturing active high-density probes with in situ amplifi-
cation can be performed on a silicon substrate, retaining focus 
on this traditional microelectronic substrate.

Silicon Young’s modulus is in the range of 200 GPa, well 
above that of brain parenchyma (figure  3). A coating might 
mediate the mechanical difference between soft tissue and hard 
devices (figure 2(A)). Recently, Sridharan et al showed that bare 
silicon shanks (15 μm thick, 200 GPa) coated with a compliant 
nanocomposite material (coating 15 μm thick, 12 MPa) resulted 
in a device with an average of 49–70 GPa, which does not sig-
nificantly lower the overall stiffness of the probe. However, in 
vivo brain micromotions-induced stress amplitude was similar 
for coated devices and for compliant structures (127 μm), which 
suggests that parameters, other than pure moduli, play a key part 
in stress reducing, for example surface adhesion properties [15].

Hydrogels are polymers extensively used in tissue engineer-
ing, with tunable physical and chemical properties dependent 
on cross-linking networks. Hydrogels from natural materials 
such as fibrin [27], collagen [28] and alginate [21, 23, 29], 
promote cellular interactions that result in increased body 
acceptance. On the other hand, the mechanical properties of 

Figure 1.  (A) Typical brain micromotion pressures induced by respiration and vascular pulsatility (heart rate) in a rat brain (© (2005). © 
IOP Publishing Ltd. All rights reserved. IEEE. Reprinted, with permission, from [13] and reproduced from [16]. © IOP Publishing Ltd. All 
rights reserved.). (B) Modeled strain distribution at the probe/tissue interface using a micromotion displacement of 4 μm for both a silicon 
probe (165 GPa) and a soft probe (200 kPa). Results indicate elevated strain for the silicon probe, especially at the tip (reproduced with 
permission from [17]. CC BY 4.0.).

Figure 2.  Examples of hydrogel coatings for neuroprosthetic devices. (A) Solid 300 μm-wide silicon shank before (left) and after (right) 
multiple dip-coating in sodium alginate hydrogel (400 μm-thick) used to study the impact in vivo of a permeable coating (reprinted from [21], 
copyright (2015), with permission from Elsevier). (B) Ideal schematic of a hydrated conductive hydrogel with covalently bound bioactive 
agents (reproduced with permission from [22] John Wiley & Sons. Copyright © 2012). (C) Side view optical micrographs of a neural electrode 
after coating with dexamethasone-loaded electrospun nanofibers and alginate hydrogel in (i) dehydrated state and (ii) hydrated state, showing 
the increase of mechanical footprint due to hydrogel swelling (reproduced with permission from [23] John Wiley & Sons. Copyright © 2009).
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synthetically-polymerized hydrogels like polyvinyl alcohol 
(PVA) [30] and polyethylene glycol (PEG) [31] are easier to 
control [32]. Besides enhancing mechanical mimetism, hydro-
gel systems may benefit from modifications to incorporate cova-
lently-bound bioactive agents, that promote neuritic outgrowth 
and cell density around the probe [28, 30, 33]. Very often, 
hydrogels are blended with conductive polymers (CP) such as 
poly(3,4-ethylenedioxythiophene) (PEDOT) and poly(pyrrole) 
(PPy) [34, 35], providing enhanced electrical characteristics 
while insuring reduced stiffness [22] (figure 2(B)). CP elec-
tropolymerization tends to reduce electrode impedance and 
increase the charge transfer capability, which makes them 
desirable to enhance electrical interfaces for both intracorti-
cal recording and stimulation [32, 36]. In this sense, conduc-
tive hydrogels combine the mechanical approach of hydrogels 
while retaining superior electrical properties when compared 
with traditional metal electrodes [22, 37]. More information on 
organic coatings are available in specialized reviews [4, 32, 34].

On the negative side, swelling of hydrogel-based polymers in 
the hydrated state can be considerable, consequently pushing tar-
get neurons away from the electrode [38] and increasing the risk 
of delamination (figure 2(C)). Thick alginate coatings (80 μm) 
have been shown to increase loss of recording functionality and 
decrease SNR in the guinea pig auditory cortex [38]. The choice 
of cross-linker type and cross-linking density should be studied 
to define the appropriate mechanical stability of hydrated states 
[39], and the stress and brain tissue deformation from hydrogel 
hydration should be evaluated. Finally, whereas many hydrogels 
have been investigated in the tissue engineering field, and many 
excellent reviews focus on conductive hydrogels for biomedical 
applications [4, 32, 34, 40], only a few studies have been carried 
out for intracortical applications [32].

2.3.  Choice of a flexible substrate

2.3.1.  Flexible substrates.  The most obvious way to reduce 
the stress at the probe/tissue interface is to build devices out of 
softer materials, such as flexible polymers. As their Young’s 
modulus approaches that of cerebral tissues, the mechanical 
mismatch will be significantly reduced, along with the stress 
amplitude [15].

Flexibility scaling remains an unresolved issue. The desig-
nation of ‘flexible’ has not yet been universally defined, and 
the polymers used as soft substrates for neural applications 
involve a wide range of Young’s moduli, as seen in figure 3. 
This lack of universal terminology might be misleading. For 
instance, a recent study showed that neural immune cells 
respond to mechanical cues in vitro as well as in vivo, where 
the ‘stiff’ probes used in the study had an elastic modulus of 
10–30 kPa and ‘flexible’ probes a modulus of 100 Pa [45]. 
On the other hand, tens and maybe hundreds of studies imply 
that polyimide and Parylene C are ‘soft’ materials for neural 
applications, yet their modulus reaches 2–5 GPa, that is to say 
100 000 times stiffer. For the sake of understanding, we will 
hereinafter refer to ‘soft’ or ‘flexible’ polymers those with an 
elastic modulus in the order of the GPa.

Several polymers have been tested as soft substrates for 
intracortical electrodes; Parylene [46], polyimide [43] and 

SU-8 [47] being the most popular [48]. Typically, poly-
mer probes dimensions are on average 100–500 μm wide,  
10–30 μm thick, with a length varying from 1 to 6 mm [43, 
49–51]. For more information on the properties of each poly-
mer, the reader should refer to Weltman et al [52].

Parylene (Poly(p-xylylene)) has proven to be a prominent 
choice [51, 53–55] due to its lower mechanical properties 
(Young’s modulus 2.76 GPa), highest standard of biocompat-
ibility (ISO 10993 USP, Class VI biomaterial) and chemical 
inertness. It is deposed through chemical vapor deposition 
(CVD) at room temperature under vacuum, which makes it 
easy to integrate into classic microfabrication techniques. The 
resulting film is transparent, pinhole-free, conformal and pro-
vides excellent water-barrier properties. One of the drawbacks 
of Parylene is its low adhesion to many substrates, especially 
metals [56], while adhesion in wet environments is one of the 
most crucial properties for implant survival [57]. Hermeticity 
and layer adhesion of Parylene devices have been tested 
in vitro through ageing tests and peeling assays [56–59]. 
Recently, in vivo studies during one to 12 months in rats and 
mice have shown little material degradation, correlated with 
stable recordings and minimal glial scarring [60–62].

Polyimide (PI) is also chemically inert, electrically insulat-
ing and compatible with microelectronic processes [63]. Its 
patterning can be achieved through direct photolithography 
(photosensitive) or with a dry etching step (non-photosensi-
tive) in CF4  +  O2 plasma. Kapton (PMDA-ODA) is one of 
the most commonly used non-photosensistive types, but is 
sensitive to humidity in the long run [64]. The BPDA-PPD 
polyimide was successfully used in neural implants [65] and 
have been tested in vitro in both soaking and ageing tests [66]. 
It is important to note that PI has not yet been approved by the 
US Food and Drug Administration (FDA), but its biocompat-
ibility in animal models is well documented [66, 67].

Figure 3.  Schematic scaling representing the mechanical properties 
(Young’s modulus) of both brain tissues and neural probe substrate 
along with photographs of the most common flexible substrates 
(Parylene C (reproduced from [41] © IOP Publishing Ltd. All rights 
reserved), SU-8 (reproduced from [42] with permission of The 
Royal Society of Chemistry.) and polyimide (reprinted from [43], 
copyright (2008), with permission from Elsevier))—freely adapted 
from [44] (Taylor & Francis Ltd. http://tandfonline.com).
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SU-8 is a transparent epoxy based negative photoresist that 
can be patterned in thick layers with high-aspect ratio, and has 
found utility in drug delivery devices or as a waveguide for 
optogenetic studies [42, 68–70]. However, SU-8 biocompat-
ibility in the long run is still doubtful. A study by Kotzar and 
coworkers performed in vitro and in vivo tests on SU-8 devices 
according to ISO 10993 standards, and expressed doubts on 
SU-8 resistance to sterilization and on possible irritations.

Thermo and chemo-responsive polymers are also primarily 
considered for such application, for their elastic modulus drops 
in physiological fluids [8]. In the dry state, their elastic modulus 
is indeed in the order of the MPa, which matches most closely 
that of the brain. For instance, the Capadona group developed a 
new class of chemoresponsive polymers, a poly(vinyl acetate) 
nanocomposite (PVAc) with a structure that mimics that of sea 
cucumber dermis. However, PVAc is not compatible with tra-
ditional microfabrication processes, and electrical intregration 
on this substrate has yet to be shown [71].

Other flexible devices made of liquid crystal polymers 
[72], benzocyclobutene (BCB) [73] or carbon nanotubes [74] 
are also starting to emerge, but have a long way to go before 
being considered as actual substrates for chronic purposes.

2.3.2.  Elastic substrates.  Stretchable devices, such as 
polydimethyl siloxane (PDMS) and relatives, embody an alter-
native for strain-relief in subdural implantation, as the device 
is dynamically adaptive. PDMS is widely used in microfluidic 
technologies, and has high viscoelasticity with a Young’s modu-
lus that can be slighlty altered depending on the curing agent and 
temperature. A comparative study by Minev and coworkers has 
recently shown that a polyimide implant induced a pronounced 
flattening of a simulated spinal cord, whereas a soft, elasto-
meric implant showed great compliance when the model was 
bent, avoiding local compression along the hydrogel cord [75]. 
Applied to intracortical probes, elastomeric substrates might 
be useful for a better compliance when consequent strain is to 
be expected, for instance in curved or dynamic areas. Though 
PDMS exists in medical class, that meets both USP class VI and 
ISO 10993, it has been reported that the curing agent might be 
toxic [76]. Solvent residues can indeed infer cytotoxicity [8], and 
extra care should be taken in the curing and sterilization steps.

2.3.3.  Density.  Material density also has a role to play. In a 
study by Lind et al, low-density probes (1.35 g cm−3) produced 
very little glial scarring, compared to high-density probes 
(21.45 g cm−3) with the same shape, size and isolating mat
erial [77]. According to the authors, since brain tissue density 
is estimated at 0.99 g cm−3, a large difference in density leads 
to inertial forces when the implanted animal changes speed 
or direction. The reduction of glial scarring through material 
changes is a more global approach than the reduction in Young’s 
modulus, and biomimetic approaches need to incorporate more 
material parameters to increase implant acceptability.

2.3.4.  Concerns on polymer-based implants.  Many issues 
have been reported for polymer implants, for instance the dif-
ficulty in integrating them into reliable packaging [8, 52]. The 
main issue with polymeric implants is the long-term reaction 

to a water-based environment [8], which have often been 
shown to fail within months as a result of polymer swelling 
and layer delamination [20].

Delamination.  The passivation layers and insulation coatings 
commonly incorporated in microelectrodes may degrade over 
time. This phenomenon is exacerbated as passivation layers 
are often composed of polymeric chains, that tend to swell and 
lift in physiological conditions [10]. Whenever a polymer is 
used as a passivation layer, the coating must be flawless, void-
free, and stable with good adhesion that is impermeable for 
ions. Thermoplastic materials such as Parylene C can be ther-
mally treated at a temperature greater than the glass transition 
point during or after fabrication. The proportion of crystal-
linity versus amorphousness in the structure is increased, and 
bonds between the different layers are formed [78, 79]. Layer 
adhesion can also be promoted using adhesion promotors (e.g. 
Silane A-174) [56] or surface modifications (e.g. plasma, UV 
ozone) [41, 64, 80]. Finally, residual stresses from process-
ing (thermal, mechanical, hygroscopic) can lead to increased 
deadhesion of the layers composing the neural device [64].

Swelling.  Swelling of polymers increases device volume, 
which induces pinching of nearby blood vessels and capil-
laries, leading to a deporter injury beyond the initial injury 
site [20]. Besides, water uptake leads to film cracks and hole 
formation that eventually affects the device’s mechanical and 
electrical properties. Atomic-layer-deposited aluminum oxide 
or silicon oxide on top of the encapsulation layer [58, 81, 82] 
may be used to create a moisture barrier, and permeabilization 
might alter surface water affinity [21].

2.4.  Implant dimensions

Reducing substrate thickness and width undoubtedly leads 
to greater compliance, as the buckling force is significantly 
reduced, so that the resulting device fits more closely to the 
tissues. Thickness reduction represents an opportunity for sili-
con or tungsten-based implants, to match more closely to the 
surrounding tissues even with a high elastic modulus. Silicon 
or tungsten wire implants usually have a small diameter, but 
only one electrode is available per shaft [24, 83]. Ultra-thin 
silicon shanks can be obtained using boron or SOI etch-stop 
techniques, with a thickness in the range of 5–20 μm [24, 26, 
84]. Commercial NeuroNexus silicon probes are for instance 
available with 15 or 50 μm thickness, yet extra care should 
be taken when dealing with these thin shanks: thin layers of 
brittle material increase the occurrence of shank fracture.

Overall, the question of scale and limits is yet to be studied 
as a function of purpose to define how thin is thin enough. 
From a mouse brain to a human brain, it seems clear that the 
size requirements are not even. In terms of length for instance, 
the device needs to be designed to target a specific brain region 
for a specific species, therefore designing a ‘thin’ probe for a 
hippocampal study on mouse brain (1.2 mm in depth [85]) or 
a neurostimulator for human thalamic nucleus (∼40 cm [86]) 
will definitely not have the same requirements. The same 
argument goes for shank width: most of the surface is covered 
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by connection leads, therefore width is partially limited to the 
number of electrodes needed [24]. Consequently, neuropro-
sthesis dimensions are highly application-driven, and down-
scaling implant size is limited to (1) the targeted intracortical 
layer (2) human or animal model (3) the number of needed 
electrodes and (4) sufficient mechanical holding for proper 
handling without breakage.

2.5.  Skull tethering

The stress at the implant/tissue interface can be exacerbated 
as a result of mechanical tethering of the device to the skull 
[91]. Studies have shown that compared with untethered and 
freely floating implants, skull-anchored microelectrodes elic-
ited significantly greater macrophage/microglial activation 
and increased astrogliosis [87], which are signs of increased 
inflammation (figures 4(A) and (B)). In vivo in rats, hollow 
fiber membranes were found to prompt greater immunore-
activity when they were transcranially implanted than when 
they were implanted intraparenchymally, without skull attach-
ments [92]. However, it is hard to implement a floating-like 
packaging with a reliable connection for recording or stimula-
tion of the device, especially in the long term.

Instead of avoiding skull tethering altogether, the integration 
of a flexible cable might be able to relieve part of the strain by 
decreasing the relative motion between the brain and the skull 
[88, 90, 93] (figure 4(C)). Upper implant geometry may be 
designed to match anatomic architecture of the skull. Examples 
include the ‘Z-shape’ structure proposed by Agorelius et al [89] 
or the serpentine shape suggested by Sankar et al [88], which 
provide a way to absorb the majority of the motions between the 
brain and the skull. These are beneficial strategies that should 
receive increased attention in the future.

In this first section, we discussed several biomechanical 
mimetism approaches to ensure a better intracortical probe 
compliance in the surrounding tissues. This is a substantial 
topic for research that targets chronic reliability of neuropro-
sthetic devices. Ironically, the very same parameters that are 
optimized for a maximal compliance, prevent the device from 
being able to penetrate the brain. Soft, thin, floating implants 
indeed tend to fail to penetrate the pia mater and reach their 

location goal. The buckling of such implants has been highly 
discussed in the literature, leading to a strong focus over the 
last ten years to find the best way to obtain a rigid electrode 
during surgical insertion, while maintaining its flexibility once 
positioned in the cortex.

3.  How to insert these compliant devices

3.1.  Insertion mechanisms

3.1.1.  Surgical considerations.  For surgical implantation 
in the cortex, the skin needs to be incised and a craniot-
omy performed to allow access to the meninges. The dura 
mater is then punctured and the pia mater is revealed. The 
pia mater consists of a fibrous impermeable membrane that 
retains cerebro-spinal fluid. With an elastic modulus reach-
ing 70–100 MPa, it is much stiffer than the white and gray 
matter underneath [12, 94, 95], and can be nicked for easier 
implantation. Collagenase has been proposed in the literature 
as a structure breakdown for the collagen present in the pia 
mater, therefore allowing for easier implantation with mini-
mum dimpling [96, 97].

3.1.2.  Agar models of brain tissues.  A common method 
to assess insertion ability is to perform insertions in a brain 
phantom. Agar gels of different concentrations are often used 
as tissue phantoms, and more particularly gel at 0.6% in DI 
water. At this concentration, the agarose gel has an elastic 
modulus of 10 kPa, a value similar to white and gray matter of 
the brain [56, 98]. This brain phantom has been widely used 
as a model of implantation for gray and white matter [99], 
though it does not take into consideration brain anisotropy. 
The pia mater is rarely considered for such a model, prob-
ably because flexible probes have little chance of penetrating 
it [100], and so puncturing is commonly applied.

3.1.3.  Insertion model.  From an ideal mechanical point of 
view, a system may be implanted if the maximum compres-
sion force it can withstand before bending (called ‘buckling 
force’) is higher than the minimum force required for inser-
tion in the soft tissues (called ‘the insertion force’) (figure 5). 

Figure 4.  (A) Tethered, (B) untethered and (C) alleviated intracortical fixation mode. (A) Usual implants tethered to the skull exacerbate 
mechanical tearing and relative micromotions, which results in increased inflammation over the long term [87] (© 2011 Thelin et al). 
(B) Untethered implant can be ensured by adding artificial dura on top of the implant, separating the implant from the skull ((A) and 
(B) reproduced with permission from [87] © 2011 Thelin et al), but are hard to implement with traditional packaging and connection 
techniques. (C) (i) Alleviated fixation can be achieved via a flexible cable between a traditional silicon MicroElectrode Array (MEA) and 
the fixation on the skull (reproduced with permission from [88] © 2013 Sankar, Sanchez, McCumiskey, Brown, Taylor, Ehlert, Sodano 
and Nishida). (ii) Schematic and picture of the insertion in vivo of a ‘Z-shape’ implant, where the design is meant to match that of brain 
structures to enable some stress relief on the electrodes (reproduced with permission from [89] © 2015 Agorelius, Tsanakalis, Friberg, 
Thorbergsson, Pettersson and Schouenborg). (iii) A silicon array integrated with a Parylene flexible cable, meant to relief possible 
mechanical damages due to relative motion between the brain and the skull (© (2008) IEEE. Reprinted, with permission, from [90]).
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The buckling force equation viewed in the Euler equation of 
the previous section is reproduced below.

Fbuckling =
π2IxE
(KL)2� (2)

The insertion force for white and gray matter is commonly 
estimated to be around 0.5–2 mN [101–104]. However, from a 
practical point of view, insertion forces in agarose gel can reach 
up to 10–50 mN before penetration [41, 71, 100]. Depending 
on tip shape, implant size, material used and insertion speed, 
some dimpling is to be expected [11, 105]. Low insertion force 
and dimpling are not the only parameters to take into account: 
the maximum shear force the brain will endure along the inser-
tion track is also represents a major concern (figure 5), and 
highly depends on the depth of insertion [106].

A study by Ruther et al showed significant changes in 
insertion and retraction forces for silicon, glass, polyimide 
and tungsten probes with varied shapes [100]. In that study, 
the 460 μm-wide, 10 μm-thick probe was able to sustain 
insertion in agarose gel, but could not undergo pial insertion 
in vivo. Generally, flexible neural probes have shown to barely 
withstand implantation [107].

First studies recount the use of extra tools such as a scal-
pel or a tungsten wire to create incisions meant to match the 
shaft spacing pattern before actual probe insertion [108], but 
this induces greater insertion trauma. For the last ten years, 
strategies have emerged to overcome this flexibility/stiffness 
paradox. The most common strategies are:

	 (i)	defining a probe that is just hard enough to withstand 
implantation, or with both rigid and flexible regions,

	(ii)	using a retractable tool to assist insertion,
	(iii)	chosing softening materials as probe substrates,

	(iv)	integrating stiff but bioresorbable polymers on the probe 
that dissolve in the tissues after implantation.

3.2.  Permanent electrode support and hybrid designs

A reasonable approach is to find a compromise between a com-
pliant probe and a probe that is able to withstand implantation. 
This can be achieved, for instance, with certain tailoring of the 
probe design: engineered improvements on a Parylene C-based 
probe with different thicknesses of the material slightly 
increases the buckling force up to 1.3 mN [109] (figure 6(A)). 
On the other hand, hybrid silicon/compliant polymer devices 
are consistent with a simple yet efficient strategy to achieve 
this compromise. Lee and coworkers first suggested a 5–10 μm 
silicon backbone enclosed to a polyimide-based probe, mul-
tiplying the device Young’s modulus by ten (2.8 GPa for a 
polyimide probe, 31 GPa with a silicon backbone) [63] (figure 
6(B)). Recently, a solid silicon/hollow Parylene C tube hybrid 
design provided an adjustable buckling force of up to 500 mN, 
thus allowing enhanced insertion in the brain while maintain-
ing reasonable flexibility [110] (figure 6(C)).

The addition of a permanent rigidifier might be considered 
counterproductive, for the strain relief it brings to cerebral tis-
sues is questionable. In our opinion, the relationship between 
device compliance and foreign body response needs to be 
studied in depth before we can consider hybrid systems as 
suitable candidates for chronic implantation.

3.3.  Removable aid

A rigid backbone or shuttle can also be temporarily attached to 
the compliant device and removed afterwards. For instance, the 

Figure 5.  Representative force versus compression curve for a single neural probe compressed (a) in agarose gel 0.6% mimicking brain 
tissues and (b) against a hard substrate. (a) The compression force will increase as soon as the probe touches the gel surface (1) , and 
experience a drop (2) when the probe is inserted. The corresponding compression value corresponds to probe dimpling. After being 
inserted, the probe will cause increasing shear forces as it makes its path into the gel (3)—(b) The compression force increases (1) until the 
probe starts buckling (2). Ultimately, the compression leads to probe breaking (3). Diagram not to scale.

Figure 6.  Integrated stiff support for polymer-based neural probes. (A) SEM image of a Parylene probe with integrated vertical stiffeners 
(© (2011) IEEE. Reprinted, with permission, from [109]). (B) Microscopic image of a thin 5 μm thick silicon backbone layer on a 
polyimide probe (reproduced from [63] © IOP Publishing Ltd. All rights reserved). (C) Schematic of the hybrid silicon-Parylene C probe 
with a locally flexible region (reprinted from [110], copyright (2014), with permission from Elsevier).
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shuttle can be separated from the implant through the custom-
ization of the probe/shuttle interface. Through a hydrophilic 
self-assembled monolayer, the two parts adhere electrostati-
cally and separate when in contact with water. Using this tech-
nique, Kozai and Kipke showed preliminary results of 8.5 mm 
deep insertion of a 12.5 μm-thick, 200 μm-wide polyimide-
based probe [113]. However, the two surfaces have a high 
chance of undergoing sliding when surgically manipulated. 
Resorbable polyethylene glycol (PEG) as a temporary glue 
guarantees a more reliable adhesion [111, 112, 114] (figures 
7(B) and (C)). PEG is a highly biocompatible, fast-degrading 
polymer, that dissolves quickly with the addition of water. 
The shuttle can also take the form of a cylindrical needle or a 
hollow tip where the device to be implanted remains shielded 
inside [53, 115] (figure 7(A)) and vice versa: the needle can be 
placed inside a tube-shaped probe [116]. Surprisingly enough, 
many studies have relied on wide tungsten wires or rods with 
rather large cross-sections [112, 114, 116, 117]. Silicon for 
instance, would be more suitable. It can be micromachined 
in specific dimensions using standard microfabrication tech-
niques, thus creating a particular shuttle design with a minimal 
cross-section (thickness <100 μm) [111].

One of the challenges of these techniques is to develop a 
strong, well-aligned coupling between the flexible probe and 
its rigid support. It is essential to have precise control over 
support/implant adhesion: a premature dissociation would 
result in incorrect electrode placement in the brain, and a bond 
too strong would subsequently prevent the probe from being 
released. The retraction itself is intricate: the probe tends to 
withdraw upwards with the retraction force [53, 111] which 
can be problematic for precise implant positioning. In addi-
tion, the retraction force, also referred to as ‘drag’ force, is on 
the same order of magnitude as the insertion shear force [100, 
106] (figure 7(D)), thus retracting a support would theor
etically double the mechanical stress of insertion.

3.4.  Mechanically-adaptive substrate

As introduced in the previous section, several smart polymers 
can adjust their mechanical properties upon different classes of 

stimuli, such as light, temperature, humidity, etc [44, 120]. A 
thermally reactive copolymer made of methyl acrylate (MA) 
and isobornyl acrylate (IBoA) cross-linked with PEG diacrylate 
was presented as a highly customizable neural probe substrate. 
The device thus obtained was able to soften from a Young’s 
modulus of 700 MPa down to 300 kPa, 24 h post-insertion 
[121]. In this structure, the rapid water uptake is a predominant 
factor in probe softening, which might prove inconvenient for 
the stability of electrical features. A thiol-ene/acrylate substrate 
also showed a drop in modulus from 1 GPa to 18 MPa upon 
exposure to physiological conditions, and succeeded in record-
ing neural activity from the primary auditory cortex of rats over 
four weeks [118] (figure 8(A)). These encouraging outcomes 
need to be intensively investigated in order to gain more per-
spective on their suitability for chronic neural implantation.

Another material is composed of stiff cellulose fibrin 
nanofibers encased in a soft, polymeric poly(vinyl acetate) 
(PVAc) matrix [122] (figure 8(B)). In the dry state, the fibers 
percolate with hydrogen bonds into a rigid network that confers 
a high elastic modulus to the system (E∼4–5 GPa). Upon expo-
sure to physiological fluids, water at 37 °C both dismantles the 
fiber network and reduces the PVAc glass transition to 20 °C, 
doubly softening the structure (E∼12 MPa) [71, 119, 123] (fig-
ure 8(C)). This material demonstrated good properties in terms 
of mechanical tissue compliance, enhanced implantation ease 
and body acceptance [19]. Obviously the next step will involve 
study of the neural recording quality in the long run.

Globally, this line of research resembles that of hydrogels 
presented in the previous section. In the dry state, a hydro-
gel’s modulus can reach higher values and so assist insertion 
in the cortex [32]. But as for hydrogels, the swelling of sof-
tening polymers is such (60–70% [124]) that it raises issues 
about material degradation, metal delamination and structural 
changes in vivo over the long term.

3.5.  Bioresorbable polymers

The integration of a stiff biodegradable polymer remains the 
most widespread strategy for flexible probe implantation (fig-
ure 9). The polymer acts as a stiff prop during the implantation 

Figure 7.  Use of a removable prop extracted after insertion of the flexible device. (A) In vitro insertion in agarose gel of a Parylene C 
probe using a tool nested in the hollow tip (reproduced from [53] © IOP Publishing Ltd. All rights reserved.). (B) Schematic frames of 
insertion of a silicon stiffener attached to the probe using polyethylene glycol (PEG) as glue, and subsequently extracted after implantation 
via addition of PBS (© (2012) IEEE. Reprinted, with permission, from [111]). (C) Photograph of the insertion setup for a silicon probe 
with large sections replaced by a 11 μm-thick polyimide ribbon (© (2015) IEEE. Reprinted, with permission, from [112]). (D) Example of 
force measurement in a rat brain showing that the retraction force (Fdrag) is almost the same amplitude as the insertion shear force (Fshear) 
(adapted and reproduced from [106] © IOP Publishing Ltd. All rights reserved.).
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procedure, providing enough stiffness to overcome the buck-
ling force. When the probe is implanted, the polymer is in 
contact with physiological fluids and starts its resorption. A 
variety of bioresorbable polymers has been tried as candidates 
for enhancement of probe mechanical strength, as shown in 
table 1. Many materials are commercially available, such as 
poly(lactic-co-glycolic acid) (PLGA), polyethylene glycol 
(PEG), collagen/gelatin, chitosan and sucrose/maltose. Their 
availability provides easy access, and there is the benefit of 
previous knowledge regarding their use in biomedical appli-
cations. Other materials, like tyrosine-derived polycarbonate 
and silk, need to be synthesized, and may require some chem-
istry skill. The following paragraphs along with the compar-
ison table  (table 1) should help the reader understand what 
considerations to take into account when choosing the appro-
priate bioresorbable polymer for a specific application.

3.5.1.  Polymer stiffness.  The most obvious criterion to com-
pare these polymers is through their stiffness. If the Young’s 
modulus is high, the device’s overall dimensions may be 
decreased, which leads to smaller insertion footprint and dim-
pling. Stiffness is also a predominant parameter when probe 
length is increased for deeper implantation. From this perspec-
tive, PLGA, silk, maltose/sucrose and PVAc nanocomposite 

might be considered more mechanically reliable for probe 
stiffening. For instance, silk fibroin films integrated to poly-
imide-based probes have shown to enable insertion of 5.5 cm 
long neural probes with 150 μm overall probe thickness 
[163]. In contrast, 300 μm diameter gelatin-coated wires were 
implanted only 2 mm in the cortex [139]. Typically, the biore-
sorbable coatings used are on the order of 80–180 μm [62, 89, 
151, 163], although thinner coatings have been reported [50].

3.5.2.  Dissolution and bioresorption.  The fate of bioresorb-
able polymers involves three main steps. First, liquid uptake 
and temperature rise in vivo induces polymer swelling as well 
as loss of mechanical properties. Then degradation occurs, 
with a loss of global molecular weight due to bond break-
ing through enzymatic reactions [173] or hydrolysis [161]. 
Finally, the decomposition products are slowly removed by 
metabolic processes [174]. The overall resorption kinetics 
highly depend on water uptake capability, dimensions, crys-
tallinity, molecular weight and hydrophilic affinity.

The loss of mechanical properties is an important draw-
back in the use of bioresorbable or smart polymers. The task 
of surgical implantation is harder, because there is a small 
time window for probe placement in the cortex. For instance, 
all fast-resorbing polymers, such as PEG [155], gelatin [142] 

Figure 8.  Mechanically-adaptive substrate. (A) Photograph of a 16-channel intracortical electrode array based on Thiol-ene acrylate 
substrate ([118] John Wiley & Sons. [Copyright © 2013 Wiley Periodicals, Inc].). (B) Microscope view of a laser-micromachined cortical 
probe made of poly(vinyl acetate) (PVAc) matrix (reproduced from [119] © IOP Publishing Ltd. All rights reserved.). (C) In vitro and in 
vivo drop of Young’s modulus of mechanically adaptive PVAc/CNC nanocomposites as function of exposure time to ACSF or implantation 
time in the rat cortex (reproduced from [8] © IOP Publishing Ltd. All rights reserved.).

Figure 9.  Example of flexible implants inserted via a bioresorbable polymer. (A) Frames of insertion in vivo of a maltose coated ultra-thin 
polyimide-based flexible neural probe (reproduced from [49] © IOP Publishing Ltd. All rights reserved.). (B) Parylene C fluidic channel 
filled with PEG is inserted into a gelatin tissue model (left) and recovers flexibility after insertion (right) (reproduced from [46] with 
permission of The Royal Society of Chemistry). (C) An electrode array before embedding into a matrix composed of gelatin, PEG and 
glycerol ([89] © 2015 Agorelius, Tsanakalis, Friberg, Thorbergsson, Pettersson and Schouenborg). (D) Image of a dyed silk-coated fish-
bone shaped polyimide probe with tip shown (© (2011) IEEE. Reprinted, with permission, from [125]). (E) Parylene C-based neural probe 
back-coated with gutter-shaped dyed silk fibroin (reproduced from [41] © IOP Publishing Ltd. All rights reserved.).
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Table 1.  Comparison table of biodegradable polymer features reported in the literature as means to stiffen a flexible neural probe.

Polymer Young’s modulus
Biocom-
patibility

Main biomedical  
applications

Degradation rate/Stiff-
to-soft rate

Biochemical effect  
and drug integration Sterilization

PLGA [126–128] 
(=PLA  +  PGA)

1.3–2 GPa [127, 129] ++ 
[129]

Resorbable sutures, bone repair, 
vascular graft, drug delivery 
[130]

Weeks to months 
(tunable) [127, 129, 
131]

PLGA hydrogel: 
integrated NGF in PEG 
microspheres—DEX 
integrated in PLGA 
nanoparticles [126, 132]

Dry heating, autoclaving, radiation 
induce melting and degradation 
[133] Argon plasma best for PLGA 
sterilization [134]

Tyrosine-derived 
polycarbonate  
[135–137]

393 MPa [137] +[138] At research state—clinical 
study state for coronary stent 
application [137]

Hours [135] Integrated DEX [137] Ethylene oxide [136]

Collagen/Gelatin  
[28, 89, 139]

2–200 MPa 
(hydrated)—[140] 
3.4 GPa (dehydrated) 
[28]

++ 
[141]

Artificial skin, heart valves, 
hemostatic agent, blood vessels 
prosthesis, nerve repair [141]

Minutes to hours 
(tunable) [142]

Haemostatic and 
antibacterial [139]

Autoclaving and dry heat sterilization 
lead to partial denaturation [143]

Chitosan [144–146] 1.2 GPa [147] +++ 
[148]

Skin and bone tissue engineering, 
nerve and blood vessels 
regeneration [148]

Weeks (tunable) [149] Haemostatic and 
antibacterial—integrated 
BNDF [148, 150]

—

Maltose/sucrose  
[49, 73, 151–153]

3-5 GPa [152, 154] +[154] Food sweetener, pharmaceutical 
coating [154]

Seconds to minutes 
[49]

— —

PEG [46, 50, 111, 
155]

0.2-2 GPa [156–158] +++ 
[159]

Drug delivery, tissue regeneration 
[160]

Minutes [46, 111, 155] Integrated NGF [126]- 
Integrated polyurethane 
hydrogel [161]

Ethylene oxide [111, 161]

Silk [41, 162–164] 1.7–2.8 GPa [41, 163, 
165]

+++ 
[166, 
167]

Tissue engineering (bone, 
cartilage, skin etc.), implant 
devices, suture, drug delivery 
[166, 167]

Seconds to weeks 
(tunable) [168]

Integrated NGF [169, 170]- 
Integrated ChABC [163]

Autoclaving, heat, ethylene oxide 
and ethanol show little changes 
in morphology, topography and 
crystallinity [171, 172]
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and sugar-derived polymers [151], necessarily need to be 
implanted within minutes, and so they are not suitable for pre-
cise, fastidious implantation. Strategic integration of a fast-
degrading polymer on the probe might reduce degradation 
kinetics: Takeuchi’s team suggested a buried microchannel 
filled with PEG, where only the tip is in contact with body 
fluids [46]. In this case, diffusion limits dissolution rate. For 
slow-resorbing polymers, for which water affinity and crys-
tallinity determine softening kinetics, another solution would 
be to adjust surface chemistry and cross-linking to improve 
mechanical longevity. Additionally, the drying step in pro-
cessing polymers is critical, because moisture can remain in 
the hydrolysis-sensitive polymer, leading to accelerated deg-
radation [174].

The degradation time, that is to say the time before all 
the polymer has gone through enzymatic or non-enzymatic 
hydrolysis, is often evaluated through in vitro experiments 
[136, 168]. Samples are immersed in PBS or a proteolytic 
medium at 37 °C, and collected at different times to be dried 
and weighed, then mass loss is calculated. However, in vitro 
studies do not take into account brain size, fluid availability 
and enzyme renewal, and may miscalculate the degradation 
time. Kozai and coworkers recently observed that bioresorb-
able carboxymethylcellulose coating implanted in rat brains 
degraded in days, when they expected complete dissolution 
within 20 min [175]. The authors suggest fluorescent labeling 
of their polymer to better track its fate in future studies.

With regard to bioresorption itself, a recurring issue affects 
cytotoxicity of the decomposition products and long-term 
side effects. The remaining low-molecular weight products of 
hydrolysis can interact with the surrounding cells, leading to 
eventual malfunction. Numerous in vitro and in vivo assays 
can quantify this phenomenon before clinical trials [176]. It 
has been noted that bio-derived polymers such as collagen and 
chitosan tend to induce less inflammatory response linked to 
degradation compounds than synthesized polymers [174].

3.5.3.  Biocompatibility and sterilization.  As mentioned ear-
lier, commercially available polymers have generally more 
information available as to their biocompatibility, for many 

have been used for decades in other biomedical applica-
tions, including tissue engineering, drug delivery and grafts 
[130, 141]. Chitosan and collagen both present with intrinsic 
haemostatic and antibacterial properties, which help soothe 
foreign body responses [141, 148]. However, clinical observa-
tions have shown indications that about 3% of the total popu-
lation would present with an inherent immunity (allergy) to 
bovine-type collagen [177].

Sterilization also plays a part in device biocompatibility. 
Sterilization must be performed after fabrication to reduce 
the risk of infections and possible complications. It can be 
achieved either through chemical means (ethanol 70%), dry 
heating (160–190 °C), autoclaving (120–135 °C), ethylene 
oxide gas or UV radiation, in agreement with biomedical 
device regulation [178]. However, several common steriliza-
tion methods are not compatible with numerous biodegrad-
able polymers, primarily due to their low thermal stability and 
hydrolytic degradation mechanisms [133, 172]. The steriliza-
tion methods that were used are listed on table 1.

3.6.  Reduction of effective length

At this point, it is important to stress that probe length plays 
a major role in device mechanical failure. As seen in equa-
tion (1), the buckling force is proportional to 1

L2 , and a slight 
increase in length results in a substantial drop in a probe’s 
stiffness. For this reason, the targeted brain area is a predom-
inant factor in the choice of a stiffening strategy. As a way 
to insert long penetrating shanks into the brain, the stiffen-
ing structure can also be integrated as a base scaffold for the 

probes. One can adjust the scaffold length l so that the probe 

buckling force, which is proportional to 1
(L−l)2  , can be greater 

than the insertion force (figure 10(A)). In a recent study, arrays 
of high aspect ratio microneedles were shown to withstand 
deep implantation when coupled with a silk base structure 
that temporarily reduces device length [179]. This bioresorb-
able structure is then dissolved in saline in order to insert the 
devices over their whole length. This technique has found 
interest in the insertion of arrays (2D) and matrices (3D) of 

Figure 10.  Reduction of effective length. (A) Buckling force versus beam length for a 2 μm-diameter silicon microneedle. Graph also 
includes an experimentally measured penetration force for gelatin (6.5 wt% in water). Therefore the blue region defines a regime where 
the needle will penetrate the brain, the red region where it would buckle on the surface ([179] John Wiley & Sons © 2015). (B) A carbon 
fiber array set in solidified PEG (light blue arrows) on both sides with submillimeter exposure of the fibers (yellow arrows) (reproduced 
from [180] © IOP Publishing Ltd. All rights reserved.). (C) The same technique has been applied to Parylene C shanks for insertion in rat 
hippocampus (© (2016) IEEE. Reprinted, with permission, from [181]).
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shanks, because it uses only one manipulation to stiffen all 
the probes at once [180, 181], when the integration of one 
coating per probe might be particularly burdensome (figures 
10(B) and (C)).

4.  Discussion and engineered solutions

4.1.  Insertion conditions and footprint

The insertion mechanisms of traditional, silicon-based single 
neural probe or tungsten wires have been the subject of many 
studies [101–104]. The mechanical trauma of insertion leads 
to vessel rupture, tissue dimpling and compression, and neu-
ron severing [182] (figure 11).

Studies have assessed the influence of many insertion 
parameters such as tip geometry, insertion speed and probe 
diameter [11, 105, 106]. It is generally admitted that a fine tip 
decreases tissue dimpling and vessel dragging [11, 183], and 
that probe dimension plays a major role in the reduction of 
shear force and inflammatory response [21, 87, 128]. However, 
insertion speed does not benefit from such consensus, as seen 
in table 2. On the one hand, a fast insertion is meant to com-
pensate for poor tip design, and will transect membranes and 
vessels instead of dragging them. On the other hand a slow 
insertion will allow for tissue relaxation and accommodation 
of compression forces with minimal shock [105, 183].

Moreover, there is no essential consensus over the impor-
tance of initial insertion footprint. Szarowski et al pointed out 
that if the early response (<1 week) seemed proportional to 
device cross-section, the sustained response was similar for 
a wide range of device geometries [186]. Two other studies 
pointed out a concrete relationship between implant width 
and inflammation at four weeks [128] and at 12 weeks [87] 
post-implantation. These findings confirm the link between 
compliance and inflammation soothing over time, but there 
is no direct link between the initial insertion footprint and the 
sustained glial response. The closing of brain tissue around 
the implant once an insertion shuttle is removed or once a 
polymer coating is resorbed is not clearly described in the lit-
erature, and one could assume that the footprint is of little  
importance if the final design is thin and compliant. This 
timing issue can be all the more preponderant in the case of 
resorbable polymers that depend on the dissolution and degra-
dation time, volume increase due to swelling might extend the 
injury beyond the initial footprint.

Besides these theoretical considerations, implant type (sin-
gle shank or 3D arrays) and material (silicon or soft polymer), 
insertion depth (surface or deep) and procedure (animal type, 
age or brain region targeted) or setup (manual or pneumatic 
insertion tool) might not leave room for much choice. For 
instance, thin, compliant, or flexible probes cannot be inserted 
at high speed because they are fragile and will buckle or break 
when the insertion is too fast [97]. Most studies focused on 
the insertion of a silicon shank or tungsten wire, and the lack 
of knowledge concerning the mechanical insertion of flexible 
neural probes is regrettable.

Implantation mechanisms can sever the device regard-
less of its nature. A study by Ward and coworkers showed 

that seven of nineteen commercially-available intracorti-
cal devices suffered from mechanical failure upon insertion 
[187]. Microshanks made of brittle silicon can break upon 
insertion in the cortex, glass pipette tips are also quite fragile, 
and flexible microprobes can experience compression forces 
that might generate connectic breakage or faulty contact. 
More generally, surgical handling of small, fragile devices 
with unreliable packaging leads to a certain percentage of 
electrode failure after surgical implantation [10, 188].

4.2.  Bioactive tissue interface

One of the greatest advantages of the coatings technologies dis-
cussed (bioresorbable polymers, hydrogels) is that they are able 
to soothe foreign body reactions, through biochemical features 
or the incorporation of bioactive agents. Cellular attachment 
active substances, anti-inflammatory agents and neurotroph-
ins, as well as embedding of neural cells, are investigated as 
alternatives towards body acceptance. For a more comprehen-
sive understanding of the subject, we direct the reader towards 
reviews focusing on the biochemical features of organic device 
coatings rather than the mechanical features [4, 32, 189].

Bioactive agents.  Drugs can be blended within polymer 
coatings through non-covalent binding, such as adsorption, 
physical entrapment or electrostatic interactions, and covalent 
binding [189] (figure 12(A)).

For bioresorbable polymers, release kinetics are usually 
hard to quantify, because a number of parameters needs to be 
taken into account. The time during which the drug is released 
at functional levels from the host polymer depends on bind-
ing strength, host degradation rate and diffusion mechanisms, 
among others. For this reason, only a percentage of the total 
amount of drug implanted is actually bioactive. For instance, 
silk fibroin co-dissolved with nerve growth factor (NGF) 

Figure 11.  Schematic representation of the trauma of insertion 
involved in the implantation of a chronic probe in the brain. During 
surgical implantation, the probe induces dimpling of the brain 
surface before actual insertion, and severs capillaries and neurons as 
it makes its path.
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lowered the availability of the protein to a concentration of 
50–70% of the actual amount (180 ng mg−1) [170]. Brain-
derived neurotrophic factor (BDNF) can be blended with chi-
tosan scaffolds using genepin as a cross-linking agent [150]. 
Nerve Growth Factor (NGF), another regeneration-enhancing 
agent, can be integrated in PEG microspheres in a PLGA 
matrix, where PEG acts as a porogen to control the release 
rate of NGF [190]. This same drug was also blended with silk 
fibroin, forming nerve conduits that successfully released bio-
active NGF over four weeks and promoted PC12 cell differen-
tiation with neurite outgrowth [170]. Silk fibroin mixed with 
chondroitinase ABC (ChABC) was reported to be functional 
in vitro [163]. On the other hand, the ability of dexametha-
sone (DEX)-blended tyrosine-derived terpolymer to locally 
deliver this anti-inflammatory drug was shown in vitro, but the 
in vivo study showed no qualitative difference between the tis-
sue reactions to coated and uncoated wires [137]. Anti-oxydant 
curcumin-releasing softening polymer implants presented with 
higher neuron survival and a more stable blood–brain barrier 
than without curcumin at four weeks post-implantation, yet 
showed no biological improvements at 12 weeks [191].

The combination of numerous bioactive agents has proven 
effective for the reduction of inflammation, and its combina-
tion with compliance approaches might lead to minimally-
scarring devices. In a recent study, Parylene C sheath electrodes 
were coated with Matrigel containing a cocktail of bioactive 

agents (DEX, BDNF and NGF) as well as a virally-mediated 
expression of Caveolin-1, and implanted in rat brains over 12 
months. Their results indicate a strong relation between the 
rise in the neural signaling and histologically observable den-
dritic sprouting, which supports the importance of creating a 
bio-friendly environment around the neural probes through 
different means (flexible implant, bioactive agents).

Cellular modifications.  Another emerging approach from 
the tissue engineering literature is the integration of neural 
cells within a polymer coating. This method is based on the 
assumption that neural tissue should grow more effectively on 
a brain cell-mimicking layer on the electrode surface, creating 
an intimate junction between device and target [192]. A study 
by Richter et al integrated pancreatic stem cells seeded over 
a polyimide surface. A fibrin hydrogel protected these cells 
from the mechanical insertion shear forces, and overall should 
significantly enhance device acceptance [193]. Purcell et  al 
also seeded an open well with neural stem cells encapsulated 
in an alginate hydrogel scaffold over a Parylene neuroprosthe-
sis, and their structure resulted in an attenuation of the initial 
tissue response [194].

According to Aregueta-Robles et al the ideal tissue 
engineered interface should incorporate combined coating 
approaches of conductive polymers, hydrogels and attach-
ment factors with neural cells (figure 12(B)).

Table 2.  Non-exhaustive comparison table of in vitro or in vivo neural probe insertion parameters studied in the literature.

Insertion speeds used in 
the study (in μm s−1)

Device 
material Design

Cross-section 
(μm)

Tip angle 
(°)

Insertion 
depth (mm)Min Max

Rennaker et al [184] 1.5–3.5 1.5 × 106 Tungsten wire 2 × 7 array (250 μm 
pitch)

/O50 unknown 0.6/3

Tian et al [101] 50 400 Tungsten wire Single shaft or 3 × 3 array 
(pitch 500 μm)

/O50 unknown � 3

Bjornsson et al [11] 125 2000 Silicon Single shaft 60 × 100 5–150 < 2

Hosseini et al [100] ∼85–160 ∼1670 Silicon Single shaft or 1 × 10 
array (pitch 550/1100 μm)

100 × 120 17 3–6

Glass Single shaft 175 × 500 49.3
Polyimide 10 × 460 66
Tungsten /O135 15–20

Andrei and Welkenhuysen 
et al [105, 106]

10 100 Silicon Single shaft [200–400] 
×[50 − 150]

10–50 6

Fekete et al [185] 20 175 Silicon Single shaft [200–400] 
×400

0–90 ∼2–3

Figure 12.  Schematic illustrations of electrode site coated with (A) biologically active molecules and (B) neural cells embedded in a 
hydrogel matrix (reproduced with permission from [32]).
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4.3.  Coating formation

The mechanical and surface properties of a neural probe with 
an engineered polymeric surface is highly dependent on how 
it is obtained. The most commonly reported way to integrate 
a polymer or hydrogel onto a flexible probe is dip-coating, 
where the device is immersed in a diluted polymer [21, 23, 
29, 49, 125, 151]. Thickness control is defined by the immer-
sion and retraction speed, the solution concentration, and the 
number of coatings. However, this method implies that both 
sides of the device are covered with polymer, which might 
act as an insulating layer that would compromise electrical 
recording, though hydrogels are generally poor insulators due 
to the swollen mesh structure in physiological fluids [32]. An 
acrylic or elastomer mold might prove useful for structuring 
and shaping the polymer to certain dimensions and form fac-
tors [28, 41, 71, 155, 163, 195]. Another solution is to fill a 
closed or open channel inside the probe with a desired biore-
sorbable polymer [46, 196].

It is worth noting that the scope of methods used in the 
literature is narrow compared to the various reported meth-
ods for obtaining a polymer coating with controlled shape and 
structure. Indeed, research in tissue engineering has furthered 
and widened the field in terms of dispensing, shaping, struc-
turing and integrating polymers [197] (figure 13).

While dip-coating, spin-casting and inkjet printing 
have been used for decades as dispensing techniques in 
other fields, the use of 3D printing and electrospinning has 
recently developed as part of the tissue engineering process. 
Electrospinning natural or synthesized biomaterials has the 

advantage of forming a biomimetic microstructure resem-
bling the extracellular matrix. Electrospun PLLA and silk 
nanofibrous scaffolds have for instance gained considerable 
interest in peripheral nerve repair [198–200]. With emerg-
ing techniques and increasing applications, 3D printing has 
become quite the fashionable additive manufacturing method 
over the past few years. Particularly, chitosan and PLA-based 
3D-printed scaffolds have already shown interesting possibili-
ties for tissue engineering [201]. Unfortunately, the resolution 
for 3D-printed biomaterials is still in the order of hundreds 
of microns depending on the technique used [202], which 
restrains broadcast use for microsystems. Finally, inkjet print-
ing methods can reach smaller dimensions for either dispens-
ing the polymer itself (e.g. silk [203]) or a cross-linking agent 
or solvent for the already cast polymer [204].

Whenever the dispensing technique does not involve 
dimension control, shaping the polymer layer is essential to 
match the implant size. As mentioned before, casting and 
molding is the simplest way to obtain a polymer of desired 
shape. However, other methods such as micromachining 
through laser cutting techniques, mechanical carving or 
plasma etching can be applied, depending on the material and 
the resolution needed. Also, a thin layer can be formed onto 
the probe surface through self-assembling of complementary 
peptides in aqueous solutions [197].

In other cases, surface properties may not promote coat-
ing integration, but still play a great role in the adhesion 
between the polymer and its substrate. For water-based poly-
mers, a hydrophilic neural probe will enhance the bond with 

Figure 13.  Methods to obtain a polymer coating on a substrate in relation to the considerations to be taken into account: how to get the 
polymer onto the substrate (dispensing), how to outline the structure (shaping), what kind of crystalline structure is needed (structuring) 
and how it will adhere to the substrate (integrating). Non-exhaustive examples of the four considerations are displayed, referenced from the 
literature in tissue engineering.
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its coating [41], and surface roughness or an intermediate 
layer might prove useful to obtain a strong mechanical bond 
between the two layers.

Finally the overall structure, roughness, porosity and 
surface chemistry of the polymer coating can be altered 
using a different solvent or solvent evaporation method. 
Unfortunately, most dispensing and structuring techniques do 
not allow for a varied solvent option. Freeze-drying tends to 
form more porous materials, such as chitosan, helpful for bio-
active agent integration but eventually reducing the stiffness 
[205]. On the other hand, thermal embossing of PLGA has 
been shown to avoid the use of potentially dangerous solvents 
such as chloroform [127].

5.  Conclusion

Reliability and stability of chronic intracortical recording or 
stimulation bring out many issues yet to be addressed. Among 
them, device acceptability and material lifetime are strongly 
correlated to inconsistent recordings and premature failure. 
The reduction of mechanical mismatch can be achieved via 
a variety of means, including matching the Young’s modulus, 
implant geometry, fixation mode and the addition of a hydro-
gel coating. These strategies are based on the assumption that 
a better mechanical compliance with the surrounding tissues 
leads to greater signal stability.

Insertion mechanisms remain poorly understood, and 
smaller, flexible devices tend to fail during surgical implant
ation. Indeed, depending on shank length, probe material and 
dimension, the new generation of chronic implants can barely 
withstand insertion forces. The smallest change in brain tis-
sue hardness, linked to anatomic anisotropy, age and species 
considered, will most likely cause the device to fail during the 
penetration stage.

A wide number of strategies have arisen to confer mechani-
cal support and compliance for the electrodes. Many of them 
promote the addition of a polymer coating to the probe that 
either improve the electrode interface and/or will assist inser-
tion. The impact of such methods goes beyond simple mechan-
ical assistance, as the polymer acts as a biofriendly coating that 
soothes the foreign body response. The choice of polymer type 
and its integration must be made carefully keeping the applica-
tion in mind, as a variety of parameters depends on it, such as 
stiffness, degradation rate, bioresorbability and bioactive capa-
bility. Smart polymers, such as thermo and chemoresponsive 
polymers, have also shown great promise for such applications.

For some time the techniques used have been highly appli-
cation-dependent and have been implemented to address a 
specific target. Opportunities to develop complex structures, 
with controlled shape, dimension, morphology and degra-
dability have only started to be seized. Increased inspiration 
from tissue engineering research would help design polymer-
based, highly tunable cortical devices that are able to not only 
overcome mechanical issues, but also enhance chronic stabil-
ity through biochemical means.

Ultimately, one challenge of the decade is to design reli-
able 2D and 3D arrays of compliant probes with numerous 

recording sites, that could be used in high-resolution BCIs. 
This scaling-up will inevitably bring out other issues with 
insertion mechanisms. Indeed, inserting several dozens of 
shanks with minimal dimpling and insertion footprint will be 
the most challenging.
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