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Abstract
Neural interfaces have been used in recent years to interrogate or modify the behaviour

of the nervous system. On a fundamental level this enables the study of basic functions

of the central (CNS) and peripheral nervous system (PNS), as well as treat neurological

illnesses in patients. For example, using cochlear implants to stimulate dysfunctional

hair cells can restore hearing precepts in deaf patients, stimulating the subthalamic nu-

cleus in the deep brain removes essential tremors of Parkinson’s disease or recording on

the surface of the brain can inform about oncoming seizures in epilepsy. To achieve this,

electrode arrays are implanted to increase the proximity to the signal source and enable

better recordings or more efficient stimulation. However the nervous system is consti-

tuted of curved soft tissues moving microscopically with the respiration and heartbeat,

and stretchingmacroscopically with bodily movement. In opposition, current clinical de-

vices aremade of stiff metal electrodes embedded in a thick polymeric shell. Implanting

these rigid devices in this soft environment can lead to inflammatory responses due to

the mechanical mismatch leading to scaring tissue and device degradation.

Recently, flexible and soft bioelectronic interfaces have been proposed as a solution to

this challenge. These are devices fabricated with thin polymeric or elastomeric back-

bones to enable an optimal contact to the target tissue as well as reduced mechanical

mismatch. For this the electrical interconnects that carry the electrical information from

the tissue or deliver the stimulation charges need to be elastic to accommodate the

stresses and remain conductive. Several strategies for creating stretchable tracks have

been proposed in the past but are not compatible with high-density low-profile electrode

arrays for chronic implantation in vivo.

Amethod of patterning thinmaterial stacks of flexible polymers and platinum layers em-

bedded in silicone membranes was proposed in the Laboratory for Soft Bioelectronic

Interfaces at EPFL. By creating specific microscopic cuts in the materials permits the

out-of-plane deformation of the film and enables stretchability above 50% strain while

remaining conductive. However, the previous fabrication method was not optimal, was

not hermetically encapsulated and not reliable. In this thesis, novel soft electrode ar-

rays were designed and fabricated using an improved manufacturing process named

core-shell micropatterning. This enables fully encapsulated electrical tracks that can be

micropatterned with superior electromechanical performances and notable increase in
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hermetic barrier lifetimes. Additionally, this method was applied to other material sys-

tems enabling new functions such as completely transparent devices to enable concur-

rent optical stimulation and microscopy through the implanted electrodes.

These fabricated devices were applied to several device concepts in multiple animal

models. First, microelectrode arrays for electrocorticography (ECoG) recordings were

designed to be implanted over the auditory cortex of rat and non-human primate (NHP)

models to capture evoked potentials from acoustic stimulation. This enabled the pre-

cise tonotopic mapping and the spatial representation of the auditory cortex. Next, au-

ditory brainstem implants (ABI), targeting the cochlear nucleus (CN) after the auditory

nervewere designed. This implant needs to conform to the curved surface of the CNand

stimulate the auditory pathway. In non-human primates, the placement of this device

is challenging and new tools were developed for the insertion of the device. Finally, the

combination of soft ABI and ECoG was implanted in chronic settings in a NHP to evoke

auditory percepts from brainstem stimulation that could bemonitored using the cortical

evoked potentials. This will enable the fine-tuning of stimulation protocols for hearing

restoration and verify the stability of the implants over time. Overall, thiswork represents

a framework to design and fabricate soft electrode arrays that can be applied for record-

ing and stimulation in small to large animal models in a reliable way. The careful design

of the system around the implant such as fine-tuning of microfabrication parameters,

the characterization in vitro, device geometry, connection scheme, experimental setup

and tracking of the device properties in vivo enables reliable long-term implantations in

new experimental paradigms.
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Résumée
Récemment, les interfaces neuronales ont été utilisées pour interroger ou modifier le

comportement du système nerveux. À un niveau fondamental, cela permet d’étudier les

fonctions de base du système nerveux central (SNC) et périphérique (SNP), ainsi que

de traiter les maladies neurologiques des patients. Par exemple, l’utilisation d’implants

cochléaires pour stimuler les cellules ciliées dysfonctionnelles permet de rétablir la per-

ception auditive chez les patients sourds, la stimulation du noyau sous-thalamique en

profondeur du cerveau supprime les tremblements de la maladie de Parkinson ou l’en-

registrement à la surface du cerveau peut informer sur les crises épileptiques avant

qu’elles ne surviennent. A cet effet, des champs d’électrodes sont implantés à la surface

du tissu pour augmenter la proximité au signal, et ainsi permettre de meilleurs enregis-

trements ou une stimulation plus efficace. Cependant, le système nerveux est un tissu

mou et circonvolué présentant des mouvements microscopiques qui suivent la respira-

tion et les battements du coeur, et des mouvements macroscopiques d’étirement qui

suivent les mouvements du corps. Les interfaces neuronales cliniques actuelles sont

constituées d’électrodes métalliques rigides enveloppées dans une coque polymérique

épaisse. L’implantation de ces dispositifs rigides dans cet environnement mou et dy-

namique entraine des frottements mécaniques ce qui peut engendrer des réactions in-

flammatoires et de la fibrose et au final réduire l’efficacité du dispositif et compromettre

l’intégrité du système nerveux du patient.

Depuis peu, des interfaces bioélectroniques souples et flexibles ont été proposées comme

solution à ce problème. Il s’agit dematrices d’électrodes à encapsulations polymériques

ou élastomériques ultrafines permettant un contact optimal avec le tissu cible et rédui-

sant fortement les différencesmécaniques et les frottements. Pour assurer la flexibilité

et l’élasticité du dispositif, les interconnexions électriques qui transportent l’information

électrique du tissu ou délivrent les charges de stimulation doivent être elles-mêmes élas-

tiques pour s’adapter aux contraintes tout en restant conductrices. Plusieurs stratégies

de fabrication de pistes extensibles ont été proposées dans le passé, mais elles ne sont

pas compatibles avec les champs d’électrodes de haute densité ni pour une implanta-

tion chronique in vivo.

Le laboratoire des interfaces bioélectroniques souples de l’EPFL a développé une mé-

thode permettant demicro-structurer des couches successives de filmsminces compo-
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sés de polymères souples et de couches de platine incorporées dans desmembranes de

silicone. La création de découpesmicroscopiques spécifiques dans le plan dumatériau

permet la déformation hors plan du film permettant une déformation finale supérieure

à 50% tout en restant conducteur. Cependant, la première itération de cette méthode de

fabrication présentait des limitations, l’encapsulation n’était pas hermétique et le pro-

cédé peu robuste et sous-optimal. Dans cette thèse, de nouveaux champs d’électrodes

souples ont été conçus et fabriqués à l’aide d’un procédé de fabrication optimisé appelé

" core-shell micropatterning ". Cela permet d’obtenir des pistes électriques entièrement

encapsulées qui peuvent être micro-structurées et présentant des performances élec-

tromécaniques supérieures et une augmentation notable de la durée de vie de la barrière

hermétique. De plus, cette méthode a été appliquée à d’autres systèmes de matériaux

permettant de nouvelles fonctionnalités telles que des dispositifs complètement trans-

parents permettant une stimulation optique et une microscopie simultanées à travers

les électrodes implantées.

Cette méthode de microfabrication a été appliquée à plusieurs concepts d’interfaces

neuronales dans plusieurs modèles animaux. Tout d’abord, des champs de microélec-

trodes pour les enregistrements d’électrocorticographie (ECoG) ont été conçus pour

être implantés sur le cortex auditif de modèles de rats et de primates non humains

afin de capturer les potentiels évoqués auditifs. Cela a permis d’établir une cartogra-

phie tonotopique précise et une représentation spatiale du cortex auditif. En parallèle,

des implants auditifs du tronc cérébral (ABI) ciblant le noyau cochléaire (CN) ont été

conçus. Cet implant doit se conformer à la surface incurvée du CN et stimuler efficace-

ment la voie auditive afférente. Chez les primates non humains, l’implantation de l’ABI

souple est difficile et de nouveaux outils ont été développés pour l’insertion de cet im-

plant. Enfin, l’ABI souple et l’ECoG ont été implantés de manière chronique chez un ma-

caque rhesus afin d’évoquer des perceptions auditives (monitorées à travers l’ECoG via

l’enregistrement des potentiels évoqués corticaux) à partir de la stimulation électrique

du tronc cérébral. Cette étape permet de vérifier la stabilité des implants dans le temps,

d’affiner les protocoles de stimulation pour la restauration de l’audition et représente

une étape importante vers la translation clinique de ces nouveaux implants. Dans l’en-

semble, ce travail représente un système pour concevoir et fabriquer des champs d’élec-

trodes souples qui peuvent être utilisés pour l’enregistrement et la stimulation dans des

modèles animaux de petite à grande taille demanière fiable et reproductible. La concep-

tion minutieuse du système autour de l’implant, comme le réglage fin des paramètres

de microfabrication, la caractérisation in vitro, la géométrie du dispositif, le schéma de

connexion, le montage expérimental et le suivi des propriétés des implants in vivo, per-

met des implantations fiables à long terme et l’élaboration de nouveaux paradigmes

expérimentaux.
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1 Introduction

1.1 Clinical Neural Interfaces

Definition Neural interfaces are a class of implantable medical devices designed to

interact with the central or peripheral nervous system in order to repair a broken con-

nection or disrupt abnormal activity (Fig. 1.1). They can act as a control input by in-

jecting current into the underlying tissue or, alternatively, as a recording output in order

to measure the biopotential of the surrounding neuron population. The act of interact-

ing with the the nervous system in order to trigger or inhibit its activity is referred to

as neuromodulation. The most common form of neuromodulation is electrical stimu-

lation, which is currently used in a wide array of clinical applications including chronic

pain management [1] (spinal cord stimulation), tremor alleviation [2] (deep brain stimu-

lation), hearing [3] and vision [4] restoration (cochlear and retinal stimulation). In terms

of recording, electrocorticography (ECoG) grids are most often used to locate foci of

abnormal activity in drug-resistant, epileptic patients [5]. The collected data can then

be used to guide the surgeon during the resection of the affected area. In recent years,

so-called brain-machine interfaces (BMIs) have been a notable development in this cat-

egory. These devices rely on the detection of cortical activity in order to provide patients

with the control of an external assistive device such as a computer or a robotic arm. Al-

though few and far between, bidirectional applications have also been proposed with,

for instance, the close-loopmanagement of epileptic seizures [6]. In this particular case,

cortical readings fromanECoGare used to flag incoming seizure and to trigger inhibitory

electrical stimulation through a deep brain implant.

Clinical system components Conceptually speaking, current clinical implants can be

thought of as being composedof three interconnected parts (Fig. 1.2): (1) an implantable

pulse generator (IPG), (2) an array of electrodes that interface with the tissue and (3) an

insulated lead which carries electrical signals between the two. The IPG contains all the

electronic components necessary to generate the stimuli and, in some cases, to com-
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C DA B

Figure 1.1: Examples of clinical neural interfaces: spinal cord implant from Medtronic

(A), electrocorticography grid from Dixi Medical (B), a deep brain stimulation lead from

Medtronic (C) and a cochlear implant from Cochlear (D).

municate with the outside world. It is powered by a non-rechargeable battery, enclosed

along the rest of the electronic circuitry inside an hermetically sealed titanium case. Due

to its large footprint, the IPG is most commonly placed under the skin, away from the

stimulation target in locations such the chest (deep brain stimulation), the lower back

(spinal cord stimulation) or the skull (seizure inhibition [7]). Clinical electrode arrays are

composed of amultitude of electrically conductive disks or blocks, themselvesmade of

alloys such as stainless steel or platinum-iridium. The contact sites are millimeter-size

(1-5mm) and most often spatially separated by a constant pitch in a grid-like pattern.

The actual paddle is formed by embedding the electrodes in a thick (1-3mm) and rigid

(10-50MPa) elastomeric matrix, after having welded them to individually insulated wires.

The electrical connection between the IPG and the leads is achieved either through a

standardized connector or by soldering the wires directly into the titanium casing.

Electrode paddles can adopt many different geometries, depending on the application

requirements. While planar devices such as ECoGs and spinal cord implants are built to

interfacewith the tissue surface, alternative designs offer the possibility to penetrate the

tissue in order to interact with deeper structures. This is the case of the DBS implant for

instance, which is inserted through the cortex in order to reach the subthalamic nucleus

and globus pallidus, where it is used to relieve tremors in Parkinson’s disease patients.

Electrode arrays can also be preformed in order to better match the anatomical target,

for example in the cases of the cochlear implant (fig. 1.1) or the peripheral nerve cuffs.

Overall, clinical implants are very simple devices made of few components assembled

usingwell-establishedmanufacturing processes. This inherent simplicity in designmakes

it easier - and more economical - to integrate their production in a quality management

system, a mandatory tool used for the controlled manufacturing of medical devices.

2
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Electrode
array

IPG

Insulated
lead

Figure 1.2: Picture of clinical implantable system for deep-brain stimulation from

Medtronic.

This approach also proves to be an advantage in terms of reliability, as fewer parts natu-

rally implicate fewer potential failure points. The robustness of clinical arrays originates

in most part from the macroscopic nature of its components which tend to minimize

surface-driven phenomenon. For instance, the integration of bulky metallic electrodes

reduces the potential adverse effects of metal corrosion, which helps guarantee low

impedance contacts over extended period of time. Similarly, the use of individual metal

wires decreases the risk of an interconnect breaking through the sheer amount of ma-

terial present. The added advantage of using large components is that they can be

assembledmostly by hand, avoiding the need of complex machinery which, in the world

of medical devices, necessitate regular calibration andmaintenance. Another contribut-

ing factor to the reliability of clinical array is the intrinsic rigidity of the devices. Indeed,

the stiffness of the silicone matrix helps minimize the stresses applied to the electrical

interconnects, in particular at the level of the solder joints. Furthermore, the mechanical

signature of the device also facilitates handling, offering less opportunity for the device

to break while being hand manipulated by the factory worker or medical personnel. In

fact, surgeons often use this property to their advantage in order to insert an implant by

simply pushing it from its distal end.

Limitations Although contemporary clinical implants constitute a reliable tool to inter-

act with the nervous system, they remain rather rudimentary interfaces. As such, they

lack various important features required for the development of the next generation of

neurotherapeutic applications including brain-machine interfaces or the restoration of

motor functions. Current efforts on new therapies are being held back by three key limi-

tations:

• Electrode density The combined use of macroscopic components and manual

3
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manufacturing processes greatly limit the potential for miniaturization in conven-

tional neural implants. High-density array of microelectrodes hold the promise

to substantially increase spatial resolution of both stimulating and recording de-

vices [8]. In the context of BMI for example, such an improvement can translate

in a finer understanding of the patient’s motor intents. On the stimulation side, a

denser electrode array could be combined with multipolar stimulation in order to

enable a more granular control over the applied stimuli.

• Stiffness Because of the thickness and rigidity of both the electrodes and the

silicone paddle, clinical implant exhibit a high bending stiffness. As a result, they

tend tomaintain their shape once implanted and are thus unable to conform to the

complex topology characteristic of most of the CNS. The potential consequences

for this lack of mechanical compliance are two-fold. (1) It can lead to subpar con-

tact between the electrode sites and the underlying tissue which, in the context

of recording devices, translates into a decrease in signal quality. In stimulating

implants, lack of conformability can lead to a less specific activation and in some

case like the auditory brainstem implant, to the triggering of side effects. (2) Due

to its rigidity, the implant can end up compressing the surrounding tissue, poten-

tially leading to neurophysiological impairments. This is especially true of highly

dynamic environment, such as the spinal cord.

• Personalization In the age of personalized healthcare, neural implants are still

very much built following a "one size fits all" mentality. Indeed, the current manu-

facturing techniques and regulatory roadblocksmake it cost prohibitive to develop

implants tailored for a particular individual. Customizing the geometry of an elec-

trode paddle for instance, would necessitate the production of a different injection

mold for every single design, a financially unsound proposition. The inability to op-

timize electrode positioning based on imaging data is a significant limitations, es-

pecially in application such as spinal cord stimulation, where tailor-made devices

have shown to significantly improve outcomes.

These limitations have motivated the development of soft bioelectronics, a term used

to describe mechanically compliant electronic microsystems designed to interact with

biological tissues. This new category of devices associate automated microfabrication

techniques with novel materials in order to better address the biomechanical character-

istics of the nervous system [9, 10].
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1.2 Soft Neural Interfaces

1.2.1 Characteristics of neural tissue

In order to design neural interfaces that are more adapted to their environment, it is

critical to understand what are the important characteristics of the CNS. Although nu-

merous biochemical phenomenons contribute to the relationship between living tissues

and implantable devices, this section will touch upon the CNS/implant interactions from

a purely mechanical standpoint. This admittedly simplistic approach will nevertheless

highlight themajor motivations behind the development of soft bioelectronic interfaces.

Elasticmodulus In the context of neural interface, themost critical property of the CNS

is certainly its elastic modulus. While it is qualitatively evident that the tissues compris-

ing the CNS are soft, their precise characterization has proven to be a challenge. In the

past six decades, numerous attempts have been made, with studies reporting values

ranging from 100Pa in the brain to 100kPa in the spinal cord [11, 12, 13]. The significant

spread in reported values can be attributed to several factors. First of all, the measure-

ment techniques can change from one study to the next, with the most common ones

being oscillatory shear rheology and atomic force microscopy. Within each specific ap-

proach, the selected measurement parameters can also strongly influence the results.

In the case of rheological measurements for instance, variations in shear rate across

studies make it difficult to compare the reported numbers on a one-to-one basis. Fi-

nally, accurate and reproducible measurements are made difficult by the fact that the

CNS is, inherently, a very heterogenous structure. Indeed, the proportion of grey matter

(which mainly includes cell bodies) and white matter (which mainly contains axons) dif-

fers significantly from one CNS location to the next, with contradictory report on which

type of tissue is stiffer than the other [14, 15, 16].

Topology The brain is an excessively complex surface defined by amultitude of ridges

(gyri) and fissures (sulci). These structures (fig.1.3), formed by folds in the tissue at the

surface of the brain, exhibit a wide range of geometries with some of them reaching

millimeter-sized radii of curvature [18, 19]. They are the driving force behind the need

for more compliant neural interfaces, as many areas of interest in the brain are located

near, across or even inside a sulcus. Similarly, the spinal cord also possesses an intri-

cate shape, with the particularity that it can dramatically change over time based on the

subject’s posture and movements.

Dynamics In addition to the static constraints discussed above, it should be men-

tionned that the CNS is also a very dynamic mechanical system. The spinal cord is

the best example in that regard, as it can experience not only periodic (~ 0.01Hz) tensile
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Figure 1.3: Structure and anatomy of the central nervous system. Adapted from [17]. A-
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of the topology of the brain across species.

and compressive deformation but also shear strain of up to 10-20% [13]. The brain also

experiences strain but to a much lesser extent. Volumetric changes caused by blood

flow, respiration and cerebrospinal fluid circulation will also caused periodic deforma-

tion (~1-2Hz) in the range of 0.01 to 0.03% [20].

In light of these observations, it is evident that there exists a significant gap between

the properties of the CNS and those of clinical implants. These differences are grouped

under the term biomechanical mismatch.

Biomechanicalmismatch Themain consequenceof the biomechanicalmismatch that

exists between clinical implants and the surrounding tissue is the inflammatory response

of the body. Indeed, once the presence of a foreign object has been detected, the im-

mune system will attempt to isolate and destroy it [21, 22]. The immune response is

composed of many concurring phenomenons including the recruitment of microglia

and macrophages, neuronal death and the buildup of fibrous tissue around the device.

Because the stiff, bulky clinical implants are unable to comply with the natural dynam-

ics of the CNS, they become a source of constant strain on the tissue. As such, their

presence pushes the immune system into overdrive, leading to a worsening of the fi-

brosis and inflammatory response. The potential consequences of this immune reac-

tions cascade are four-fold. (1) Driven by the growth of the fibrotic layer, the access

resistance might increase so much that the voltage compliance of the stimulator is ex-

ceeded, leading to the inability to stimulate. (2) The distance between the electrodes and

target tissue might increase so much that neuronal activity can no longer be triggered

or recorded [23]. (3) The surrounding biochemical reactions and subsequent buildup
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of adverse species might lead to a degradation of the device (e.g. H2O2). (4) The ex-

traneous tissue buildup might compress the rest of the anatomy, potentially leading to

adverse side-effects (e.g. gait deficit in the case of the spinal cord [24]).

The concept of biomechanical mismatch - and how to reduce it - is at the core of the

soft bioelectronics field. Broadly speaking, two approaches have be proposed in order

to achieve biomechanical stealth: via the use of softer materials (silicone [24], hydro-

gels [25]) or via the reduction of the device footprint [26].

1.2.2 Structure of soft neural interfaces

Soft neural interfaces refer to a class of devices that establish a physical interface be-

tween the nervous tissue and an electronic circuit in order to measure or trigger phys-

iological activity. Conceptually, neural interfaces can be divided into three functional

blocks:

1. The carrier, which forms the physical body of the device. It supports and protects

the other components.

2. The interconnects which establish the link between the electrodes and the com-

puting and communication modules, further up in the system hierarchy.

3. The electrode arrays which constitute the physical interface through which the

neuron population and the rest of the system interact.

Carrier The carrier material constitutes the backbone of the device: it supports the

other components mechanically, allowing the device to maintain its shape and to be

manipulated. As such, it determines the mechanical signature of the system, a notion

which can be quantified through the bending stiffness D:

D = Eh3

12(1−ν2)

where E is the elastic modulus, h the thickness and ν the Poisson’s ratio of the material.

The bending stiffness governs the ability of the device to conform to surfaces with a

zero Gaussian curvature, i.e. shapes that can be flattened into a plane without distor-

tion. This is not the case of the brain however, whose surface is characterized by two

non-zero radii of curvature. This specificity is one of themotivation for using stretchable

carrier, since they can accommodate non-developable surfaces throughmechanical de-

formation [27].

In addition to its mechanical contribution, the carrier is also typically responsible to iso-
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late the tracks electrically. In that regard, it is critical for the material to be as hermetic

as possible. Indeed, not only can the diffusion of ionic species through the encapsula-

tion generate electrical cross-talk [28], it can also potentially lead to mechanical failure

by enabling adverse electrochemical reactions to occur at the interface between the

materials [29]. In clinical implants, the issue of ionic diffusion is mitigated through the

sheer amount of material (millimeter-thick silicone) used to isolate the electrical com-

ponents [30]. In contrast, thin film devices are much more likely to suffer from adverse

surface-driven phenomenons such as corrosion. As a result, significant research efforts

are being made towards the fabrication and integration of high-performance encapsu-

lation layers.

Interconnects The interconnects carry the electrical signals to and from the biological

tissue. Low track resistance is generally desirable because it will prolong the usable

lifetime of the device. Indeed, since the electrical impedance faced by the device in-vivo

is expected to increase over time, more conductive interconnects will lower the initial

system impedance, allowing to stimulate longer before reaching the voltage compliance

of the stimulator. In other words, low resistance interconnects give the system more

headroom by minimizing the voltage draw imposed on the stimulator.

Mechanically speaking, the interconnects need to accommodate the bending or stretch-

ing of the device without an excessive increase in resistance (<10X). The range over

which the tracks should be able to sustain deformation ranges from few percents when

complying with the brain surface [31] to tens of percents on the spinal cord [13].

Finally, the interconnect technology should enable the patterning of high density elec-

trical layout (critical dimension < 100µm) using microfabrication techniques that are

compatible with the selected carrier. Patterning methods include standard processes

such as reactive ion etching and lift-off as well as transfer and ink-jet printing. The abil-

ity to manufacture increasingly small electrical circuits is the driving factor behind the

development of neural interfaces with higher electrode densities and smaller footprints.

Electrodes The electrode coating constitute the physical interface through which the

biological tissue and the rest of the system interact. Since the requirements of the coat-

ing differ from those of the interconnects, it is often made of a different material and/or

deposited during a separate fabrication step. In stimulation applications, the coating

should permit the safe and efficient injection of charges into the target tissue. For

recording, it should aim to transduce surrounding biosignals without distorting them.

Generally speaking, the electrode coating impedance should be minimized in order to

reduce the burden on the stimulator (stimulation) and minimize thermal noise (record-

ing) [32]. The most common strategy to achieve this effect consists of increasing the

effective electrode area either by roughening an existing surface or by depositing new
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materials with rough topography. Biointegration is another crucial aspect of electrode

coating. Clever surface engineering can be used to promote cell health and reduce as-

trocytes and microglia activation [33], effectively ensuring a close proximity between

the neurons and the electrode.

Finally, since the electrode site is the main point of physical contact between the device

and the target tissue, it is critical for the interface to be mechanically robust. In that re-

gard, strong adhesion between the coating, carrier and interconnects is critical in order

to prevent the diffusion of ionic species at the interface to cause delamination [34, 35].

From an electrochemical standpoint, the properties of the electrode should remain sta-

ble even with intensive stimulation paradigms [36].

1.2.3 Advantages of soft neural interfaces

Soft bioelectronics propose to address the limitations of the current clinical implants

by combining the manufacturing techniques of the semiconductor industry with novel,

polymeric materials. This new category of devices can bring numerous benefits with

regard to the surgical procedure, diagnostic capability and therapeutic outcomes. Some

of these advantages include:

Reduction in footprint Soft bioelectronic interfaces are fabricated using micro- and

nanometric layers (thin films) of variousmaterials including polymers (PDMS, polyimide,

parylene), metals (Pt, Au), and other inorganic compounds (SiO2, SiC, ITO). Most of

the manufacturing techniques employed to build these devices are directly inherited

or adapted from processes established in the semiconductor industry. Methods such

as sputtering, evaporation and spin-coating enable the deposition of layers with thick-

nesses ranging from tens of nanometers to hundreds ofmicrons with extreme accuracy

and repeatability. Using photolithography, these films can then be selectively patterned

into structures as small as a few nanometers. The intrinsic size of the components, as

well as the the techniques used to fabricate/assemble them, permits an overall reduc-

tion in the thickness and lateral dimensions of the resulting device [37, 38]. In turn, this

smaller footprint translates into a decrease in invasiveness, which will help the biointe-

gration of the implant.

Reduction in biomechanicalmismatch Themanufacturing techniques described above

can also be leveraged in order to incorporate materials with lower elastic moduli. The in-

tegration of soft materials entails a decrease of the biomechanical mismatch between

the tissue and the device which, itself, leads to a reduction of the inflammatory re-

sponse [17].

9



Chapter 1. Introduction

Improved conformability By virtue of their low elastic modulus and/or thinness, the

bending stiffness of bioelectronic interfaces is inherently lower. As a result, these de-

vices are able to better conform to complex topologies, leading to a more intimate con-

tact between the electrode and the target tissue [27]. By reducing the distance between

the electrode and the area of interest, one can achieve a more precise stimulation or

higher quality recording, depending on the application at hand.

Increased precision and sensitivity At a device level, the miniaturization of the inter-

connect and contact sites brings three improvements: the fabrication of smaller elec-

trodes, an increase in the number of these electrodes and a densification of their spatial

distribution. Echoing the advantages cited above, these changes permit a more pur-

poseful stimulation of the tissue or, conversely, a more nuanced recording of its activity.

The increase in spatial resolution is particularly interesting in applications such as brain-

machine interfaces, where the increase in information density can be leveraged to offer

better understanding of the subject’s intents [39].

Multimodal interactions Since soft bioelectronic interfaces are built using extremely

versatile manufacturing techniques, they can be designed to integrate more than pas-

sive electrodes. Thin films can be engineered to form interfaces for other types of inter-

actions such as capturing fluids [40], dispensing drugs [24], emitting/recording light [41,

42] and many more. The ability to simultaneously interrogate/modulate neural tissue

through various modalities is extremely powerful and has been an instrumental tool in

modern neuroscientific research.

1.2.4 Potential for clinical translation

The clinical translation of soft bioelectronics is an arduous process, requiring expertise

in the domains of materials science, electronics, microfabrication, bioengineering and

medical sciences. While new electrode coatings and interconnect technologies have

been the focus of much of the academic research, the successful translation of soft

implants will likely depend instead on often overlooked aspects such as connectors,

system integration, power management and wireless capabilities.

On a fundamental level, the translation of radically new types of devices is challeng-

ing because the standards and norms currently in use in the industry are often inade-

quate [43]. For example, the techniques used to assess the mechanical robustness of

conformable bioelectronic systems differ significantly from those established for con-

ventional, more rigid devices. As a result, it is essential for standardized testing proce-

dures to be developed and adopted in conjunction with the introduction of new materi-

als and form factors. This is, in itself, not a trivial task, especially in academic settings

where the establishment of standardized benchmarks is not managed through a cen-
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tralized, officially sanctioned organization. Furthermore, the question of standards is

especially challenging in the field of bioelectronics because the properties of the de-

vices vary greatly from one technology to another, making it difficult to define a global

set of requirements.

Besides standardized testing, pre-clinical in-vivo validation remains one of best tool to

assess the biocompatibility, long-term functionality and efficacy of a device [44, 45, 46].

This approach, however, requires designing and optimizing a complete system, not just

a single component. This represents a significant technological undertaking, in partic-

ular with regard to hermeticity. While the question of reliability is often discussed on

a component level, a system can only be as good as its weakest link. In that regard,

the interfaces between the different elements of the system (connectors, solder joints,

etc) will always represent the most probable points of failure [47]. This is especially

true of the transdermal access ports present in wired, in-vivo systems. This particular

interface, which often takes the form of a transdermal feedthrough, connector or cable,

is, by nature, more prone to infection and mechanical damage than any other. In fact,

these ports will often fail before the technology being investigated [48, 49]. Neverthe-

less, there is no systematic study or recommended approach with regard to designing a

robust, implantable system for in-vivo validation. Part of the issue is that, once again, the

devices under investigation are very different from each other (size, anatomical target,

connection scheme), making it difficult to come up with a one-size-fit-all solution.

With this in mind, it is clear that developing a soft neural interface in a clinically relevant

fashion is a challenging endeavor. The framework required to characterize, analyze and

compare these new devices is only starting to get established.

1.3 Aims of this Thesis

General objective The global objective of this thesis is to fabricate and characterize

neural interfaces that conform intimately with the surface of the central nervous sys-

tem. The starting point of this work is the technology presented by Vachicouras et al. in

2019 which consists of a soft microelectrode array and microstructured interconnects

embedded in an ultrathin silicone matrix. Here, this proof of concept is improved upon

in order to increase the reliability and performances of the fabricated implants. The

technological developments presented in this thesis also enable the manufacturing of

more complex and fully-featured devices, as well as the integration of new functional-

ities. This developmental work is undertaken as part of a translational study in non-

human primates which aims to demonstrate the benefits of soft neural interfaces in the

context of auditory brainstem stimulation.

Aims This work is subdivided into four aims:
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1. Implement manufacturing and technological improvements in order to produce

microstructured, stretchable interconnects with superior electromechanical prop-

erties and extended barrier lifetimes.

2. Apply the kirigami-inspired approach to new materials in order to implement addi-

tional functionalities such as transparency.

3. Establish the versatility of the technological approach by demonstrating its use

across various in-vivo applications.

4. Investigate the potential for clinical translation in the context of chronic experi-

ments in non-human primates.

Outline This thesis is divided into five chapters:

1. Introduction to neural interfaces in the clinic and in research together with the

associated challenges.

2. State of the art in the field of stretchable interconnects and extensive description

of the technological novelties proposed in this thesis to manufacture microstruc-

tured interconnects with superior electromechanical properties.

3. Application of the technology to neural recordings of the auditory cortex in both

rodents (acute) and non-human primates (chronic).

4. Application of the technology to an auditory brainstem implant (ABI) devised for

the chronic stimulation of the auditory brainstem in non-human primates.

5. Application of the technology to spinal cord stimulation in the context of a study

on the rehabilitation of upper-limb motor functions in rodents.
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2 Technologies for Conformable Neu-

ral Interfaces

Outline This chapter describes the development of a stretchable interconnects tech-

nology for soft neural interfaces. It is organized in 5 sections:

1. State of the art on technologies for stretchable interconnects in the context of

bioelectronic devices.

2. Micropatterned thin films for engineered stretchability introduces the basic pro-

cess for engineering stretchability in thin films via micropatterning and explores

the limitations of this initial approach.

3. Core-shell micropatterns for improved stretchable interconnects presents a new

micropatterning strategy that addresses the shortcomings identified in the previ-

ous section.

4. Comparative electromechanical study contains a thorough characterization of

the electromechanical performances of both generations of stretchable intercon-

nects.

5. Variation on theme, fabricating a soft and optically transparent neural interface

demonstrates the versatility of the core-shell strategy by applying it to a new stack

of materials in order to produce transparent, stretchable interconnects.

Acknowledgments The results presented in this chapter were made possible thanks

to the work of Nicolas Vachicouras, Laurine Kolly, Florian Fallegger and the staff of

the center for Micro- and Nanotechnology (CMi) at EPFL. NVA developed the original Y-

shaped micropatterns technology. LKO co-developed the ITO process and helped with

the comparative electromechanical study. FFA developed the original FlexComb con-

nector and manufactured the Pt-PDMS composite.
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Scientific contributions The content of this chapter is being integrated into a scientific

article:

• Florent-Valéry Coen, Laurine Kolly, Stéphanie P. Lacour. "Core-shell micropatterns

for kirigami-inspired stretchable interconnects in soft neural interfaces", in prepa-
ration.

2.1 State of the Art

Requirements The fabrication of soft and conformable neural interfaces requires the

development of interconnects able to maintain their electro-mechanical properties un-

der both static and dynamic strain. The conductive tracks should be able to stretch

and bend in order to conform to the topology of the target tissue and to accommodate

bodily motion. The range over which the interconnects should stretch elastically is of

course application dependent, ranging from 0.01-0.03% strain in the brain to 10% in the

spinal cord [20, 13]. Additionally, the device needs be able to sustain a larger, one-time

tensile strain (20-40%), which is likely to take place during implantation due to surgical

manipulations. In terms of electrical properties, the interconnects conductivity has to be

high enough to allow for the use of conventional implantable neurostimulators whose

compliance typically ranges from 10 to 15V. Assuming a current pulse of 3mA, which is

within the range used in deep brain stimulation, this translates into a track resistance

limit of 5kΩ. Finally, the manufacturing process should allow to pattern narrow tracks

(width and pitch <100µm) in order to be able to produce dense and large-scale arrays of

microelectrodes (8 to 256 channels).

Strategies Conventional conductors used in neural interfaces include noble metals

(platinum, gold) and conductive oxides such as Indium Tin Oxide (ITO). When consid-

ered in their simple form, these materials can unfortunately not fulfill the requirements

for stretchable interconnects listed above [50]. Indeed, while metals are ductile (30-40%

elongation at break) and could easily sustain a one-time, large deformation, they start to

deform plastically at strains around 1-5% which means mechanical fatigue will quickly

set in. As for oxide materials, their brittle nature is likely to lead to fractures at strains

beyond a few percents. Moreover, both categories of material are characterized by high

elastic moduli (10-500GPa) which, once integrated, translate into devices with a high

bending stiffness and thus, low conformability. In order to address these issues, new

strategies were developed to manufacture conductors suitable for conformable neural

interfaces. These approaches can be broadly divided into two categories: (1) the inte-

gration of intrinsically stretchablematerials and (2) the integration of conventional, rigid

materials in unconventional ways (stretchability by design) [9, 51, 52].
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2.1.1 Intrinsically stretchable conductors

Definition Intrinsically stretchable conductors refer to a class ofmaterialswhose electro-

mechanical properties originate from the conservation of percolating pathways under

elongation. It is the organization of these materials at the micro- or nano-scale, under

the form of a 2D or 3D network of conductive elements, that enables conduction via a

combination of ballistic transport and tunneling [53].

2D and 3D percolating network Percolating composites are constituted of a polymeric

matrix inwhich conductive structures or particles are embedded. It is the nature of these

elements, as well their concentration inside the matrix, that will determine the electro-

mechanical performance of the conductor. Examples of these materials include com-

posites based on nanostructures, such as graphene [54] and carbon nanotubes [55], as

well as metallic macro- and nanoparticles (fig. 2.1A) [56, 57]. The interconnects fabri-

cated using these materials have been reported to stretch up to 30% [57], 95% [54] or

even 300% [56]. Alternatively, composites using conductive polymers (fig. 2.1B) have

shown promising results, with some PEDOT:PSS blend reaching 200% elongation [58].

With regard to synthesis, conductive composites are most commonly formed by mixing

the filler particles with the uncured polymericmatrix (fig. 2.1D) but alternative processes

have been reported, such as direct ionic implantation of metals inside a polymerized

elastomer [59].

A different approach to percolating networks consists of forming a 2D-like nanomesh at

the surface of a stretchable material. The resulting structure is able to comply with the

deformation of the substrate via in- and out-of-plane deformations. Nanowires (fig. 2.1C)

are classical examples of this strategy but thin films of gold on PDMS (fig. 2.1E) have

beendemonstrated to exhibit a similar behavior [60, 61], sustaining strain of up to 40% [62].

Liquid conductors Pushing the definition of percolating network to its limit, conductive

liquids have also been used in combination with microfluidic channels in order to form

stretchable interconnects [63, 64]. While conductors based on ionic liquids have been

demonstrated, they typically exhibit low conductivity (1-100mS/cm). Alternatively, liquid

metals (fig. 2.1F), such as eutectic gallium-indium, have been shown to combine ex-

treme stretchability (>700%) with high conductivity (50kS/cm) [65, 66]. Often integrated

in wearable systems, these exceptional alloys have been challenging to interface with

conventional electrical circuits due to corrosion.

Advantages and downsides The main advantage of intrinsically stretchable conduc-

tors resides in their ability to sustain very large, isotropic strain. Under displacement,

the network will naturally reorganize, maintaining numerous parallel percolating path-

ways along the elongation axis. As a result, point defects in the material have little to no
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Chapter 2. Technologies for Conformable Neural Interfaces

effect on the conductivity of the material, since they can effectively be "bypassed". The

conductivity of the network will only cease once the local concentration falls below the

percolating threshold due to the physical distance between the filler particles. On the

other hand, the patterning of these materials is often challenging, relying on processes

such as transfer printing, additive printing or screen printing. The resulting interconnects

are therefore often well above 100µm in size, exhibiting significant line-width roughness

(Fig. 2.1D).
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Figure 2 | Electrical and conductive healing efficiency characterization of self-healing composite. a, Cross-sectional SEM images of composite materials

showing decreasing particle separation distance as mNi concentration increases. No aggregation was observed even at a high mNi loading of 31 vol% (75 wt%).

Scale bar, 20mm for all images. b, Volume electrical conductivity as a function of mNi particle concentration from four-point probe measurements. Error bars

represent standard deviation from six samples per volume fraction (Supplementary Table S2). Inset: SEM images of the nanoflower-like surface of the mNi

(top) and the comparatively smooth surface of comparison spherical nickel particles (bottom). The microparticles (as from the manufacturer) have a small

size distribution around a diameter of 2–5mm. Red line represents the best-fit line for conductivity above percolation threshold using percolation theory

(Supplementary Fig. S4). c, Current–voltage curve of a commercial LED using self-healing electrically conductive composite wire moulded into an ‘S’ shape.

Inset: image of circuit taken at 2.5 V (scale bar, 10 mm). d, Time evolution of the electrical healing process using resistance measurements for 15 s healing

time at room temperature. e, Repeated electrical healing for three cuts at the same severed location. f, Demonstration of the healing process for a conductive

composite with an LED in series with a self-healing electrical conductor. 1, undamaged conductor; 2, completely severed conductor (open circuit); 3, electrical

healing (inset shows conductor being self-supporting); 4, healed film being flexed to show its mechanical strength and flexibility after only 5 min at room

temperature (Supplementary Movie S1).
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The 3D printable conducting polymer ink can be readily
incorporated into multi-material 3D printing processes together
with other 3D printable materials. For example, we fabricate a
structure that mimics a high-density multi-electrode array (MEA)
based on multi-material 3D printing of the conducting polymer
ink and an insulating polydimethylsiloxane (PDMS) ink with a
total printing time less than 30 min (Supplementary Fig. 6a, b and
Supplementary Movie 3). The 3D-printed MEA-like structure
shows a complex microscale electrode pattern and a PDMS well
that are comparable to a commercially available MEA fabricated
by multi-step lithographic processes and post-assembly (Supple-
mentary Fig. 6c).

Properties of 3D-printed conducting polymers. The 3D-printed
conducting polymers can achieve electrical conductivity as high
as 155 S cm−1 in the dry state and 28 S cm−1 in the hydrogel
state, comparable to the previously reported high-performance
conducting polymers5,16,33 (Fig. 3a, Supplementary Fig. 7, and
Supplementary Table 2). Notably, a smaller nozzle diameter
yields a higher electrical conductivity for the printed conducting
polymers, potentially due to shear-induced enhancements in the
PEDOT:PSS nanofibril alignment22. Flexibility of the 3D-printed
conducting polymers allows mechanical bending with maximum
strain of 13% in the dry state (65 µm radius of curvature with
17 µm thickness) and 20% in the hydrogel state (200 µm radius of
curvature with 78 µm thickness) without failure (Supplementary
Fig. 8). To investigate the effect of mechanical bending on the
electrical performance, we characterize the electrical conductivity
of the 3D-printed conducting polymers (100-µm nozzle, 1 layer)
on flexible polyimide substrates as a function of the bending
radius as well as the bending cycle (Fig. 3b, c). The 3D-printed
conducting polymers show small changes in the electrical

conductivity (less than 5%) across a wide range of tensile and
compressive bending conditions (radius of curvature, ±1–20 mm)
in both the dry and hydrogel states (Fig. 3b). Furthermore, the
3D-printed conducting polymers can maintain a high electrical
conductivity (over 100 S cm−1 in dry state and over 15 S cm−1 in
hydrogel state) after 10,000 cycles of repeated bending (Fig. 3c).

To further investigate the electrical properties, we perform the
electrochemical impedance spectroscopy (EIS) of the 3D-printed
conducting polymers (100-µm nozzle, 1 layer on Pt) (Fig. 3d).
The EIS data are fitted to the equivalent circuit model shown
in Fig. 3d, where Re represents the electronic resistance, Ri
represents the ionic resistance, Rc represents the total ohmic
resistance of the electrochemical cell assembly, and CPEdl and
CPEg represent the constant phase elements (CPE) corresponding
to the double-layer ionic capacitance and the geometric
capacitance, respectively37,38. The semicircular Nyquist plot
shape suggests the presence of comparable ionic and electronic
conductivity in the 3D-printed conducting polymer hydrogels
(Fig. 3d), which is confirmed by the extracted fitting parameters
of the equivalent circuit model where the ionic and electronic
resistances show comparable magnitudes (Ri= 105.5Ω and Re=
107.1Ω).

The cyclic voltammetry (CV) demonstrates a high charge
storage capability (CSC) of the 3D-printed conducting poly-
mers (100-µm nozzle, 1 layer on Pt) compared to typical
metallic electrode materials such as Pt with remarkable
electrochemical stability (less than 2% reduction in CSC
after 1000 cycles) (Fig. 3e). The CV of the 3D-printed
conducting polymers further shows broad and stable anodic
and cathodic peaks under varying potential scan rates39,
suggesting non-diffusional redox processes and electrochemi-
cal stability of the 3D-printed conducting polymers (Supple-
mentary Fig. 9).
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Fig. 2 3D printing of conducting polymers. a–d SEM images of 3D-printed conducting polymer meshes by 200-µm (a), 100-µm (b), 50-µm (c), and
30-µm (d) nozzles. e Sequential snapshots for 3D printing of a 20-layered meshed structure by the conducting polymer ink. f 3D-printed conducting
polymer mesh after dry-annealing. g 3D-printed conducting polymer mesh in hydrogel state. h Sequential snapshots for 3D printing of overhanging features
over high aspect ratio structures by the conducting polymer ink. i 3D-printed conducting polymer structure with overhanging features in hydrogel state.
Scale bars, 500 µm (a); 200 µm (b–d); 1 mm (a–d, inset panels); 2 mm (e–i).
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electronic circuits for the first time as it is actually done with PCBs.
We also show the compatibility of our soft PCBs with ZIF connectors
to interface soft and hard circuits together.

Results and discussion
Fabrication of soft PCBs using stencil printing and screen printing.
Stencil printing. Large-area Ag-PDMS structures were fabricated
using standard industrial printing techniques: stencil printing and
screen printing (see Methods). Custom-made copper stencils were
used as shadow masks for patterning structures of Ag-PDMS as
shown in Fig. 1a. The adhesion between the PDMS substrate and
the stencil was affected by the roughness of the copper surface.
Stencils with smooth surface (no treatment) adhered strongly to
the substrate and did not move during printing whereas thinner
stencils produced by wet etching from both sides poorly adhered
to the PDMS due to their rougher surface. Hence, thinner stencils
were produced by wet etching one side of the copper stencil while
protecting the other side with tape. 150 mm wide lines with 100 mm
spacing were achieved using 100 mm thick stencils as shown in
Fig. 1b. Such stencils were robust enough to be reused several
times without getting deformed contrary to thinner stencils that
were more fragile. Hexane was used as a cleaner between
consecutive printings. Printing could be repeated several times
using the same stencil without losing quality. Mishandled stencils
tended to buckle and did not lay perfectly flat during printing which
led to defects and unwanted short circuits between lines. Figure 1c
shows the cross sections of lines printed using Ag-PDMS with
different viscosity. High resolution patterns could not be achieved
using Ag-PDMS with filler content below 22vol% since the material
was flowing after the stencil was removed due to its lower viscosity.
Prolonged use of Ag-paste during repeated printings accelerated the
cross linking and aging of the composite thus increasing excessively

the viscosity of the paste and introducing short circuits between
lines. However, Ag-PDMS pastes could be stored at 224uC over a
year without dramatic loss of performance. Figure 1f shows typical
short circuits between lines resulting from bad printing. Such defects
could be manually removed before the composite was cured or after
curing by cutting away the undesired parts, as it is done with
standard PCBs, and filling the cavities with uncured PDMS.
Closed lines could not be printed using this method because there
was no frame to hold the stencil together.

Screen printing. This was not anymore a problem when using screen
printing since the screens are composed of a mesh on which a thick
resin is applied. The screen was fixed on a frame and its vertical
position could be adjusted with screws. The distance between the
screen and the PDMS was set to 4 mm to prevent the resin to stick to
the PDMS during printing. Hence a metallic mesh was preferred to a
plastic mesh because of its superior rigidity to avoid buckling after
such a large deformation. Large patterns could successfully be
printed on 80 wafers covered with PDMS as shown in Fig. 1d. Line
widths of 70 mm and spacing of 50 mm were achieved as shown in
Fig. 1e. Lines were 40 mm thick, which corresponds to the thickness
of the resin on the screen. Smaller features could not be fully trans-
ferred and looked like dashed lines. Cleaning the mesh before each
printing was necessary to remove residues clogging the mesh aper-
tures. Figure 1g shows large soft PCBs produced using screen print-
ing. The PCBs were soft enough to conform to various surfaces.

Patterning conductive PDMS on elastomeric substrates have been
investigated in quite a few ways by microcontact printing20, trench
filling21 or photocrosslinking conductive PDMS22. High resolution
patterns of highly viscous pastes can be achieved using trench filling
or photopatternable conductive PDMS but are challenging using
microcontact printing. stencil printing and screen printing are
commonly used in the electronics manufacturing process to print

Figure 1 | Fabrication of soft PCBs using stencil printing and screen printing. (a) Picture showing the stencil printing of Ag-PDMS composites.

(b) SEM picture of the stencil printed lines with highest achieved resolution. (c) Microscopic images showing the cross sections of stencil printed Ag-

PDMS with 25vol% (top) and 13vol% (bottom). (d) Picture showing the setup for screen printing on 80 wafers. (e) Microscopic image of finest screen

printed lines (black) and spacing (white). (f) Microscopic image showing typical defects like short circuits or delamination of the PDMS layer from the

glass substrate. (g) Picture of very long screen printed tracks. Scale bars are 0.1 mm in (c), 1 mm in (b), (e) and 10 mm in (g).
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Chapter 2. Technology for stretchable electronics

can accommodate isotropic stretchability. However, these strategies usually rely on exotic

materials, which have limited data demonstrating biocompatibility for long-term implantation

into the body. Moreover, some of these techniques rely on stochastic physical and chemical

processes that are not always perfectly understood and/or are difficult to model, and thus

their electro-mechanical properties are not always easily controlled.

2µm
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Figure 2.1 – Review of intrinsically stretchable conductors. (A) Colorized SEM image of a
gold nanomesh on PDMS [97]. (B) SEM image of platinum microparticules embedded in a
matrix of PDMS [57]. (C) SEM image of a silver nanowire film transferred on a PDMS substrate
[101]. (D) AFM image of a PEDOT:PSS film incorporated with an ionic additive [26]. (E) SEM
image of a micro-cracked gold film thermally evaporated on PDMS [105].(F) Liquid-solid
biphasic AuGa2 film deposited on PDMS [112].

2.1.2 Stretchability by design

Definition The other category of stretchable conductors involves the use of conventional

materials patterned into unconventional geometries [114]. These strategies mostly rely on

structures than can deform in 3D space with out-of-plane deformation to relieve local strain,

as well as the use of pre-strained structures.

Pre-strain Methods relying on pre-strained substrates usually consist in the transfer of con-

ductor films (such as metals or semi-conductors) onto a pre-stretched elastomeric substrate

which form wrinkles once relaxed (Fig. 2.2A). These conductive films can then be stretched

through out-of-plane wrinkling and can thus accommodate some strain during elongation.

Peak strains in such designed materials can then be much smaller than the intrinsic failure

limits of the material. Typically Si nanomembranes can be pre-stretched up to 37% before

fracture (i.e. 20 times larger than their fracture strain) [115].

Metal interconnects can typically be directly thermally evaporated onto pre-strained PDMS
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Figure 2.1: Examples of intrinsically stretchable conductors. A SEM image of nickel

microparticles distributed in a supramolecular polymeric network. The resulting com-

posite demonstrates self-healing properties upon tearing. Adapted from [57]. B SEM

image of conducting polymer ink based on PEDOT:PSS. The mesh was constructed via

3D printing on PETE, allowing high throughput manufacturing [67]. C Stretchable inter-

connects composed of a percolating network of TiO2 nanowires on PDMS. Following

the patterning of the tracks via transfer printing, the electrode site is electroplated with

a platinum layer. Adapted from [68]. D Parallel lines of Ag-PDMS composite screen-

printed through a copper stencil mask [56]. E SEM image of a micro-cracked gold film

formed via direct thermal evaporation on PDMS [62]. F SEM image of a biphasic AuGa2

film deposited on PDMS [69].

2.1.2 Stretchability by design

Definition Engineered stretchability refers to an approach in which conventional, stiff

materials are rendered stretchable through their patterning into specific geometries.

These structures are designed to prevent the concentration of local strain, enabling the

conductors to elongatewell beyond the ultimate tensile strength of the bulkmaterial [70].

This effect is obtained in one of two ways: (1) by fabricating the tracks on top of a pre-

strained substrate or (2) by patterning the interconnects in such a way that they can
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deform out-of-plane.

Wavy surfaces The fundamental idea behind this category of interconnects consists

of depositing the conductive layer on top of a pre-strained substrate such that it forms

wrinkles once the assembly is relaxed. As a result, the conductive film is able to sustain

elongation through the unfolding of its wavy surface. This strategy has been success-

fully employed to create Si nanomembranes which can be stretched up to 37%, well

beyond the intrinsic properties of the bulk material (fig 2.2A). With regard to metals,

the formation of wavy layers (fig 2.2B) has been demonstrated via direct thermal evap-

oration on pre-strained elastomeric substrate [71, 72]. Alternatively, metallic films on

plastic foil can be laminated on pre-stretched PDMS membranes to achieve the same

effect. Such structures have shown the ability to survive large tensile strains (>275%)

as well as prolonged cyclic stretching (>1000 cycles at 50% strain) [73].

Serpentine interconnects The most common design strategy to obtain a stretchable

interconnects consists of patterning the tracks into tortuousmeanders insteadof straight

lines (fig 2.2C). As a result of their shape, these structures are able to unfold in a spring-

like fashion upon tensile loading. Basic serpentine interconnects have been reported to

accommodate strains up to 50%beforemechanical failure [74], whilemore advanced de-

signs, such as the horse-shoe pattern shown in figure 2.2D, have been able to push that

limit to 100% elongation [75, 76, 77]. Increasingly sophisticated geometries have been

developed, often taking the form of fractal patterns (fig. 2.2E), with some FEA analysis

predicting a maximum elongation of 1200% for a three order fractal design [78].

Kirigami interconnects Named after the Japanese art of cutting paper, kirigami inter-

connects (fig. 2.2F) rely on presence of periodic cuts in the conductive film in order to

deform in- and out-of-plane [79, 80]. It is the shape, orientation and density of the pat-

terns etched inside the film that will define the final electro-mechanical properties of the

structure, with some strategy reaching a maximum elongation of 370% [81].

Advantages and downsides Engineered stretchability is a particularly relevant con-

cept in the context of implantable devices because the designs principles are indepen-

dent of the materials themselves, allowing the integration of biocompatible or even

medical grade compounds into soft neural interfaces. Furthermore, since these ge-

ometries are deterministic, their electromechanical performances can more easily be

predicted, controlled and optimized in order to reach a trade-off suitable for each ap-

plication. While these strategies do not allow to reach the level of strain sustained by

intrinsically stretchable material, they do fulfill the requirements for use in the nervous

system (see subsection 2.1). One notable drawback to engineered stretchability is that

most geometries have one, or sometimes two, preferential directions in terms of defor-
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mation. As a results of their anisotropic stretchability, they are unable to conform per-

fectly to non-developable surfaces such as the brain [78]. Furthermore, meander-based

approaches also require the electrical layout to be designed in such a way that they can

accommodate the serpentine patterns which are often in the same range of dimensions

as the interconnects themselves. This effectively places additional constraints in terms

of miniaturization of the stretchable tracks. This limitation is the driving force behind

the development of some advanced kirigami designs [82], such as the one being used

in this work.

Figure 6. Tensile strain test ofhorseshoe metal
interconnects. (a) Before elongation, (b) After 25%
elongation highlighting thefailures in the crest and

trough

Because the copper conductor is completely
embedded into the stretchable matrix, 2D plane stress or
plane strain models cannot be used. Those models assume
a unique material in the thickness direction. For solving
this problem 3D FEM has to be used. However, 3D
models require high number of memory and
computational time. The same 3D effect can be obtained
by using composite shell elements. Those elements are
composed of layers of different materials with various
layer thicknesses. Furthermore, the material in each layer
may be linear or not linear. Therefore, gold or copper can
be modelled as a perfect plastic material.

In order to validate the accuracy of the 2D composite
elements, a horseshoe meander was modelled by using 3D
brick elements and 2D composite shell elements. Results
of this comparison are depicted in Figure 7. The
continuous line shows the strains calculated with the 3D
model and the points represent the plastic strain
calculated in the copper meander by using composite 2D
elements. As the difference between 2D and 3D elements
is negligible and calculation time was divided by 10 it is
advisable to use 2D composite shell elements to model
these structures.
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Figure 7. Comparison ofthe equivalentplastic strain
induced in the copper conductor asfunction ofthe
applied deformation

"freedom" to move inside the substrate, reducing in this
way the Poisson's effect and in consequence, the
accumulated plastic strain (compressive stresses are
reduced).

To quantify the maximum strain in the conductor as a
function of the stiffness of the substrate, the meander
design presented in Figure 5 was modeled with different
Young's modulus of the substrate. In this case, the
thickness of copper and substrate were kept constant with
values of 17 ptm and 100 ptm respectively.

Results of this study are presented in Figure 8. For this
configuration, when the Young's Modulus of the
substrate is about 120 MPa, the plastic strain in the copper
is practically the same as the total strain applied to the
substrate. This means, that increasing the stiffness of the
substrate will decrease the maximum allowable
stretchability of the structure without electrical failure.
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Figure 8. Equivalentplastic strain induced in the copper
asfunction ofthe Young's Modulus ofthe substrate

5. Parameters used in the horseshoe design
The horseshoe pattern is created by joining a series of

circular arcs as shown in Figure 9, where R is the inner
radius, W is the width of the copper trace and theta (0) is
the angle, measured clockwise, where the two arc of
circles intersect. When 0=00, we have a semicircle design,
if 0>00, we obtain the horseshoe design.

0=00

0=450

Figure 9. Configuration ofthe horseshoe design

The deformation of the patterned metal conductor is,
in a certain manner, controlled by the deformation of the
stretchable substrate. If the conductor is embedded in a
stiff substrate, the deformation of the conductor will be
the same as the one of the substrate. On the other hand, if
a very soft substrate is used, the conductor has some

If we neglect the possible delamination and buckling
problems, it is possible to define a scale factor as the ratio
R/W. This means that the stress and strain induced in the
metal are constant if the ratio R/W is kept constant,
independently of the amplitude of the horseshoe design. A
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Figure 2.2: Examples of stretchability by design. A SEM image of wavy, single-crystal

Si ribbons following release of the pre-strained PDMS substrate [83]. B Optical micro-

graph of a wavy gold surface formed via direct thermal evaporation of the metal on a

PDMS substrate. Adapted from [71]. C Optical micrograph of a gold serpentine inter-

connect. The meanders were patterned via evaporation through a photoresist shadow

mask. Scale bar 100µm. [74] D The horseshoe patterns are created by joining a series of

circular arcs at varying intersection angles θ. The case of θ=0 corresponds to the basic

serpentine design shown in C. Adapted from [75] E SEM image of a third-order fractal

design based on the horseshowmotif [84]. Scale bar 500µm. F Example of amicroscale

kirigami pattern etched periodically into a GO-PVA nanocomposite layer [81].

2.2 Micropatterned Thin Films for Engineered Stretchability

2.2.1 Introduction

The basis of the technology discussed in this thesis was presented by Vachicouras et al

in 2019. The proposed neural interface is represented schematically in figure 2.3A and

is composed of three key elements: (1) a series of stretchable electrical interconnects,

(2) a thin and elastic silicone encapsulation and (3) a grid of electrodes coated with a
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platinum-silicone composite.
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Figure 2.3: Original concept for a micropattern-based soft neural interface. Adapted

from [85]. A Schematic representation of the kirigami-based neural interface. The

stretchable interconnects are composed of a micropatterned stack of polyimide/plat-

inum/polyimide (bottom inset) and encapsulated between two layers of silicone. The

electrodes are coated with a Pt-PDMS composite to decrease their impedance (top in-

set). B The pattern is built using an hexagonal structure, enabling isotropic deformation.

The period is fixed by design parameter L. C The Y-shaped motif is the atomic cut re-

peated inside the pattern. It can be described using three parameters only: the branch

length a, the circle radius r and the critical dimension CD. D Finite element analysis was

used to simulate themechanical and electrical behavior of varying Y-shaped geometries.

The parameter spacewas defined such that the critical dimension CD is kept above 5µm,

to maintain the ability to create the pattern via standard photolithographic techniques.

E The selected Y-shaped motif is shown here, corresponding to design parameters a =

16µm and r = 5.5µm. The computed local strain at 20% elongation is projected onto the

structure in order to highlight the location of the strain concentration. F The simulated

behavior is shown here for the same 20% elongation value, highlighting the out-of-plane

deflection mechanism responsible for the stretchability of the structure.
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Interconnects The stretchable interconnects are based on the kirigami approach dis-

cussed in subsection 2.1.2. The fundamental idea consists of creating reversibly stretch-

able structures by performing periodic cuts into normally inelastic films. This strategy

effectively enables the resulting patterned layers to stretch reversibly through a combi-

nation of in- and out-of-plane deformations. In Vachicouras et al 2019, this principle is

leveraged to manufacture stretchable interconnects consisting of a multilayer stack of

polyimide, platinum and polyimide (1/0.1/1µm). The polyimide (PI) layers serve as elec-

trical insulators, while the platinum (Pt) acts are the electrical conductor. The pattern

itself is the key factor determining the trade-off between the electrical and mechani-

cal performances of the interconnects. In this case, the Y-shaped motif was inspired

by the microcracks observable in the gold track created using the e-Dura process [24].

The pattern is defined by 3 parameters, shown in figure 2.3B-C: the period L, the branch

length a and the circle radius r. These parameters were optimized using a combination

of macroscale characterization and finite element analysis (fig. 2.3D). The final motif,

used throughout the entirety of this work, is shown at rest in figure 2.3E and under ten-

sile strain in figure 2.3F.

Encapsulation The top and bottom silicone layers serve not only as a second layer of

electrical insulation but more importantly as a mechanical support allowing the device

to maintain its shape and to be more easily manipulated. The device outline as well as

the openings for the connector and electrode sites are cut via femtolaser machining.

Electrode coating The electrode sites are coated with a soft platinum-silicone com-

posite previously developed by Minev et al. in 2015. The coating is applied via screen-

printing, through a polyethylene terephthalate (PET) shadow mask. The role of conduc-

tive composite is to improve the electrical properties of the device and to provide a soft

interface with the tissue.

The work of Vachicouras et al is selected as the technological starting point for this

thesis. In this first subsection, the original process flow for manufacturing mouse audi-

tory brainstem implants (ABIs) is described. The resulting devices are then character-

ized (subsection 2.2.3.2) and a set of technological limitations are identified (subsec-

tion 2.2.4). Theses limitations will be addressed in the revised version of the process

flow, detailed in section 2.3.

2.2.2 Methods

2.2.2.1 Process flow gen 1

The first version of the process flow can be divided into 6 phases: (1) mask design, (2)

multilayer stack deposition, (3) interconnects patterning, (4) top silicone encapsulation,
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(5) bottom silicone encapsulation and (6) electrode coating and connector assembly.

Design - Figure 2.4 The design procedure begins with the definition of the electrical

layout in a computer-assisted drawing software (AutoCAD, Autodesk). At this stage, the

devices are designed completely independently of the Y-shaped patterns, which greatly

simplifies the process. Next, the design is transferred in another software (Klayout)

where it is inverted and overlaid on top of the Y-shaped motifs. The layer containing the

patterns is built using two arrays of Y-shapes, shifted by 26 and 15.011 microns in the

horizontal and vertical direction respectively (fig. 2.4 step 3). With this approach, themo-

tif is conveniently instanced only once by the software, which significantly reduces the

size of the file. It is the superposition of the layer containing the electrical layout and the

one containing the Y-shapes that forms the micropatterned interconnects. The union of

the two layers (boolean OR) is performed when the design file is converted into the pro-

prietary format (.LIC) of the lithography system. This operation is computationally quite

expensive and the procedure can take up to several hours. Afterwards, the design can be

written onto a 5-inch chromium (Cr) mask via direct laser writing (VPG200, Heidelberg

Instruments). The Cr plate is then developed and etched in an automatic mask proces-

sor (HMR900, Hamatech). The resulting mask can be used for numerous UV exposures

on 4-inch wafers.

.lic

1. Design layout 2. Invert layout 3. Build patterns layer

4. Overlay

5. OR operation
+ conversion

Figure 2.4: Phase 1 of the process flow - design.

Multilayer stack deposition - Figure 2.5 First, a layer of titanium (Ti 25nm) and a layer

of aluminum (Al 100nm) are deposited on a 4-inch silicon (Si) wafer via electron beam

evaporation (EVA760, Alliance Concept) at a rate of 5Å/s. Next, the wafer surface is

dehydrated in a convection oven at 150°C for 15min (UM100, Memmert) and cleaned via

oxygen (O2) plasma at 600W, 0.8mbar, 400sccmO2 for 1min (GiGAbatch, Tepla). Imme-

diately after, a 25nm layer of silicon dioxide (SiO2) and a 5nm layer Ti are sputtered (SPI-

DER600, Pfeiffer) at rate of 11.9nm/min and 120nm/min respectively. Following dehydra-

tion on a hotplate (135°C, 3min) and O2 plasma activation (600W, 0.8mbar, 400sccm,
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1min), the surface of the wafer is covered with a 0.1% solution of 3-aminopropyl tri-

ethoxysilane (APTES) in isopropanol (VM652, HD MicroSystems) for 30 seconds be-

fore being spin-dried. After another dehydration step on a hotplate (110°C, 3min), a 1-

micron thick layer of polyimide (PI2611, HD MicroSystems) is spin-coated at 5000rpm

(LSM200, Sawatec). The curing of the polyimide (PI) is performed in the following se-

quence: first, a soft bake on a hotplate at 70°C for 3min, then a second soft bake on

another hotplate at 110°C for 3min and finally a hard bake at 200°C under nitrogen (N2)

atmosphere in a convection oven (Heraeus T6060). The APTES silanization ensures

good adhesion between the metallic and organic layers by forming silanols groups with

the TiO2 and amide bonds with the PI. After another round of dehydration at 150°C for

15min (UM100, Memmert) and plasma activation (600W, 0.8mbar, 400sccm O2, 1min),

the titanium, platinum, titanium layers (Ti/Pt/Ti 25/100/25nm) are deposited via sput-

tering (SPIDER600, Pfeiffer). All metals are deposited with the DC source power set to

1000W which corresponds to a rate of 120nm/min for the Ti and 230nm/min for the Pt.

The APTES silanization steps are then performed again and a second layer of PI (1µm)

is spin-coated at 5000rpm (LSM200, Sawatec). Next, the wafer surface is dehydrated

(hotplate 110°C 3min) and plasma activated (600W, 0.8mbar, 400sccm O2, 1min) one

last time. Immediately after, a layer of Ti and a layer SiO2 (5/25nm) are deposited via

sputtering (SPIDER600, Pfeiffer) with identical parameters to the first two layers. This

effectively concludes the build up of the multilayer stack.

3

1

4

65

2
Ti/Al deposition
Evaporation 25/100nm

SiO2/Ti deposition
Sputtering 25/5nm

Ti/SiO2 deposition
Sputtering 5/25nm

Ti/Pt/Ti deposition
Sputtering 25/100/25nm

Polyimide coating
Spin-coating 1µm

Polyimide coating
Spin-coating 1µm

Si Ti Al SiO2 PI Pt PR

Figure 2.5: Phase 2 of the process flow - multilayer stack deposition.

Interconnects patterning - Figure 2.6 First, the SiO2 layer is primed using hexamethyl-

disilazane (HMDS) in order to improve the adhesion of the subsequent photoresist (PR)

film. Next, a PR layer of 5µm (AZ ECI 3027, MicroChemicals) is spin-coated at 1000rpm
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(Series 88, RiteTrack) and baked on a hotplate at 115°C for 3min 25s. The exposure is

performed on a mask aligner (MA6gen3, Süss) using a chromium mask previously pat-

terned via direct-write laser lithography (VPG200, Heidelberg Instruments). Themask is

designed such that the interconnects and Y-shaped motifs are defined at once, in a sin-

gle lithographic step. The illumination dose is set to 430mJ/cm2 (i-line) and the mask

is placed in hard contact with the wafer. Following a post-exposure bake at 110°C for

2min, the PR is developed on the RiteTrack Series 88 using a TMAH-based solution (MF

CD 26, Shipley Microposit) for 83s. The SiO2/Ti and PI layers are then dry etched using

a CHF3/He and O2 chemistry respectively (Advanced Plasma System, SPTS). The Ti/P-

t/Ti metal stack is subsequently removed via ion beam etching (Nexus IBE350, Veeco).

During this step, the wafer is tilted by a -10°angle with respect to the incoming argon

(Ar) ions flux. Afterwards, the bottom PI and Ti/SiO2 layers are etched using the same

chemistry as before. The remaining PR is stripped using a 70°C solvent bath (Microp-

osit Remover 1165, Dow Chemicals) combined with sonication. Next, the wafer is de-

hydrated and a 3-micron thick layer of PR is deposited (2800rpm, soft bake at 115°C

for 3min). The openings for the contacts and electrode sites are then defined using

a second chromimum mask on the Süss MA6gen3 (260mJ/cm2, hard contact). The

development is performed identically as before, expect for the fact that the total con-

tact time with the developer is reduced to 59s. Three etching steps are then performed

sequentially: a CHF3/He etch to remove the top Sio2/Ti, an O2 etch to remove the PI

and finally, an Ar ion etch to clear the 25-nanometer thick layer of Ti (-10°tilt). This last

step is performed to provide direct access to the Pt layer, as the Ti film could cause an

increase in electrode impedance once it oxidizes. Finally, the left-over PR is stripped

using the same method as described before, effectively concluding the fabrication of

the micropatterned interconnects.

1 2
Interconnects patterning
RIE & IBE

Contacts patterning
RIE & IBE

PR coating & patterning
ECI3027 5µm

PR coating & patterning
ECI3027 3µm

3 4

Si Ti Al SiO2 PI Pt PR

Figure 2.6: Phase 3 of the process flow - interconnects patterning.

Top silicone encapsulation - Figure 2.7 The fabrication of the silicone encapsulation

starts with themanufacturing of a carrier for the top polydimethysiloxane (PDMS)mem-

brane. The process begins by adding the silicone monomer (Sylgard 184 part A, Dow
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Corning) to the cross-linker (Sylgard 184 part B, Dow Corning) following a 10-to-1 weight

ratio between the two. The blend is mixed together and degassed (ARE-250, Thinky)

before being spin-coated (EL S 200, Obducat) on a 4-inch silicon wafer at 3200rpm. Fol-

lowing a 10min reflow period on a flat surface, the PDMS layer is cured in a convection

oven () at 75°C for 2h. Next, the manufacturing of the top encapsulation itself can begin.

A first polyethylene terephthalate (PET) sheet of 23µm (DuPont Mylar 23A, Lohmann

Technologies) is manually laminated onto the carrier wafer and cut to shape with a ra-

zor blade before being wiped with isopropanol (IPA). A new batch of PDMS is prepared

following the same process as before and a 75-micron thick layer is spin-coated directly

onto the PET. Just as before, the fresh PDMS layer is cured at 75°C for 2h after a 10-

minute reflow. Afterwards, a second 23-micron thick PET sheet is laminated and cut

to shape with a razor blade. The PET/PDMS/PET stack is then peeled off the carrier

(Si/PDMS), which can now be reused for the creation of additional encapsulation stacks.

Next, femtolasermachining (WS-TURRET 200, Optec) is used to cut the openings for the

contacts and electrode sites in the newly fabricated encapsulation stack. In order to be

bonded on top of the wafer containing the micropatterned interconnects, the PET/PDM-

S/PET stack is first mounted onto an acrylic disk using a thick PDMS slab as a weak

adhesive between the two. The top PET sheet is then carefully peeled off, revealing the

PDMS layer underneath. Both the interconnects wafer and the mounted encapsulation

stack are then placed in a plasma oven (PCCE Nano, Diener) where an O2 treatment is

performed (100W, 0.2mbar, 30s) in order to activate the SiO2 and PDMS layers respec-

tively. The Si wafer and the acrylic disk are then mounted onto a custom alignment tool

consisting of a vacuum holder attached to a z-axis micromanipulator atop of a x-y-θ

stage. Using the pair of overhanging CCD cameras, the PET/PDMS encapsulation can

be aligned with the structures present on the interconnects wafer before being lowered

and pressed against it. Next, the stack is unloaded from the aligner, allowing for the

acrylic disk and PDMS slab to be removed. the top PET film is kept in place, as it will

later be used as a screen-printing mask. To complete the bonding process of the top

PDMS membrane, the assembled stack is placed under a weight of 2kg and kept in an

oven at 75°C for 12h.

Bottom silicone encapsulation - Figure 2.8 Following the top bonding sequence, the

wafer surface is divided intomultiple parts by laser-cutting (WS-TURRET 200, Optec) the

PET/PDMS layer. This step is performed to facilitate the assembly of the bottom PDMS

membrane. Next, the individual pieces of the PET/PDMS/PI/Pt/PI stack are released

from the carrier Si wafer via anodic dissolution of the Al layer. To do so, the wafer is

placed in a sodium chloride solution (NaCl in H20, 15g/L) alongside a Pt counter elec-

trode and a potential of 1.5V is applied between the two for about 8h. The released

samples are washed in deionized water and dried at room temperature. Next, the manu-

facturing of the bottom PDMS membrane can begin. Following an oxygen plasma treat-

ment (200W, 0.2mbar, 5min), a 4-inch silicon wafer is covered with a sacrificial layer of
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Figure 2.7: Phase 4 of the process flow - top silicone encapsulation.
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Poly(sodium 4-styrenesulfonate) (PSS, Sigma Aldrich) by spin-coating the solution at

3200rpm. A 50-micron layer of PDMS (Sylgard 184, Dow Corning, 10:1 ratio) is then spin-

coated on top and cured in an oven at 75°C for 2h. Next, a second PDMS layer of 20µm

is spin-coated on top of the first one but this time the curing process is interrupted as

soon as the gel point is reached (approximatively after 15min at 75°C). Immediately af-

ter, the wafer and the pieces of the PET/PDMS/PI/Pt/PI stack then placed in a plasma

oven (, Diener) where an O2 treatment is performed (100W, 0.2mbar, 30s) in order to

activate the SiO2 and PDMS. The bottom bonding sequence is performed manually by

carefully laying down the individual stack parts on the PDMS, with the PET side facing

up. Finally, the curing of the PDMS is completed by placing the wafer back in an oven at

75°C for 2h.

PDMS coating
50µm fully cured +
20µm at gel point

Bonding & curingO2 plasma activation

1

3

2

4

Release
Al layer dissolution

Si Ti Al SiO2 PI Pt PR

PDMS PET Au FFC RTVPt-PDMS

Figure 2.8: Phase 5 of the process flow - bottom silicone encapsulation.

Electrodes coating and connector assembly - Figure 2.9 The process begins with the

preparation of the Pt-PDMS composite for the coating of the electrode sites. First, a

fresh batch of PDMS (Sylgard 184, Dow Corning) is prepared, following a 2-to-1 weight

ratio between themonomer and the cross-linker. Next, an organic solvent (Cyclohexane,

Sigma Aldrich) is added in order to obtain a 2:1 cyclohexane:PDMS blend. 742uL of the

obtained solution are then pipetted in a glass Petri dish and mixed with 500mg of Pt

particules (diameter 0.27-0.47µm, Strem Chemicals) using a spatula. Once the mixture

is homogenous, the cyclohexane is evaporated under vacuum, resulting in a conductive

composite with a PDMS-to-Pt ratio of 30%wt and a working time of 2 to 3 hours. Next,

the surface of the wafer prepared previously is activated via an O2 plasma treatment

(20W, 0.2mbar, 30s). Immediately after, the Pt-PDMS composite is screen-printed onto

the electrode sites, using the top PET film as a stencil mask. For the contact pads, a

conductive silver paste (H27D Part A, Epotek) is used in lieu of the Pt-PDMS composite.

Once this is done, the PET layer is carefully peeled off, exposing the top PDMS encap-

sulation. The connectors are then placed manually with a pair of precision tweezers

or with a custom pick-and-place platform, depending on the selected parts. A layer of
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silicone (RTV 734, Dow Corning) is applied on top and around the connectors to secure

them in place. Afterwards, the whole assembly is left to rest overnight at room tem-

perature before a last curing step in a convection oven (55°C, 3h). Finally, the outline

of the individual devices is defined by laser-cutting (WS-TURRET 200, Optec) the PDMS

encapsulation and the structures are released from the carrier wafer by dissolving the

sacrificial PSS layer in a bath of deionized water.

Electrode screen-printing
Pt-PDMS composite

Connector placement
Pick & place machine

Connector securing
RTV silicone

Release
PSS layer dissolution

Outline patterning
Laser machining

Contact screen-printing
Ag conductive paste
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6

Surface activation
O2 plasma

PDMS PET AuAg paste Polyamide RTVPt-PDMS

Figure 2.9: Phase 6 of the process flow - electrodes coating and connector assembly

2.2.2.2 Electromechanical characterization

Impedance spectroscopy In-vitro electrochemical impedance spectroscopy (EIS) is

performedusing a potentiostat (Reference 600, Gamry Instruments or AutolabPGSTAT128N,

Metrohm) in a 3-electrode configuration. The Ag/AgCl reference electrode, platinum

counter electrode and implant under test (working electrode) are immersed in PBS (1x)

and the impedance spectrum is measured between 0.1Hz and 1MHz (or 500kHz, in the

case of the Autolab) using an input signal amplitude of 100mV (root-mean-square).

Chronopotentiometry Voltage transients (VTs) are measured in PBS (1x) upon the ap-

plication of symmetric, biphasic, cathodic-first, current pulses between the electrode

under test and a platinum counter electrode. The pulses amplitude is set to 100µA and
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their duration to 600µs (300µs/phase), with an inter-pulse period of 10ms. The result-

ing VTs are collected via an oscilloscope (MDO3014, Tektronix) connected across the

two poles of the current pulse generator (ISP2100, A-M Systems). For each device, the

access voltage, i.e. the purely resistive drop occurring at the onset of a current pusle, is

estimated by averaging the voltage values over the first µs of each phase.

2.2.3 Results

2.2.3.1 Microfabrication

A processed wafer is shown in figure 2.10A, prior to the bonding of the top PDMS encap-

sulation. SEM images reveal that the Y-shaped motifs were etched through the entire

multilayer stack and that the top PI layer was properly removed from the contacts and

electrodes area (Fig. 2.10B-E). The dimensions of the patterns are found to be within a

±400nm range of the target features. Two phenomena are likely responsible for these

differences: (1) imperfect transfer of the pattern during photolithography, either on the

Cr mask itself or on the wafer and (2) non-fully vertical etching of the polyimide layers.

A tilted viewof a contact pad reveals the absenceof aluminiumat this location (Fig. 2.10D-

E). The removal of the sacrificial layer is a byproduct of the etching of the top Ti layer

at the very end of the contacts opening sequence. Indeed, during the IBE process both

metals are exposed and etched, albeit at a much faster rate for the aluminium. As a

result, the Al layer is completely removed except underneath the meanders. While the

undesirable etching of the aluminium doesn’t prevent the proper release of the structure,

it does generate vertical redeposition along the periphery of the contacts.

A similar type of redeposition can be observed on the transectional view in figure 2.10F.

The fence, a byproduct of the removal of the Ti/Pt/Ti via IBE, runs all along the sides

of the micropatterns. Figure 2.10F also reveals the stepped profile of the multilayer

stack: the top PI film is found to be receded by somewhere between 400 and 500nm

compared to the bottom layer. Nevertheless, the remaining surface area is sufficiently

large to allow for the proper bonding of the top PDMS encapsulation.

2.2.3.2 Neural interfaces gen 1

Using the process described in section 2.2.2.1, two models of auditory brainstem im-

plants (ABIs) were manufactured, one designed for use in mice (track length 12.5mm,

electrode diameter 150µm) and the other in non-human primates (track length 40mm,

electrode diameter 100µm).
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Figure 2.10: Microfabrication results following the completion of phase 3. A Picture of a

wafer featuring four devices for electromechanical and hermeticity characterization as

well as 3 electrode paddles at the front. B SEM image of a micropatterned interconnect.

C Close-up view of the Y-shape motif etched into the multilayer stack. D Tilted view

(30°) of a contact pad. E Close-up view of the transition between covered and exposed

platinum. The right side of the image has been colorized to show SiO2 in purple, PI in

orange, platinum in green, Si in red and Al in blue. Note the absence of Al at the bottom

and the presence of fence, fallen over the SiO2. FTransectional viewof amicropatterned

interconnect.
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Mouse ABIs The mouse ABIs (Fig. 2.11A) were devised to investigate the differences,

and potential interactions, between electrical andoptical simulation of the auditory brain-

stem in genetically modified animals. The implants feature 2 electrodes of 150µin diam-

eter, addressable individually via a surface mount pin header (Molex), and an optical

window through which light can be shined using an optic fiber connected to an external

laser source (Fig. 2.11C). The third and fourth pins of the header were left unconnected

and kept solely to provide additional mechanical stability during the placement of the

connector. Figure 2.11B illustrates how precisely the PDMS outline can be defined via

femto-laser machining, with a track-to-edge distance of only 200µm. The impedance

spectrum (Fig. 2.11D) shows that the ABI behaves the closest to a purely resistive sys-

tem at a frequency of 10kHz (phase -2.97°± 1.23°). The impedance at this frequency is

similar to the one seen by the generator when injecting current pulses. Indeed, impos-

ing a sudden change in current (e.g. from 0 to 100µA) corresponds to the application of

a very high frequency voltage, a situation in which the double layer capacitance at the

interface is effectively short-circuited. As a result, the impedance at maximum phase

(closest to 0°) provides the most adequate value to assess the current injection capa-

bilities of the ABI. Here, the average impedance at 10kHz is found to be 6.5 ± 1.4 kΩ, a

value which indeed corresponds closely to the access voltage of -6.07 ± 1.15 V and 5.86

± 1.15 V measured upon the injection of a current pulse of -1mA and +1mA respectively.

NHP ABIs The NHP ABIs (Fig. 2.11F) were designed to investigate the potential ben-

efits of a compliant neural interface when attempting to restore auditory percepts via

brainstem stimulation. A flexible flat cable (FFC) allows to address each one of the 11

electrodes (Fig. 2.11G, diameter 100µm) constituting the paddle. The transition between

the FFC and themicropatterned interconnects is realized using a surfacemounted, zero

insertion force (ZIF) connector. The ZIF connector is isolated using a layer of RTV sili-

cone applied manually with a syringe. As shown in Fig. 2.11I, poor execution of this step

can lead to the presence of voids inside the seal, which are likely to lead to early device

failure. The EIS reveals the maximum phase impedance to be located at a frequency of

30kHz (phase -9.64°± 2.48°) with a value of 23.23 ± 11.49 kΩ. The larger standard de-

viation compared to mouse ABI is likely driven by the longer interconnects (12.5mm vs

40mm) which are more prone to fabrication defects and mechanical damages during

handling. The voltage transientsmeasurements yield an access voltage of -4.66 ± 1.72V

and 4.05 ± 1.24 V for a biphasic current pulse of ±200µA. Again, these values are within

range of to the ones predicted by EIS (23kΩ × 200µA = 4.6V), a demonstration that the

maximum phase impedance does allow to assess accurately the performance of the

electrodes when stimulating.
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Figure 2.11: First generation of soft neural interfaces. A Picture of a 2-channel mouse

ABI connected to a surfacemounted pin header. BMicroscope picture of the 100-micron-

wide interconnect running alongside the laser-cut edge of the device. C Microscope

picture of the two coated electrodes next to the optical window. The diagonal stripe

across the window serves as a visual identifier for the top and bottom side of the im-

plant. D Impedance modulus (top) and phase (bottom) typical of the mouse ABI elec-

trodes (n=22 devices, 2 electrodes each). The shaded area corresponds to the standard

deviation. E Voltage transients of the mouse ABI upon biphasic current stimulation in

PBS at 1mA (n=22 devices, 2 electrodes each). The shaded area corresponds to the stan-

dard deviation. F Picture of a 11-channel primate ABI connected to a flexible flat cable

via a zero-insertion force (ZIF) connector. G Microscope picture of an electrode coating

with the Pt-PDMS composite. H Microscope picture of four 80-micron-wide intercon-

nects running parallel to each other. IMicroscope picture of the connector revealing the

presence of voids inside the RTV overmolding. J Impedance modulus (top) and phase

(bottom) typical of the primate ABI electrodes (n=1 device, 11 electrodes each). The

shaded area corresponds to the standard deviation. K Voltage transients of the primate

ABI upon biphasic current stimulation in PBS at 200µA (n=1 device, 11 electrodes). The

shaded area corresponds to the standard deviation.
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2.2.4 Summary and Discussion

Summary In this section, the ability to fabricate stretchable, conductive tracks via

microscale patterning was demonstrated. These interconnects are composed of a 2-

micron thick, multilayer stack of SiO2/PI/Ti/Pt/Ti/PI/SiO2, through which a Y-shaped

motif is periodically etched. The resulting electrical layout is encapsulated between

two PDMS membranes by means of plasma bonding in order to form a device that can

be manipulated by hand. The screen-printing of a Pt-PDMS composite and a conduc-

tive silver paste allows for the creation of soft electrodes and contact pads respectively.

The fabrication of a complete device is achieved with the addition of a surface-mounted

connector on top of the latter. Two designs were introduced:

1. A small-scale ABI devised to stimulate the auditory brainstem of genetically mod-

ified mouse. The implant featured two electrodes of 150µm in diameter, address-

able individually via a surface mount pin header (Molex). EIS in PBS showed an

impedance value of 6.5kΩ at 10kHz. The devices were able to deliver 1mA current

pulses with 6V.

2. A large-scale ABI devised to stimulate the auditory brainstem of non-human pri-

mate. The implant featured 11 electrodes of 150µm in diameter whose impedance

in PBS at 30kHz was found to be 23kΩ. The VTs curves showed a drop of about

4V when injecting current pulses of 200µA.

The fabrication and characterization of the devices listed above highlighted a set of

shortcomings that needed to be addressed before the technology could be deployed

chronically in large animal models. More specifically, key technological improvements

needed to be made with regard to the encapsulation, the connection scheme and the

patterning strategy.

Polyimide encapsulation The main concern with the first generation of devices is the

lack of complete encapsulation of the interconnects. Indeed, due to the fact that the PI

and metal layers are etched using a single mask, the Pt and Ti films are left uncovered

along the sides of the patterned structures (Fig. 2.10F). While the exposed area should

theoretically be limited to the thickness of the metal layers (150nm total), SEM imaging

reveals a significantly larger proportion of bare metal. Two undesirable metal surfaces

can be identified: a vertical one, formed by redeposition of Ti/Pt/Ti on the PI sidewalls

and a horizontal one, caused by the narrowing of the top PI film (Fig. 2.12A in red and

green respectively). These surfaces both originate from the removal of the metal layers

via ion-beam etching.

Because IBE is a purely physical process, the Ti and Pt species do not recombine into

a gaz to be evacuated away from the wafer surface and have thus a strong tendency
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to redeposit on the sides of the nearby structures (Fig. 2.12B). This effect is further

exacerbated in high aspect-ratio patterns, such as the ones being considered here, be-

cause they present more surface area on which the metal atoms can reattach. The

redeposited materials eventually aggregate into the continuous vertical structures ob-

served in figure 2.12A andoften referred to as fences. A commonstrategy tomitigate the

fencing effect is to tilt the wafer during the etching process. By doing so, the sidewalls

are exposed to the incoming Ar ions and part of the materials that is being redeposited

there can be removed (Fig. 2.12C step 1-2). A drawback of this technique however is

the tapering of the layers above the one being etched. It is this change in profile that

is responsible narrowing of the top PI film. Indeed, during the removal of the second PI

layer, the angled profile is also etched by the oxygen plasma, leading to the exposure of

the metal underneath (Fig. 2.12C step 3).

32µmPt Redeposited Pt

PIPI Pt PR

2

1

3

2

1A B C

Pt etch - results

IBE - w/o tilt IBE - w/ tilt

PI etch - results PI etch - results

Pt etch result

Figure 2.12: IBE fence formation. A SEM image of the micropatterned stack. The IBE

process creates two bare metal surfaces, highlighted in red and green. B Illustration

of fencing effect during IBE without tilt. C Schematic drawing of the stepped profile

formation following IBE with tilt.

Without the PI layer, the PDMS encapsulation is the only barrier shielding these exposed

metal surfaces from their environment. This raises concerns in terms of hermeticity, as

elastomers have shown a significantly larger ions diffusivity compared to stiff polymer

such as PI [86]. The primary adverse effect of ions diffusion arises when the reactive

species reach the metal layers. There, the ions will begin to corrode the titanium and

platinum [87, 36], leading to the progressive delamination of the encapsulation layers

and, ultimately, device failure [34, 35]. With the absence of a polyimide barrier over a

large part of themetal film, this diffusion-related failure mechanism is bound to develop

at an accelerated rate.
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Connection scheme The first generation of micropattern devices featured exclusively

off-the-shelf connectors. Two categories of surface-mounted devices (SMD) were rou-

tinely used: (1) right angle pin header and (2) zero insertion force (ZIF) connector. Pin

headers are the most convenient connector to interface with however they are have a

very large footprint and their significant height above board make them primed to be-

ing ripped off, causing the destruction of the implant. This makes them unsuitable for

applications requiring a large number of channels or for chronic deployment in highly

dextrous animal model, such as non-human primate. While ZIF connectors are signifi-

cantly more compact in comparison, with contact pitch of 0.5mm and a height above

board of only 2mm, they still create a stiff region at the interface of which mechani-

cal stresses will concentrate. Furthermore, they must be combined with a flexible flat

cable (FFC), which presents two challenges. Firstly, commercial FFC are single layer,

resulting in a wide and stiff cable that can quickly interfere with the proper placement

and securing of the implant. Secondly the FFC requires to be sealed inside the ZIF con-

nector in order to avoid biological liquid from entering and shorting the interconnects.

Since in this case the silicone sealant is simply applied on top of the connector using a

seringue, the encapsulation is bound to be imperfect, containing many voids. Air pock-

ets are always a concern in implantable devices as they offer favorable ground for water

to condensate. The presence of liquid water will itself accelerate ions diffusion through

osmosis, precipitating the corrosion process and, eventually, the failure of the device.

Another drawback with the connection scheme is the use of silver conductive paste.

This compound was implemented because it allows to form both highly conductive and

mechanically compliant electrical contacts, which prevents stresses building up at the

interfacewith the connector to cause device failure. In the process flowpresented in sec-

tion 2.2.2.1, the conductive paste is screen-printed over the entire contact area, which

means it is mostly only encapsulated by the 75-micron thick PDMS membrane on the

bottom side. As discussed previously, ionic body fluid will inevitably diffuse through the

silicone layer and begin the corrosion process of the silver particles, eventually leading

to failure of the contacts (Fig. 2.13).

1mm

Figure 2.13: Micrograph of catastrophic failure caused by silver particles corrosion fol-

lowing accelerated ageing at 67° C for 24 months.
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Patterning strategy In the first iteration of the process flow, the entire materials stack

(SiO2/PI/Ti/Pt/Ti/PI/SiO2) is etched at once, using a single photoresist (PR)mask. While

this approach avoids the need for inter-layer alignment, it also requires extremely accu-

rate timing of each of 5 consecutive etching processes. Although some of these risks

can be mitigated by using a thicker mask, the height of PR cannot be increased arbitrar-

ily. Indeed, the thickness of the resist also needs to be chosen in order to: (1) prevent

fences buildup during the IBE process and (2) keep the aspect ratio of the PR mask be-

low 1:1. Concretely, if the PR layer is too thick, the IBE fencing effect will worsen and the

accuracy of the lithography will decrease. On the other hand, if the PR layer is too thin,

the top SiO2/PI will be attacked during the second O2/CHF3 etching sequence, making

it impossible to bond the top silicone membrane. While the appropriate PR thickness

can be found via trials and errors, this single mask approach leaves very little leeway for

adding newmaterials to the stack. Furthermore, the extensive processing undergone by

the PR mask make it extremely hard to strip. In fact, the complete removal of the resin

requires a sonication procedure so extensive that it can sometimes lead to delamination

or even shattering of the Si carrier.

50µm50µm 500µm10µm

A CB

Figure 2.14: Technical challenges related to the patterning strategy. A Excessive etching

during the first CHF3/O2 sequence lead to increased recessing of the top SiO2/PI and

to catastrophic fence buildup during the subsequent IBE step. B SEM image of a wafer

surface following 80min in a heated solvent bath, 40 ofwhichwere spentwith sonication

at maximum power. Despite it all, patches of PR are still visible. C Track delamination

following prolonged sonication.

Outlook The first generation of kirigami-inspired neural interfaces highlighted several

challenges that needs to be addressed in a revised version of the fabrication process:

1. The encapsulation of the interconnects needs to be improved such that the metal

layers are completely enclosed inside both the polyimide and the silicone.

2. The patterning strategy needs to be revisited in order not only to avoid the IBE

fencing effect but also to provide more leeway in terms of the materials that can

be integrated in the stack. This new approach should also seek to facilitate the

stripping of the photoresist masks.
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3. The connection scheme has to be overhauled. The use of large-size, stiff con-

nectors and conductive silver paste has to be abandoned in favor of a low-profile,

mechanically compliant connector.

4. The mask fabrication process should be optimized in order to avoid long compu-

tation time when the design file is converted by the lithography system.

2.3 Core-shell Micropatterns for Improved Stretchable Intercon-

nects

2.3.1 Introduction

Themethod tomanufacturemicropattern-based neural interfaces presented in section 2.2

suffered from several key limitations that prevented not only its scaling to chronic ex-

periments in large animal models but also the potential transition to new materials. In

order to address these shortcomings, a new patterning strategy needed to be devel-

oped. The fundamental idea consists of etching the conductive and dielectric layers in

two separate steps. The key innovation is that the Ti/Pt/Ti films are patterned with a

slightly scaled up version of the Y-shaped motif used for the PI. This effectively allows

the conductive and dielectric layers to perfectly interlock inside each other, providing

full encapsulation of the Ti/Pt/Ti. The improved kirigami motifs are dubbed core-shell

micropatterns, as way to convey the fact that, with this new approach, the conductive

core is fully contained inside an insulating sheath.

Patterned core

Combined patterns

Patterned shell

A B

Figure 2.15: Illustration of the core-shell micropatterning strategy. A The core layer is

patterned using a slightly scaled up version of the Y-shapedmotif, resulting in a narrower

meandering track that fits inside the shell layer. B The conductive core is sandwiched

inside the insulating shell, such that it is completely encapsulated.
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In order to implement this idea, a series of changes needed to bemade in the fabrication

process - it is themain subject of themethods subsection 2.3.2. The resulting structures

are shown and discussed in part 2.3.3 in which the two generations of interconnects are

then compared in terms ofmechanical fatigue, ultimate tensile strength and hermeticity.

With regard to functional devices, the new core-shell strategy was used to fabricate a

large assortment of neural interfaces targeted at both neural stimulation (ABI, spinal

cord implant) and recording (ECoG). This particular section will focus on the updated

versions of themouse andNHPABIs, presented here as amean of comparison between

the two generations of implants. The remaining limitations of the core-shell process are

discussed in the final part of this section.

2.3.2 Methods

2.3.2.1 Process flow gen 2

Design - Figure 2.16 The process begins with the definition of the electrical layout in

a computer-assisted drawing software (AutoCAD, Autodesk). Next, the outline is trans-

ferred in another software (KLayout) and converted to the Graphic Design System II file

format (.GDS) in order to enable instantiation of the different design elements. There,

the electrical layout is inverted and overlaid on top of an array of Y-shapes. In the sec-

ond iteration of the process flow, the basemotif forming the patterned layer is redefined

such that a single array is needed instead of two. Furthermore, the pattern is built such

that it contains two nested Y-shapes, one for the patterning of the core layers and one

for the patterning of the shell layers. The offset between the two motifs is set to 1µm,

which defines the alignment accuracy required between the core and shell layers in or-

der to achieve full encapsulation. The union of the core-shell patterns and the inverted

outline (boolean OR) is performed in KLayout, resulting in a separate file for each of the

two layers. Performing this operation destroys the software-defined instances which

significantly increases the file size (from 10MB to >1GB). Nevertheless, this trade-off is

beneficial as the conversion time on the lithography system (X-convert) is shorten to 30

minutes instead of 3 hours. Finally, the design can be written onto a 5-inch Cr mask via

direct laser writing (VPG200, Heidelberg Instruments). The mask is then developed and

etched in an automatic mask processor (HMR900, Hamatech).

Core layers patterning - Figure 2.17 The fabrication process begins with the sputter-

ing (SPIDER600, Pfeiffer) of a tungsten-titanium alloy film (TiW, 50nm) followed by alu-

minium (Al, 100nm) on a 4-inch siliconwafer. The increased conductivity of the TiW alloy

compared to bare Ti will result in a faster anodic dissolution of the Al sacrificial layer at

the end of the process. Next, thewafer surface is dehydrated at 150°C for 15min (UM100,

Memmert) and cleaned from organic contaminants with an oxygen plasma treatment

(GiGAbatch, Tepla at 600W, 0.8mbar, 400sccm, 2min). Soon after, a 25nm layer of SiO2
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Figure 2.16: Phase 1 of the process flow - design.

and a 5nm layer of Ti are deposited via sputtering. Following another dehydration step

in a convection oven and O2 plasma activation (600W, 0.8mbar, 400sccm, 1min), the

wafer surface is covered for 30 seconds with a 0.1% solution of APTES in isopropanol

(VM652, HD MicroSystems) before being spin-dried. The wafer is heated on a hotplate

once more (135°, 3min) before being coated with the first layer of PI (1µm PI2611, HD

MicroSystems). The curing of the PI is performed in 3 stages: (1) soft bake at 70°C for

3min, (2) soft bake at 110°C for 3min and (3) a hard bake at 200°C under nitrogen at-

mosphere in a convection oven (Heraeus T6060). Next, the wafer surface is dehydrated

(150°C, 15min) and plasma activated (200W, 0.5mbar, 200sccmO2, 30s) after which the

Ti/Pt/Ti layers (25/100/25nm) are deposited via sputtering. The patterning of the metal

films can then begin with the spin-coating of a 0.7-micron layer of PR (AZ 10XT-07, Mi-

croChemicals). The resist is baked at 110°C for 90s before being exposed using a mask

aligner (MA6gen3, Süss). The illumination dose is set to 170mJ/cm2 and the Cr mask,

previously patterned via direct-write lithography, is placed in hard contact with the wafer.

The wafer is then processed in a modular cluster tool (ACS 200, Süss) where the PR is

hard baked (110°C, 90s) and developed for 87s using a KOH-based solution (AZ 400K,

MicroChemicals). Next, a reflow of the PR is performed by placing the wafer on hotplate

at 120°C for 2min. This treatment is intended to round off the patterns profile in order

to mitigate the redeposition of material on the PR sidewalls during the subsequent re-

moval of the Ti/Pt/Ti films via IBE (Nexus IBE350, Veeco). During the etching procedure,

the wafer is tilted by a -10°so as to further reduce the buildup of metallic fences. The

remaining PR is stripped using a combination of O2 plasma (200W, 0.5mbar, 200sccm

O2, 30s) and solvent baths (Microposit Remover 1165, Dow Chemicals) at 70°C.

Shell layers patterning - Figure 2.18 Following the complete removal of the PR, the

wafer surface is dehydrated (150°C, 15min) andplasmaactivated (200W, 0.5mbar, 200sccm

O2, 30s) before going through another round of silanization (VM652, HDMicroSystems).

Next, the wafer is placed on a hotplate for 3min at 135°C before being coated with the

second layer of PI (1µm PI2611, HDMicroSystems). The curing of the PI is performed as
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Figure 2.17: Phase 2 of the process flow - core layers patterning.

described above for the first layer. Following another dehydration step (150°C, 15min)

and oxygen plasma (200W, 0.5mbar, 200sccm O2, 30s), the Ti/SiO2 films (5/25nm) are

deposited via sputtering (SPIDER600, Pfeiffer). The patterning of the shell layers begins

with the coating of a 4-micron-thick layer of PR (AZ ECI3027, MicroChemicals). Proper

adhesion between the SiO2 and the resist is ensured with an HMDS treatment prior to

spin-coating. The PR is exposed using a mask aligner (MA6gen3, Süss, 560mJ/cm2,

hard contact). This alignment procedure is critical to the success of the process: a

misalignment of less than 1µm is required to ensure the proper encapsulation of the

core layers. The exposed PR layer is developed in an automatic cluster tool (MF CD

26, Shipley Microposit, 137s). Next, the SiO2/Ti/PI/Ti/SiO2 layers are dry etched using

a sequence of CHF3/He, O2, CHF3/He chemistries (Advanced Plasma System, SPTS).

Upon completion of the etching procedure, the remaining PR is stripped using a com-

bination of O2 plasma (200W, 0.5mbar, 200sccm O2, 30s) and sonication in a solvent

bath (Microposit Remover 1165, Dow Chemicals) at 70°C. The opening of the electrodes

and contacts pads is then performed in a third lithographic step. First, the wafer is

dehydrated (125°C, 3min) and coated with a 4-micron-thick layer of PR (AZ ECI3027, Mi-

croChemicals). Next, the PR is exposed and developed using the same procedure as

before, albeit with a slightly higher exposure dose (600mJ/cm2). Once the electrodes

and contacts are exposed, the top SiO2/Ti and PI layers can be etched using the same

chemistries as before. In order to prevent surface oxydation of the exposed core layers,
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the top Ti of the Ti/Pt/Ti stack is also removed at this stage via IBE (-10°tilt). Finally, the

PR mask is stripped following the sequence of O2 plasma (200W, 0.5mbar, 200sccm

O2, 30s) and solvent baths (Microposit Remover 1165, Dow Chemicals) at 70°C.
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Figure 2.18: Phase 3 of the process flow - shell layers patterning.

Top and bottom silicone encapsulations The top and bottom silicone encapsulations

are fabricated with the same method presented in section 2.2.2.1 and illustrated in fig-

ures 2.7 and 2.8. Briefly, a PET/PDMS/PET stack (23/75/23µm) is prepared and pat-

terned with the openings for the electrodes and contacts via femto-laser machining.

The stack is laminated on an acrylic carrier coated with PDMS and, following the re-

moval of the top PET film, plasma bonded onto the interconnects wafer. Next, the re-

sulting PET/PDMS/PI/Pt/PI stack is laser-cut into multiple parts and released from the

Si carrier wafer via anodic dissolution of the sacrificial Al layer. In the meantime, a new

wafer is coated with a layer of PSS and 75µm of PDMS. The curing of the PDMS layer is

interrupted as soon as the gel point is reached (approximatively 20min at 75°C). From

there, each piece of the PET/PDMS/PI/Pt/PI stack is plasma activated and carefully laid

down on the still-uncured PDMS surface. There, the capillary forces will pull the pieces

into the fresh layer of silicone, ensuring proper bonding of the two halves. Finally, the

curing of the PDMS is completed by placing the wafer back in an oven at 75°C.

Electrodes coating and connector assembly - Figure 2.19 The coating procedure be-

gins with the preparation of the Pt-PDMS composite, which is done following the same

method presented in section 2.2.2.1. Next, the surface of the wafer is activated via oxy-

gen plasma. Immediately after, the Pt-PDMS composite is screen-printed over both the

electrode and contact sites using the top PET film as a shadow mask. Following the
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removal of the PET, the connector, in the form of a flexible PCB, is placed on top of

the contact using a custom pick-and-place platform. The FFC is custom designed in

Autodesk Eagle and manufactured by a third-party. Finer details of the design, which

exceed standardmanufacturing capabilities, are realized afterwards via femto-laserma-

chining. Following proper placement, the connector is secured using RTV silicone (RTV

734, Dow Corning). The whole assembly is left to rest overnight at room temperature

before the final curing step in convection oven (55°C, 3h). The outline of the individual

devices is then defined by laser-cutting through both the top and bottom silicone encap-

sulation. The resulting structures are released from the carrier wafer by dissolving the

sacrificial PSS layer in a bath of deionized water.
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Pt-PDMS composite

FFC placement
Pick & place machine

FFC securing
RTV silicone

Outline patterning
Laser machining

Si Ti Al SiO2 PI Pt PR

PDMS PET Au FFC RTVPt-PDMS

Release
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Figure 2.19: Phase 5 of the process flow - electrodes coating and connector assembly.

2.3.2.2 Electromechanical characterization

Impedance spectroscopy See methods in section 2.2.2.2.

Chronopotentiometry See methods in section 2.2.2.2.
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2.3.3 Results

2.3.3.1 Microfabrication

Figure 2.20 shows the proper transfer of the Y-shaped motifs to both the core and shell

layers. The patterns are found to be within ±150nm of the target dimensions, a 65%

improvement compared to first generation of devices. Detailed viewof the encapsulated

section of the track (Fig. 2.20B,C) reveals that the top SiO2 is slightly narrower than

the PI. This difference originates from the lateral shrinkage of the PR mask during the

oxygen etching step. Consequently, a portion of the top SiO2 is exposed during the

second CHF3/He etch, leading to its removal as observed in figure 2.20C.

Imaging of the exposed electrode sites (Fig. 2.20D) demonstrates that the alignment

of the core and shell layers was successful, resulting in the complete encapsulation of

the metal films. Close-up view of the uncovered metal (Fig. 2.20E) reveals the presence

of a very thin wall of polyimide along the periphery of the pattern. While the precise

mechanism for this "skin" to survive the O2 etching has yet to be understood, the fact

that is also present along the periphery of the encapsulated section of the interconnects

(Fig. 2.20F-G) would suggest a chemical modification of the PI surface by the CHF3/He

gases used during the removal of the bottom SiO2 layers. Interestingly enough, this skin

does survive the anodic dissolution release process and eventually ends up falling over

to the side during the bottom bonding procedure (Fig. 2.21B-C).

EDXanalysis of the contact opening reveals the absenceofAl at this location (Fig. 2.20G).

Similarly to the first generation of devices, the exposed portion of the Al layer are etched

during the removal of the top Ti layer from the electrode and contact sites (Fig. 2.18 step

6). While the release of the devices is still possible, the IBE process does lead to the for-

mation of fences which stay trapped inside the silicone encapsulation.

2.3.3.2 Neural interfaces gen 2

Using the process flow described in section 2.3.2.1, a large assortment of neural inter-

faces were developed and tested including ECoGs, ABI and spinal cord implants. These

deviceswere deployed across a variety of animalmodels (mouse, rat, NHP), demonstrat-

ing the adaptability and scaling potential of the technology. This section will focus on

two of them, the mouse ABI and the NHP ABI, presented here as a mean of comparison

with the first generation of devices.

Mouse ABI The second generation of mouse ABIs were devised as an investigative

tool of the mouse auditory pathway in chronic settings. Compared to the first iteration,

the implants feature an additional channel for a total of 3 electrodes (diameter 150µm).

In terms of connector, this particular design maintained the use of a surface mounted
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Figure 2.20: Microfabrication results following the completion of phase 3. A SEM image

of a 300-micron-wide electrode patterned using the core-shell strategy. B SEM image

of a fully encapsulated portion of the interconnects. C Detailed view of the shell layer

show a slight recess of the top SiO2 layer with regard to the PI. D SEM image of an

exposed section of the interconnects, demonstrating the precise alignment between

the core and shell layers. E Close-up view of an the core layer. The arrows point at

the free-standing PI wall left along the periphery of the pattern after the opening of the

contacts. F SEM image of the transition area between the encapsulated and exposed

portion of the interconnect. The PI skin, indicated by the arrows, is visible along the side

of the entire area. G Tilted view (30°) of the transition border offering a clear view of the

free-standing PI skin (arrows). The right side of the image has been colorized to show

SiO2 in purple, PI in orange, Pt in green, Si in red and Al in blue.
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Figure 2.21: Microfabrication results following the completion of phase 5. AMicroscope

picture of an electrode after the bonding of the bottom silicone encapsulation. The con-

ductive core layer is visible through the opening in the top PET/PDMS stack. B SEM

image (tilt 30°) of an electrode opening following the removal of the top PET film. C De-

tailed view of the transition area reveals how the patterned interconnects are "floating"

at the surface of the bottom PDMS. The PI skin, indicated by the arrows, has fallen over

to the side during the bottom bonding procedure.

pin header albeit one with a smaller footprint in order to facilitate their fixation on the

animal’s head. The overall design is significantly denser due to both the increased track

width (+80µm) and the reduced inter-track pitch (-260µm). The EIS data shows that the

maximumphase value (-10.13°± 6.7°) is reached at 100kHz, corresponding to an average

impedance of 8.8 ± 2.9 kΩ.

NHP ABI The second generation of NHP ABIs were aimed at restoring auditory per-

cepts via brainstem stimulation in chronic settings. The main benefit of this updated

design come from the new connector scheme. Thanks to the direct integration of the

FFC on the implant, the thickness of the implant at the level of contact pads is signifi-

cantly reduced, from 5mm to 1mm. Furthermore, the custom nature of the FFC brings

two improvements: (1) a 14-milimeter reduction of the cable width and (2) a reduction

of the contact pitch, from 0.5mm to 0.35mm, which translates into a narrower contact

fan-out. All these changes contribute to significantly improve the handling of the im-

plant which is less prone to wobbling or to flipping over (see chapter 4). In terms of

impedance, the EIS spectrum shows that the maximum phase (-4.25°± 0.5°) is reached

at 1kHZ, corresponding to an average impedance of 20.6 ± 3.43 kΩ. Theses values fall in

line with the magnitude of the VTs, for which the access voltages are found to be -1.96

± 0.35 V and 1.28 ± 0.39 V for the negative and positive pulse respectively.
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Figure 2.22: Second generation of soft neural interfaces. APicture of a 3-channelmouse

ABI connected to a surface mounted pin header. B Micrograph of the three electrodes

coated with the soft Pt-PDMS composite. C Impedance modulus (top) and phase (bot-

tom) typical of the mouse ABI electrodes (n=8 devices, 3 electrodes each). The shaded

area corresponds to the standard deviation. DVoltage transients of themouse ABI upon

biphasic current stimulation in PBS at 100µA (n=8 devices, 3 electrodes each). The

shaded area corresponds to the standard deviation. E Picture of a 11-channel primate

ABI connected to a custom-designed flexible flat cable. F Micrograph of the electrode

grid. G Microscope picture of the transition area between the stretchable interconnects

and the flexible flat cable used to interface with the device. H Impedance modulus (top)

and phase (bottom) typical of the primate ABI electrodes (n=3 devices, 11 electrodes

each). The shaded area corresponds to the standard deviation. I Voltage transients of

the primate ABI upon biphasic current stimulation in PBS at 100µA (n=3 devices, 11 elec-

trodes). The shaded area corresponds to the standard deviation.
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2.3.4 Summary and Discussion

Summary In this section, an updated method for the manufacturing of micropatterns-

based neural interfaces was introduced. The second generation of devices relies on

a new core-shell strategy in which the conductive layers (Ti/Pt/Ti) are completely en-

closed inside the dielectric sheath (PI). To achieve this effect, the core is patterned with

a scaled up version of the shell motif, which allows the two layers to perfectly interlock.

The resulting interconnects are integrated between two siliconemembrane and the elec-

trodes sites are coated with Pt-PDMS composite. The implant can be interfaced with

using a custom-designed flexible flat cable (FFC). The main changes to the manufactur-

ing process are summarized below:

• Themask fabrication process is optimized to significantly reduce the time required

to convert the design file prior to exposure, from 3 hours to 30min.

• The patterning of the conductive and dielectric layers is performed in two separate

steps, allowing for the realization of a fully encapsulated interconnect.

• The photoresist used for themetal patterning step is changed fromECI 3007 to AZ

10XT-07 which allows for a post-development profile reflow and thus a reduction

of the fencing effect.

• The design of the base motif is offset in order to compensate for the cumulated

losses in critical dimensions caused by litography and etching procedures.

• The contact pads are now coated with the same Pt-PDMS composite as the elec-

trodes, avoiding the potential issues of early silver corrosion noticed in the first

generation of devices.

• The use of bulky surface mounted connector is abandoned in favor of a custom-

designed FFC, integrated directly on the device.

The resulting interconnectswere successfully integrated in implantable devices targeted

at both neural stimulation (ABI, spinal cord implant) and recording (ECoG). Attesting of

the scalability of the kirigami process, these devices feature anywhere from 6 to 32 elec-

trodes, across a scale range from 44 mm2 to 170 mm2.

Core-shell patterning Beyond the technical difficulty of aligning core-shell layers with

an accuracy lower than a micron, the main fabrication challenge of the core-shell pro-

cess resides in the proper transfer of the Y-shapedmotif via photolithography. The initial

attempt relied on the same family of photoresist to pattern both the core and shell lay-

ers: the ECI3000 series. Unfortunately, the sharp profile of this resist caused significant

sidewall redeposition during metal etching, leading to the fencing effect typical of IBE
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(Fig. 2.23A-B). The concernswith the resulting interconnectswere two-fold: (1) the fence

could potentially change the electro-mechanical behavior of the sample at the macro-

scopic level and (2) parts of the fence could break during PR stripping and redeposit on

the wafer surface, potentially shorting the tracks (Fig. 2.23C).

20µm

20µm10µm

200nm 1µm

1µm

A B C

D E F

Figure 2.23: Optimization of metal layer micropatterning. A Tilted view (30°) of a Ti/P-

t/Ti patterned using ECI3007. B Close-up reveals the presence of a large fence along

the periphery of the patterns. The distance between the two red lines is 650nm. C SEM

imaging performed half-way through the PR stripping process illustrates the significant

risk of shorts caused by the redepositing on the wafer surface. D Initial attempt to use

the AZ-10XT succeeded in creating a slanted PR profile but the resulting patterns were

significantly below the target dimensions (marker = 1.41µm instead of 2.1µm). E At-

tempts to offset the losses by varying the mask exposure dose resulted in significant

reduction in pattern uniformity. F The final solution consists of introducing an offset in

the Y-shaped motif at the level of the design itself. The optimization of the offset value

results in a pattern with the correct dimensions (marker = 2.103µm).

One solution to mitigate the fencing effect consists in smoothing out the profile of the

photoresist with a post-development reflow. Doing so required to transition to a new

photoresist, the AZ 10XT-07. The challenge lies in the fact that this resist does not allow

for an accurate transfer of critical dimensions from the mask to the wafer, as illustrated

in figure 2.23D. Losses in accuracy can be compensated to varying degrees across the

different stages of the patterning process:

1. Etching of the metal layer. Here, the losses originate mainly from the tilt of the

wafer during the IBE process which results in a lateral attack of the areas cov-

ered by the photoresist. Unfortunately, the orientation of the substrate cannot be

changed since it helps mitigating the fencing effect.
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2. Exposure and development of the AZ 10XT-07. The potential gains are very limited

here, as this family of photoresist is not very sensitive to changes in exposure

dose.

3. Wet etching of the mask chromium layer. Since this operation is performed in a

fully automated tool, there is no opportunity to intervene at this level.

4. Exposure and development of the mask PR layer. Changes at this stage have the

greatest potential in terms of offsetting the transfer losses. Since the develop-

ment step is performed in the same automated machine as the wet etching of the

chromium layer, the only remaining option here is to optimize the exposure of the

mask.

The first attempt of correcting the transfer losses relied on lowering the dose used in the

direct write lithography of themask’s photoresist layer. A 8% decrease resulted in a final

motif within 200 of the target dimension. However, this change also induced a signifi-

cant reduction in pattern uniformity, with a noticeable variation in the width ofmeanders

(Fig. 2.23E). The final solution consists in introducing an offset in the Y-shaped motif

at the level of the design itself. The offset value was chosen in order to compensate

not only for the losses linked to the lithographic process but also for those linked to the

etching of the film. This optimization procedurewas repeated for both the core and shell

layers, resulting in a pattern that is within ±150nm of the target dimensions, depending

on the location on the wafer (Fig. 2.23F). The remaining variations originate from the

small non-uniformities which take place in the mask fabrication procedure: instabilities

in the light source, imprecisions in the shutter/guiding system, small changes in devel-

oper and etchant contact times. These parameters will gradually become the limiting

factor as a lithography process approaches its resolution limits (here 1µm). This is es-

pecially true of an academic cleanroom where the variety of users processes prevents

extreme optimization, thus placing an upper limit on the achievable accuracy. These re-

sults showcase clearly the technological challenge at the core of the kirigami approach:

delivering an accurate and uniform transfer of microscale motifs over large surface ar-

eas.

Encapsulation Themainmotivation for the development of the core-shell processwas

the need to completely enclose the metals layers inside the polyimide, thus preventing

a direct ions pathway through the silicone. As shown in figure 2.3.3.1, the revised ap-

proach was successful in encapsulating the platinum core completely. In that regard,

one of the benefit of the core-shell process is that thematerial stack could be potentially

modified to incorporate one or more highly hermetic layers. One promising candidate

is silicon carbide (SiC), due to its exceptional moisture barrier properties and its ability

to bind with polyimide via the creation of strong carbide bonds. This latter point will

become increasingly important: as the encapsulation technology improves, failure will
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become more likely to take place at the interfaces between its constitutive layers.

Going back to the current material stack, close inspection of a completed device reveals

the absence of silicone between the meanders of the micropatterns. As shown in Fig-

ure 2.24, the PDMS does not appear to fill these spaces.

A B

100µm

Electrode

Track

30µm

Figure 2.24: Limitations of the silicone encapsulation strategy. A Micrograph reveals

the presence of empty spaces between themeanders of the encapsulated tracks. Arrow

points at the border of the air gap. B SEM imaging of a device transection confirms that

the PDMS membranes no not bond through the micropatterned tracks.

The presence of voids inside the encapsulation has shown to be a significant factor in

the onset of the failure cascade [29, 88]. Indeed, as water molecules diffuse through the

silicone, they will eventually reach these empty spaces and condensate. The potential

consequences are three-fold:

1. As the volume of condensed water increases over time, pressure will build up at

the interface between the top and bottom silicone membranes, eventually culmi-

nating in the delamination of the two layers.

2. Driven by osmosis, the diffusion of ions through the PDMS will accelerate, trig-

gering the early onset of the corrosion cascade once the species reach the metal

layers.

3. The presence of water under its liquid form will enable additional chemical reac-

tion, such as the hydrolysis of SiO2. From there, delamination can happen either

because of the destruction of the passivation layer itself or because of the build-up

of reaction byproducts.

A potential solution to achieve truly complete encapsulation consists in fabricating the

interconnects "upside-down" such that the contact and electrode openings are facing

down, against the carrier wafer. In this configuration, the top silicone encapsulation can

be spin-coated directly on top of the tracks, ensuring thePDMSfills the gaps between the
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meanders (Fig. 2.25B). The key steps of the upside-down process are illustrated in fig-

ure 2.25A. In order to validate the feasibility of the approach, a prototype was fabricated.

The slanted opening of the bottom SiO2/PI and subsequent patterning of the core/shell

layers were successful, resulting in bottom-facing contacts (Fig. 2.25C). Following the

spin-coating of a 75-micron-thick layer of PDMS, the structure was released via anodic

dissolution of the Al layer. Unfortunately, the procedure was unsuccessful as a thin layer

remained attached across the entire bottom surface of the stack (Fig. 2.25D). EDX anal-

ysis did not allow to determine the nature of the skin and consequently the reason for

the failure has yet to be fully understood. In conclusion, while the upside-down process

does appear to be a promising option to achieve full encapsulation, it will require further

technological developments.
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Figure 2.25: Proposed solution for a gap-less silicone encapsulation. A Summary of

the proposed "upside-down" process. The creation of bottom-facing contacts allows

the spin-coating of the first PDMS layer directly on top of the interconnects. B The spin-

coating of fresh PDMS on top of the micropatterns does succeed in filling the gaps

between the meanders. C SEM image of wafer processed using the upside-down ap-

proach. Although the core and shell layers are misaligned, the metal film can clearly be

seen transition from the middle of the stack to the bottom at the level of the contact

opening (dashed lines). D While the stack failed to release properly, the quality of the

silicone overmolding can still be appreciated in the SEM picture of a torn interconnect.

Connection scheme The connection schemehasbeen a long standing, andoften under-

appreciated, challenge in the field of microfabricated neural interfaces [47]. The revised

manufacturing process introduces a new interface paradigm in the form of a flexible flat

cable (FFC) integrated directly on the implant. This connector, dubbed internally Flex-
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Comb, consists of a custom-designed flexible printed circuit board (fPCB) with a series

of "free-standing", gold-plated pads on one end (Fig. 2.26B). During assembly, each of

these so-called fingers is aligned on top of the corresponding contact pad on the im-

plant and the whole connector is lowered at once. Since the openings in the silicone are

filled with Pt-PDMS composite, they form a sort of conductive well in which the individ-

ual finger will plunge upon placement of the FlexComb. This effectively establishes an

electrical path between the fPCB and the the stretchable interconnects which can now

be interfaced with. Compared to the previous connector technology, this new approach

has numerous benefits:

• The overall foot print of the FlexComb connector is significantly smaller than its

off-the-shelf counterparts. Since the fPCB itself measures only 130µm, the thick-

ness at the transition area is defined by the height of the silicone sealant added on

top of the fingers. This results in a low profile connection (<1mm) with the dexter-

ity of the assembly operator being the ultimate limiting factor. In terms of width,

the FlexComb enables a reduction of the contact pitch, from 0.5mm to 0.35mm,

which translates directly into a narrower contact fan-out. This gain is only limited

by the capabilities of the third-party manufacturer and could potentially be further

improved in the future.

• The custom nature of the FlexComb means that its design can be easily adapted

to fit a wide array of devices and animal models. Depending on the application

requirements, the same technology can be used to transition from a soft implant

to an Omnetics connector, a ZIF connector or even cables (Fig. 2.26A). Further-

more, the FlexComb can be modified to help secure the device in-vivo by adding

anchoring points in the form of reinforced rings along its sides(Fig. 2.26C).

• Since the FlexComb does not contain any bulky components, the conformability

of the implant at the level of the contact pads is improved. This is important be-

cause during implantation the whole implant is placed subdurally, including the

connector. The absence of rigid parts in the FlexComb means that it is less likely

to create a local depression of the brain.

With that in mind, the use of the FlexComb in its current form should be limited to aca-

demic research settings. Indeed, while mainstream board manufacturers provide a low

cost, fast turnover option to manufacture fPCBs, the technology is not built to survive

exposure in wet ionic environments. Not only are the traces made of copper, a metal

prone to fast corrosion, but the dielectrics sheets isolating them are bonded together

using simple adhesive films. This type of assembly is unlikely to survive the 30 years

period required in clinical settings. A potential solution to these concerns could consist

in using high performance dielectric, such as liquid crystal polymers (LCP), combined

with gold traces, a technology readily in use by the RF-PCB industry.
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Figure 2.26: FlexComb connector. A Picture of various FlexComb connectors, demon-

strating the versatility of the approach: the design can be adapted to best fit each ap-

plication and to transition to any number of standard connectors such as Omnetics, ZIF

or even wires. B Close-up view of the FlexComb fingers which form the transition inter-

face from the soft electrode paddle to the flexible PCB. C Close-up view of an anchoring

structure designed to help secure the implant following implantation.

Outlook In this section, the new and improved core-shell micropatterns have been

shown to produce interconnects with superior electro-mechanical performances, lead-

ing to more robust neural interfaces. Nevertheless, a number of technological limita-

tions remain to be addressed in future versions of the process:

• The fabrication of the silicone encapsulation needs to bemodified in order prevent

the creation of voids between the top and bottom PDMS membranes. While a

proof of concept for a potential solution was introduced in the form of the "upside-

down process", the electro-mechanical effects of a complete interlocking of the

micropatterned tracks inside the silicone still needs to be characterized.

• The conductivity of the micropatterned interconnects has to be increased before

this technology can be used in conjunction with fully implantable pulse generators.

The main challenge lies in the limited voltage compliance (10 or 15V) characteris-

tic of this class of devices. With the current impedance values and considering a

device scaled up to human size, current stimulation would likely require a voltage

close to the maximum allowable, without even accounting for the build up of fi-

brotic encapsulation over time. The potential solutions to this problem are limited.

One option would be to use thicker metallization, but this approach is likely going

to adversely affect the mechanical performances of the device. An other option

would be to change the Y-shaped pattern in favor of a motif optimized for conduc-

tivity rather than local strain. Again, the trade-off here would lead to an increase in

mechanical fatigue over time, potentially affecting the robustness of the device. A

last option would be to engineer a dedicated IPG with a battery providing a higher

voltage. Such endeavor would however likely prove prohibitively expensive and
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technically challenging, as most IC components are not rated past 15V.

• The lithography process should be further optimized in order to ensure greater

pattern uniformity across large area. This issue is particularly relevant when con-

sidering scaling up the technology to human-sized devices which will likely require

the transition to larger substrates in order to be financially viable (e.g. 6 or even

8-inch Si wafer).

• In order to enable high spatial resolution neural recordings, the maximum num-

ber of electrodes, currently at 32, should be increased. High channel count neural

interfaces could be implemented in one of two ways. The first option consists

of fabricating a device with multiple levels of metalization, each enclosed inside

its own polyimide shell. From a technical perspective, the implementation of this

strategy is relatively straightforward, requiring "only" a very high degree of accu-

racy in the alignment of the different layers.

The second option relies on the transition to narrower interconnects (<50µm) in

order to wire a greater number of channels within the same horizontal plane. The

issue is that, with the current implementation, the tracks cannot be made arbitrar-

ily small since they need to fit at least one repetition of the pattern (width >52µm).

The solution would consist of scaling down the Y-shapedmotif with respect to the

track width. By patterning proportionally smaller cuts into the stack, the stretch-

able interconnects can maintain the same level of mechanical redundancy within

a narrower profile. Concretely, creating smaller patterns requires the transition to

smaller wavelengths than the ones used in standard lithography systems (436-

365nm). The recent acquisition of a deep ultraviolet (DUV) stepper at the Center

of Micro- and Nano- Technology makes this option a reality, with the potential to

reach resolution down to 180nm. Compared to the multilayer approach however,

the transition to DUV lithography has the disadvantage of being significantly more

complex, especially with regard to patterning polymeric layer at such low resolu-

tion.

• The connection scheme needs to be replaced in favor of a solution more suitable

for long-term implantation and for high channel count devices. In that regard, liq-

uid crystal polymers constitute a promising alternative to the standard flexible

PCBs introduced in the section [89]. Overall, the transition from stiff to soft mate-

rials and from the micro- to the macro-scale remains one of the major challenge

to tackle in the field of soft neural interfaces.

• Looking at long-term implantation (>6 months), the shell layer will require to be

re-engineered using new materials in order to improved the hermeticity of the in-

terconnects. A key candidate is silicon carbidewhich not only exhibits strong adhe-

sionwith polyimide [90] but can also be bonded to PDMS following oxygen plasma

activation of its surface. The transition to a fully inorganic encapsulation strategy

should also be explored, although there has been evidence that polymeric layers
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provide an important stress buffer between stiff metallic tracks and stretchable

elastomeric substrates [91].

All in all, while the revised core-shell process still fails to fully address the requirements

for a chronically implantable, conformable neural interface established in section 2.1, it

does enable new design and engineering strategies to address these limitations in the

future.

2.4 Comparative electromechanical study

This section presents a thorough electromechanical comparison between stretchable

interconnects fabricated with the original Y-shaped micropattern technology and the

core-shell process. For the sake of simplicity, these two categories of devices will now

be referred to as gen.1 and gen.2 respectively.

2.4.1 Sheet resistance

The equivalent sheet resistance of the patterned tacks was determined computation-

ally through COMSOL FEA software. In particular, the effect of the two micro-pattern

dimensions on sheet resistance was investigated. To that end, a 2D model of a portion

of platinum track, with an out-of-plane thickness of 150nm, was constructed. The geom-

etry is representative of a track with a width of 181.9µm and length of 934.7µm . This

corresponds to an array of 8 ×40 Y-shapes. In order to study the effect of patterning on

sheet resistance, the simulation was computed for 3 geometries: gen.1 micropatterns,

gen.2 micropatterns and a plain track. For gen.1, the Y-shaped motif corresponds to

the standard geometric parameters discussed in section 2.2, i.e. L=26µm, a=16µm and

r=5.5µm. As discussed in section 2.3.1, gen.2 devices employ a scaled up version of

the motif to form the core conductive layer, which corresponds to L=26µm, a=17µm and

r=6.5µm.

To extract the resistance of the 3 types of tracks an extremity was set as ground and a

current density of 1J/m2 was applied to the opposite extremity. The computation was

conducted with a stationary study and a physics-controlled mesh. The resulting sheet

resistances were obtained by computing the maximum surface voltage and applying

Ohm’s law. The sheet resistances were consequently obtained by multiplying the resis-

tances by the width-to-length ratio of the tack portion. In addition, the relative sheet

resistances were calculated by dividing the sheet resistance of the patterned track by

that of a plain track.

The results are summarized in table 2.1. From there, it can be understood that the transi-

tion from gen.1 to gen.2 was done at the cost of a 2-times increase in sheet resistance.
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This is consistent with the change in the geometrical parameters which effectively re-

duce the width of the Y-shape segment by a factor of 0.51.

Technology Sheet resistance [Ω/sq.] Relative sheet resistance Ri/RPt

Plain Pt 0.749 1

gen.1 7.207 9.621

gen.2 13.84 18.483

Table 2.1: Simulated sheet resistance values for gen.1 and gen.2 interconnects com-

pared to a plain Pt track of equivalent dimensions.

2.4.2 Electromechanical characterization

Test sample In order to improve comparability and to simplify manufacturing, a sin-

gle design was used for all electromechanical testing. It consists of a dog-bone struc-

ture containing 16 parallel tracks, separated by a pitch of 1mm. The interconnects are

50mm in length with varying width: 104µm, 260µm and 520µm corresponding to a mini-

mum repetition of 2, 5 and 10 Y-shaped patterns respectively. The different interconnect

widths are distributed sequentially across the sample in order to prevent a bias in the

results based on their physical location in the dog-bone structure. The interconnects

can be interfaced with using a pair of custom-made flexible flat cables (FFCs) located

on each end. A screen-printed layer of Pt-PDMS composite ensures the electrical con-

nection between the FFC and the track contact underneath. In order to easily mount the

samples on the different tools, each end of the samples is bonded to a laser-cut plex-

iglas support using RTV silicone. The plexiglas piece, which overlap with the samples

over a length of 10mm, features two holes through which the samples can be bolted.

Once the devices are fully assembled, a 40-millimeter-long portion of the track remains

unclamped and ready for stretching.

Hysteresis In order to investigate the different deformation regimes taking place un-

der tensile load, the samples undergo a series of strain cycles of gradually increasing

magnitude. This measurement allows to capture the changes in the hysteresis of the

interconnects which can subsequently be used to pinpoint the onset of plastic deforma-

tion in the materials.

The samples are elongated using a tensile tester (MTSCriterion 42) equippedwith a 10N

load cell. The electrical resistance of the interconnects is measured during stretching

via a voltage divider (Rdiv=6.8kΩ) connected to a 16-bit Arduino microcontroller. A 16-

channels multiplexer allows to quickly cycle through all tracks on a sample, resulting in

an acquisition frequency of 50Hz. For each strain value, the sample is stretched and

released at a speed of 0.1mm/s.
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Figure 2.27 summarizes the results for gen.1 interconnects. The onset of plastic de-

formation appears very clearly in figure 2.27B: the 11% strain loop generates a jump in

resistance due to the inelastic deformations which start to occur in the tracks. Beyond

11% elongation, the interconnects enter the plastic regime during each successive strain

loop which results in a gradual increase in the relative resistance R/R0. The fact that the

damage is indeed unrecoverable is demonstrated by the fact that the loading curve of

each loop n follows the unloading of the previous one n-1.
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Figure 2.27: Averaged hysteresis of gen.1 interconnects. n=4 for all conditions. AGlobal

hysteresis behavior for track of varying width. B The onset of the plastic regime can

be observed from the permanent increase in R/RO values. C The onset of the fracture

regime is indicated by the sudden increase in relative resistance during the unloading

sequence at strain greater than 26%. D Total electrical failure indicated by open circuit

R/R0. Track width is 520µm in B,C,D

A new behavior begins to appear at strain beyond 26%: during the unloading sequence,

the relative resistance increases again, exceeding even the values reached at peak strain
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during the loop (figure 2.27C). The phenomenon is surprising because R/R0 is expected

to remain stable as the strain decreases. Looking at the hysteresis at 27% strain, it can

be seen that the loading curve follows closely the unloading of the 26% loop. This be-

havior indicates that the effects which led to the rise in relative resistance during unload-

ing are plastic in nature. Furthermore, an even greater jump in R/R0 takes place when

unloading the 24% strain. Despite this sudden surge, the relative track resistance even-

tually goes back to a normal value, albeit slightly higher than beforex. All subsequent

strain cycles exhibit the same behavior, with the R/Ro peak in the unloading phase be-

coming larger and larger.

We hypothesize that the relative resistance peaks observed during the unloading se-

quence are caused by the sudden formation of cracks in the Y-shape segments. Be-

yond a strain value of 25%, the structures are believed to be too plastically deformed to

return to their original resting state. As a result, they cannot follow the relaxing of the

encapsulationmaterials. This creates a buildup of local stresswhich eventually initiates

fractures in many of the Y-shape ligaments, leading to the observed increase in R/R0.

As the unloading sequence continues, the two ends of the torn segments are eventu-

ally squished together, which reestablishes almost full electrical contact. This would

explain why the relative resistance goes back to normal when the applied strain is close

to 0. When the next strain cycle begins, the two ends of the cracked segments start to

separate again, which give rise to a rapid increase in relative resistance instead of the

elastic regime observed in previous strain cycles. Verifying our hypothesis is unfortu-

nately very challenging as it requires the ability to image with high resolution (e.g. SEM)

the interconnects under strain through the top PDMS encapsulation. Additionally, the

view should be tilted with respect to the sample in order to be able to appreciate the out-

of-plane deflections. Such a system is currently not available internally but we would

suggest instead to inspect a sample under SEM after stretching in order to investigate

the presence of cracks. Doing so would require to remove the top silicone membrane

without damaging the tracks which could be done via oxygen etching.

At strains between 40 and 60% (depending on the track width), complete failure of the

tracks begins to take place (figure 2.27D). Fractures propagation reaches a critical point,

resulting in the complete rupture of the electric path. At this point, the acquisition sys-

tem indicates an open circuit value. Electrical failure was observed during both the load-

ing or unloading sequence, depending on the type of device and track width.

Going back to our comparison, the trends for the gen.2 interconnects are overall similar

to gen.1 (fig. 2.28A). The onset strain for the different deformation regime are however

different. The elastic regime spans between 0 and 15% strain, while the plastic regime

ends around 36% deformation (fig. 2.28B). The fracture onset regime described above

takes place at strains beyond 36% (fig. 2.28C). Because gen.2 interconnects stay in the

elastic regime for longer (+5% strain), the increase in R/R0 at equivalent strain is lower

compared to the gen.1. We therefore expect gen.2 to exhibit less mechanical fatigue
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during cyclic stretching.
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Figure 2.28: Averaged hysteresis of gen.2 interconnects. n=4 for all conditions. AGlobal

hysteresis behavior for track of varying width. B The onset of the plastic regime can be

observed from the permanent increase in R/RO values beyond 15% strain. C The onset

of the fracture regime is indicated by the sudden increase in relative resistance during

the unloading sequence at strain greater than 36%. D Total electrical failure indicated

by open circuit R/R0. Track width is 520µm in B,C,D
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Cyclic stretching In order to evaluate the long-term mechanical robustness of the mi-

cropatterned interconnects, samples identical to the ones described above aremounted

on a custom-made cyclic stretcher and elongated repeatedly by 9% at a rate of 1 cycle

per second (1Hz). The initial strain target was 10%, chosen tomatch the identified elastic

regime, but the limitations of the instrumentation made it impossible to accurately set

the desired strain. The effective applied strain was therefore retro-computed from the

position of the motor over time, as reported by the system. Similarly to the tensile test,

the electrical resistance is measured using a voltage divider (Rdiv=6.8kΩ)connected to

a 16-bit Arduino microcontroller. The cyclic stretcher and Arduino are controlled and

synchronized together with a LabView interface.
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Figure 2.29: Cyclic stretching at 9% elongation up to 1 million cycles for A gen.1 devices

and B gen.2 devices interconnects. n=4 for all conditions.

The differences in performances betweengen.1 andgen.2 over 1million cycles are signif-

icant (figure 2.29). While the gen.1 interconnects exhibit an relative resistance increase

of over 200%, gen.2 remains extremely stable with only a 5% increase. This massive

gain in performance can be explain by the fact that the gen.2 tracks remain well within

their elastic regime (1-15%) while stretching which translates into less mechanical fa-

tigue. The rate of increase for R/R0 exhibit clear transition points, albeit after a different

number of cycles for gen.1 and gen.2. Future work should focus on identifying the new

mechanisms taking places each time the slope changes.
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Figure 2.30: Hysteresis upon cyclic stretching for of A gen.1 and B gen.2 interconnects

for the small, medium and large track width, from left to right respectively. n=4 for all

conditions.

Figure 2.30 present the same data but in a different format. The relative resistance

over a complete cycle, i.e. the hysteresis, is plotted at key time-points. Unfortunately

the acquisition frequency of the system combined with the cyclic speed do not allow to

capture de finer details of the hysteresis behavior discussed above. Looking at the gen.1

curve (figure 2.30A), the benefit of electrical redundancy is noticeable through the differ-
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ences in standard deviation across track width. Indeed, given an equal rate of failure of

the Y-shapes semgents (i.e. complete fracture), the increase in R/R0 is expected to be

proportionally larger for narrower track, leading to a great spread in relative resistivity

over time. Surprisingly, this behavior is not verified for gen.2 interconnects which exhibit

comparable standard deviation across track width. This could indicate that the rate of

complete fracture of the Y-shape segments is significantly lower for gen.2, thanks to its

lower maximum local strain value. This would also explain by which mechanism gen.2

manages tomaintain such a lowR/R0 over 1million cycles: the segments of the Y-shape

are not being sectioned.

Another interesting trend in gen.2 is the fact that the change in R/R0 appears to be

greater for larger tracks. This rather counter-intuitive observation could be explained by

the influence of the tracks edges. Indeed, it is hypothesized that the Y-shape segments

located at the edge of an interconnect (edge segments) behave slightly differently from

those located in the middle as they have no neighbor on one side. In particular, we be-

lieve that the edge segments undergo less mechanical fatigue. Since in narrower tracks

the number of edge segments is proportionally larger, it means they have a stronger in-

fluence on the overall electromechanical performance. Assuming the edge segments

fatigue less, this would thus explain why the change is relative resistance R/R0 is less

pronounced in narrow track. The fact that gen.1 do not exhibit this behavior is explain by

the fact that for these tracks, the edge effect is very weak (1% change in R/R0) compared

to the other sources of mechanical fatigue.

2.4.3 Hermeticity characterization

Leakage current measurements In order to assess the hermeticity of the micropat-

terned interconnects, samples with two interdigitated tracks are fabricated using the

microfabrication process presented in section 2.2.2.1. The 520-micrometer-wide tracks

are separated by a gap of 100µm and run side by side over a distance of 205mm. To en-

sure the validity of the measurement, each track forms a loop such that its impedance

can be measured independently. Once again, a FFC allows to interface with the device.

Each device is inserted in a sealed glass jar containing phosphate buffered saline (PBS

1x), together with a stainless steel needle which will be used as a counter electrode.

In this experiment, a 5V potential is applied between the interdigitated tracks and the re-

sulting leakage current is measured with a potentiostat (PGSTAT128N, Metrohm). The

current values are recorded over a period of 5s at a sampling rate of 10MHz, before

being averaged. This allows to compensate the instabilities caused by the ions accu-

mulating at the interface due to the applied bias voltage. Using the same parameters,

the leakage current between each track and the external counter (stainless steel needle)

is measured as well. At day 0, the samples are inserted in PBS and a first measurement

is taken. The devices are then left at room temperature for 24h. At day 1, the samples
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measured again before being placed in an oven at 67°C in order to perform accelerated

ageing. Based on Arhenius law, this temperature corresponds to an acceleration factor

of 8. From there, the leakage currents are measured at regular intervals. The results are

shown in figure 2.31.
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Figure 2.31: Leakage current measurement upon the application of a 5V bias. A Perfor-

mances of gen.1 (note the scale). B Performances of gen.2.

The differences in performances between gen.1 and gen.2 are extremely significant. Af-
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ter only four days at 67°C, the gen.1 devices already exhibit a leakage current of 0.2mA,

10’000 timesmore than gen.2 at the same time-point. The level of leakage current exhib-

ited by the gen.1 interconnects confirms that the contribution of the exposed Pt sidewall

(see section 2.3.4) is far from negligible.

The results shown in figure 2.31 make it clear that the benefits of the core-shell process

in terms of hermeticity are massive. The absolute values in current should however be

considered with care. Indeed, due to the nature of the measurement, the resistance of

the track itself will influence the magnitude of the potential applied across the interface.

This can be understood using a very basic electrical model for the interface composed

of 3 resistance in series. Assuming the two interdigitated track are represented by resis-

tance Rt and the encapsulation by the resistance Re, the voltage drop Ve applied across

the encapsulation during the leakage current measurement is given by:

Ve = V Re

Re +2Rt

From the equation above, it is clear that samples are assessed under different condi-

tions depending on the value of Rt. The influence of the track resistance can however

be mitigated by the encapsulation resistance: for a sufficiently large Re, changes in Rt

are negligible. Based on the simulated sheet resistance (section 2.4.1), the theoretical

track resistance for the device is found to be 700Ωfor gen.1 and 1300 Ω for gen.2. Con-

sidering we are measuring Re in the order of 500kΩ for gen.1 and 50MΩfor gen.2, this

means that the track only account for somewhere between 0.1% and 0.001% of the to-

tal interface resistance which is, in effect, negligible. These considerations effectively

validate the fact that the results shown in figure 2.31 are an accurate representation of

the hermeticity of the sample under a bias of 5V.

2.5 Variation on a Theme: Fabricating a Soft andOptically Trans-

parent Neural Interface

2.5.1 Introduction

A key advantage of engineered stretchability resides in its broad applicability since the

strain-relief mechanisms are independent of the materials themselves. While this is

was technically true for the first generation of Y-shaped kirigami, the specificity of the

manufacturing made it difficult to translate the approach to new materials: the delicate

balance between film thicknesses, pattern dimensions and etching time made it a not

trivial endeavor. These limitations were lifted with the implementation of the new, core-

shell strategy which alleviated much of the interdependency between the subsequent

etching steps. In order to showcase the adaptability of this new process, the manufac-
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turing of transparent, stretchable interconnects is demonstrated in this section.

Transparent implants have long been an area of interest in neuroscience for their ability

to combine electrical recording and stimulation with light-based interaction methods.

These devices integrate high transmittance materials under the form of transparent in-

terconnects, substrates and electrode coatings. Here, we propose a soft, transparent

µECoG based on the core-shell micropattern technology. Since this application is first

and foremost a technological showcase, we focused our efforts on the interconnects,

relying on the pre-established technology for the electrode coating (Pt-PDMS compos-

ite). The technological development was framed around the requirements of two of

the most popular techniques: two-photon calcium imaging and optical stimulation of

neurons expressing channelrhodopsin 2 (ChR2).

Two-photon calcium imaging Two-photon calcium imaging is amicroscopy technique

which relies on fluorescent emissions in order to observe neuronal activity. To generate

this signal, the neuronal population of interest is first loaded with a calcium-sensitive

dye or, more commonly, genetically engineered to express a calcium indicator. As a re-

sult, the fluorescence level of these neuronswill be in direct correlationwith their spiking

activity. The recording per se is carried out by scanning an infrared laser beam across

the brain surface, which excites the calcium tag, leading to the desired fluorescent emis-

sion. In two-photon microscopy, the energy of two long wavelength photons is used to

achieve excitation instead of a single one. This allows to improve both the sharpness

of the image and the penetration depth of the light. While two-photon imaging has been

extremely successful at providing researchers with granular understanding of the spa-

cial organization of neuronal circuits, this technique is characterized by a low temporal

resolution inherent to the mechanism behind the signal - fluorescence [92]. Transpar-

ent neural interfaces have the potential to bridge this gap by coupling high temporal

resolution electrical recordings with the circuit-level patterns revealed by light-based

methodologies.

Optical stimulation Introduced in a series of breakthrough publications in the early

2000s [93, 94, 95, 96], optogenetics promised to solve the issue of targeted neural stim-

ulation by offering cell-type and function-dependent selectivity. Optogenetics is a tech-

nology based on the genetic targeting and modifications of specific neuronal type with

a light-sensitive ion channel. The activation or inhibition of the selected neuronal popu-

lation is then made possible via illumination. From a device perspective, the need for a

transparency arises when target of the optical stimulation is located in close proximity

or directly on top of the recording sites of interest. In the case of optically opaque ma-

terials, the interconnects and electrodes will absorb the incoming light, preventing the

proper activation of the neurons in the region and generating photo-electric artifacts.

The ability to stimulate and record in a synchronous and colocalized fashion therefore

65



Chapter 2. Technologies for Conformable Neural Interfaces

requires the development of a transparent implant.
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Figure 2.32: Examples of transparent substrates, conductors and coatings. A Picture of

a device exhibiting severe delamination of the tracks and electrodes due to poor metal-

parylene adheshion [97]. B Due to the limited thermal budget of parylene, processes re-

quiring elevated temperatures can cause the film to burn, crack or bubble, as shown here.

Adapted from [97]. C Transparent ECoG fabricated via the transfer of graphenemonolay-

ers onto a parylene substrate [98]. D Close-up view of an ITO electrode array patterned

on parlyene [99]. E Picture of a 16-channel ECoG fabricated using Ag/Au coreâĂŞshell

nanowires on a parylene substrate [100]. Optical stimulation is performed through the

array using a µLEDmounted on a FFC. F The electro-chemical performances of ITO elec-

trodes can be improved using transparent coatings such as PEDOT:PSS. The uncoated

and coated electrode sites are shown in the top and bottom inset respectively. Adapted

from [101].

Transparent neural interfaces Numerous approaches to transparent electrode arrays

have been proposed to this day, consisting in various combinations of transparent sub-

strates, interconnects and coatings. Among the substrates, parylene constitutes cer-

tainly the most widely used material [102, 103, 104] due to its high transmittance prop-

erties, mechanical flexibility and biocompatibility [105]. Its limited thermal budget and

chemical inertness can however make its processing challenging, in particular in terms

of adhesion with metallic layers and itself [97]. Alternative substrate materials include

other plastics, such as PET [106, 107], as well as elastomer, such as PDMS [108]. With re-

gard to interconnects and electrode sites, transparency can be engineered in two ways:

(1) using intrinsically transparent materials or (2) using structures smaller than the crit-

ical wavelength such that they do not interact with the incoming light. The former ap-

proach encompassesmainly IndiumTin Oxide (ITO), a brittle but highly transparent alloy
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(>80% transmittance in the visible spectrum). In that regard, a significant challenges re-

sides in obtaining ITO films with a low sheet resistance, which requires careful tuning

of the deposition parameters. In the same category, PEDOT:PSS, a conductive polymer,

has been the subject of an increased focus in the fields of neuro-engineering both as

standalone conductor [109], an additive [110] and an electrode coating [101]. With regard

to conductors based on nano-scale structures, approaches using graphene [98], carbon

nanotubes [111] and nanowires [100] have all been demonstrated promising results in

terms of electrical, optical and mechanical properties. Their patterning however, which

rely on transfer printing or screen printing, often proves challenging.

Requirements and device concept The implementation of a strategy for multimodal

recording and stimulation necessitates the development of a transparent, conformable

neural interface. The requirements for such a device are summarized below:

• The interconnects should be able to deformelastically within a range of elongation

comprised between 1 and 5%.

• The device should be able to sustain a larger, one-time mechanical deformation

(20-40%) which is likely to take place during implantation.

• The electrodes impedances should be lowenough to allowstimulation using research-

grade current pulse generators whose voltage compliances typically range from

40 to 100V. This places requirements on both the conductivity of the interconnects

and the coating of the electrodes.

• The manufacturing process should allow to pattern narrow tracks (<100µm) in

order to produce devices suitable for small animal models (mouse, rat) which are

typically used in optogenetics.

• The interconnects should exhibit a high transmittance index (>80%) across a wide

band of wavelengths (400-1000nm) such that: (1) incoming light does not gener-

ate photo-artifacts and (2) exiting light is not absorbed or diffracted (e.g. fluores-

cence signal).

• The materials should not exhibit auto-fluorescent behavior which could interfere

with imaging techniques.

In order to fulfill those requirement, the kirigami process had to be transferred to a new

materials stack. Since polyimide exhibits both a significant absorbance below 500nm

and a strong auto-fluorescent behavior, the shell layer is replaced with parylene-C, which

closely matches its mechanical properties. The platinum core is discarded in favor of

ITO which has the advantage of being patternable using the same IBE process as its

metal counterpart. Furthermore, it is hypothesized that the strain relief mechanism of
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the Y-shapedmotif will help address the issues related to the brittleness of this material.

The soft encapsulation is left unchanged, constituting of twoPDMSmembranes plasma-

bonded on each side of the interconnects. Similarly, the electrodes are coated with a Pt-

PDMS composite which, while being opaque, provides a quick and easy way to validate

the approach on a device level.

The manufacturing process for transparent, stretchable interconnects is described in

section 2.5.2.1 and the results in section 2.5.3.4. The benefit of the kirigami approach

are studied in section 2.5.3.3, in which the electro-mechanical performances of the

interconnects are characterized. Finally, the process limitations are discussed in sec-

tion 2.5.4 alongside suggestions of future improvements.

2.5.2 Methods

2.5.2.1 Process flow

Design The design strategy used for the fabrication of transparent micropatterned in-

terconnects is identical to the one presented in section 2.3.2.1 for the core-shell process.

Core layers patterning- Figure 2.33 The fabrication process begins with the sputter-

ing (SPIDER600, Pfeiffer) of a tungsten-titanium alloy film (TiW, 50nm) followed by alu-

minium (Al, 100nm) on a 4-inch silicon wafer. Next, the wafer surface is dehydrated at

150°C for 15min (UM100, Memmert) and cleaned from organic contaminants with an

oxygen plasma treatment (GiGAbatch, Tepla at 600W, 0.8mbar, 400sccm, 2min). Soon

after, a 25nm layer of SiO2 is deposited via RF magnetron sputtering (SPIDER600). Fol-

lowing another dehydration step in a convection oven and O2 plasma activation (600W,

0.8mbar, 400sccm, 1min), thewafer surface is treatedwith 3-methacryloxypropyl trimethoxysi-

lane (A174, MerckMilipore) in order to improve the adhesion between the SiO2 and pary-

lene layer. The process is performed via full immersion in a solution of IPA, DI water and

A174 (ratio 150:10:1) for 5min. The wafer is then rinsed with IPA before being dried in an

oven at 100°C for 10min. Next, a 1-micron-thick layer of parylene is deposited via CVD

(C-30-S, Comelec), followed by the sputtering of ITO at room temperature (SPIDER600,

500W, Ar 15sccm, 2.93nm/s). The deposition time was varied depending on the sam-

ple to reach thickness of 100, 150 or 200 nanometers. The patterning of the ITO film

is achieved using a 1-micron layer of PR (AZ 10XT-07, MicroChemicals) which is spin-

coated following a 20-minute dehydration step at 125°C. The resist is baked at 110°C

for 90s before being exposed using a mask aligner (MA6gen3, Süss). The illumination

dose is set to 160mJ/cm2 and the Crmask, previously patterned via direct-write lithogra-

phy, is placed in hard contact with the wafer. The wafer is then processed in a modular

cluster tool (ACS 200, Süss) where the PR is hard baked (110°C, 90s) and developed

for 93s using a KOH-based solution (AZ 400K, MicroChemicals). Next, a reflow of the
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PR is performed by placing the wafer on hotplate at 125°C for 2min. This treatment is

intended to round off the patterns profile in order to mitigate the redeposition of mate-

rial on the PR sidewalls during the subsequent removal of the ITO films via IBE (Nexus

IBE350, Veeco). During the etching procedure, the wafer is tilted by a -10°so as to fur-

ther reduce the buildup of fences. The remaining PR is stripped using a combination of

O2 plasma (200W, 0.5mbar, 200sccm O2, 60s) and solvent baths (Microposit Remover

1165, Dow Chemicals) at 70°C.
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Figure 2.33: Phase 2 of the process flow - core layer patterning.

Shell layers patterning - Figure 2.34 Following anO2plasma treatment (200W, 0.5mbar,

200sccm O2, 60s), 1-micron-thick layer of parylene is deposited via CVD. The wafer

surface is then treated once more with silane (A174), using the same immersion tech-

nique as before. Next, a 25nm layer of SiO2 is deposited by PECVD at 200°C (Plas-

malab System 100, Oxford Instruments), concluding the material stack buildup. The

patterning of the shell layers begins with the coating of a 4-micron-thick layer of PR

(AZ ECI3027, MicroChemicals). Proper adhesion between the SiO2 and the resist is en-

sured with an HMDS treatment prior to spin-coating. The PR is exposed using a mask

aligner (MA6gen3, Süss, 600mJ/cm2, hard contact) and developed in an automatic clus-

ter tool (MF CD 26, Shipley Microposit, 137s). Next, the SiO2/parylene/SiO2 layers are

dry etched using a sequence of CHF3/He, O2, CHF3/He chemistries (Advanced Plasma

System, SPTS). Upon completion of the etching procedure, the remaining PR is stripped

using a combination of O2 plasma (600W, 0.8mbar, 400sccm, 30s) and a solvent bath

(Microposit Remover 1165, Dow Chemicals) at 70°C. The opening of the electrodes and
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contacts pads is then performed in a third lithographic step. First, the wafer is dehy-

drated (125°C, 3min) and coated with a 4-micron-thick layer of PR (AZ ECI3027, Mi-

croChemicals). Next, the resist is exposed and developed using the identical param-

eters as before. The top SiO2/Ti and parylene layers are then etched using the same

CHF3/He and O2 chemistries. Finally, the PR mask is stripped following a sequence

of O2 plasma (600W, 0.8mbar, 400sccm, 30s) and solvent baths (Microposit Remover

1165, Dow Chemicals) at 70°C.
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87
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SiO2 deposition
PECVD 25nm

Parylene deposition
CVD 1µm

2
Silanization

PR coating & patterning
ECI3027 4µm

PR coating & patterning
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1
O2 plasma activation

Shell layers patterning
CHF3/He + O2 RIE

Contacts opening
RIE + IBE

Figure 2.34: Phase 3 of the process flow - shell layer patterning.

Silicone encapsulation, electrodes coating and connector assembly The methods

used to fabricate the top and bottom silicone encapsulation as well as to coat the elec-

trodes and assemble the connector are identical to the ones presented in section 2.3.2.1

for the core-shell process.

2.5.2.2 Electromechanical characterization

Sheet resistance measurements In order to determine the optimal thickness for the

core layer of themicropatterns, the resistivity of different ITO thin films is assessed. The

test samples consist of 3 float glass wafers coated with parylene (1µm) on top of which

a layer of ITO is sputtered, varying the deposition time in order to reach thicknesses of

100, 150 and 200nm respectively. Each wafer is then taped on top of a paper grid which

delimits sectors of 1cm by 2cm. The ITO and parylene layers are subsequently divided
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with a razor blade into 18 zones which follow the lines drawn on the paper. Next, a 4-

point probe resistance measurement is taken at the center of each of the zone using a

source meter (Keithley). The probe itself is made of 4 spring-loaded pins mounted on a

micro-manipulator. The sheet resistance can then be extracted from the Van Der Pauw

formula for 4-point measurements:

Rs = π

ln(2)
∗ V

i
[Ω/sq.]

where Rs is the sheet resistance, i the applied current and V the measured voltage. The

resistivity of the three samples is calculated by multiplying the measured sheet resis-

tance with the film thickness.

Transmittance measurements The transparency of the different layers was assessed

by measuring the percentage of transmitted light over a wavelength spectrum com-

prised between 300 and 1000nm. The test samples consist of 3 float glass wafers

coater with parylene (1µm) and coated with an ITO film of varying thickness (100, 150

and 200nm). A fourth parylene-coated wafer is also prepared, as amean of comparison.

The transmittance of all four samples is then measured over the selected wavelength

spectrum using a transmittometer (F20-UV, FilMetrics) in air.

Adhesion test In order to assess the effect of the SiO2 depositions methods and var-

ious surface treatments on the strength of the PDMS-SiO2-parylene adhesion, a series

of T-peel tests were performed.

To prepare the test samples, six 4-inch Si wafers are treated with HMDS and coated with

10µm of parylene (C-30-S, Comelec). Three conditions are investigated, each applied to

two wafers: (1) MPS silanisation via immersion in solution (IPA:DI:A174 ratio 150:10:1),

(2) oxygen plasma activation (200W, 0.5mbar, 200sccm O2, 60s) and (3) no surface

treatment. 25nm of SiO2 are then sputtered on half of the wafers (one for each surface

condition). The deposition is performed with a RF source bias at 1000W, 98sccm Ar,

13sccmO2which corresponds to a rate of 0.2nm/s. On the other threewafers, the 25nm

of SiO2 are formed by PECVD (Plasmalab System 100, Oxford Instruments) at 200°C. To

create pull tabs, a sacrificial layer of PSS is spincoated at 3200rpm and baked for 3min

at 135°C. The wafers are then partially immersed in DI water for about 1h in a vertical

wafer holder, such that a 3-centimeter-wide strip of PSS is left. Next, the silicone side

of a PET/PDMS stack (23/50µm) is plasma activated and bonded on each of the wafer.

The samples are then put under aweight and placed in an oven at 75°C. The next day, the

top PET film is peeled off and a series of rectangle (8.3cm by 7cm) are cut through the

whole stack via femto-laser machining. The strips are peeled off the wafer and the pull

tabs are separated by soaking them briefly in DI water to dissolve the PSS. The samples
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are mounted on a tensile tester (MTS Criterion 42), configured with a load cell of 10N.

The peeling rate is set to 0.5 mm/s and the force/displacement is recorded using the

instrument’s software.

Impedance spectroscopy See methods in section 2.2.2.2.

Chronopotentiometry See methods in section 2.2.2.2.

2.5.3 Results

2.5.3.1 Materials characterization

Sheet resistance The material selection process begins with the evaluation of the

transparence/conductivity trade-off for various thicknesses of ITO. Figure 2.35 depicts

the spacial distribution of the sheet resistance across parylene coated wafers for 100,

150 and 200nm of ITO. All samples were sputtered at room temperature under same

conditions (500W RF bias, 15sccm Ar flow, 5µbar chamber pressure), varying only the

deposition time. The three film thicknesses exhibit higher sheet resistance at the center

of the wafer. The nature of themeasurement is such that for a fixed injected current, the

voltage dropwill be lower where the film is thicker and vice versa. Thus, what appears as

a decrease in sheet resistance is caused by variation in the films thicknesses. This is sur-

prising because non-uniformities in the sputtering process are typically expected to lead

to thicker film in the center whereas here, it is the opposite. This phenomenon points

toward a growth mechanism specific to ITO film and will be further studied through

elispometry.
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Figure 2.35: Sheet resistance measurements of sputtered ITO for various film thick-

nesses. The average sheet resistance for 100nm ITO appears notably higher at 60.82

± 6.17 Ω/sq, with the 150nm and 200nm films sitting within the margin of error of each

other (36.61 ± 6.53 Ω/sq and 38.3 ± 9.38 Ω/sq respectively)
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Looking at variation across the three samples, the sheet resistance trend is consistent

with results from the literature [112]. For all deposition thicknesses, the sheet resistance

of ITO is found to be significantly higher than the one of platinum (0.5-1 Ω/sq). In order to

improve the conductivity of ITO, the deposition can be performed at higher temperature

which effectively increases the crystallinity of the film [101]. The strategy can however

has its limitation, as the temperature should not exceed the thermal budget of the pary-

lene substrate (glass transition temperature ~90°C [97]).

Transmittance The transmittance measurements for all three different thickness of

ITO are shown in figure 2.36, alongside the measurement for bare parylene. In order to

offset the losses caused by the carrier, the transmittance values of the different samples

were divided by the transmittance of a float glass wafer, which was found to be around

90% in the spectrum of interest (400-1000nm). Varying the ITO thickness results in

only modest changes in transparency, with the 100-nanometer-thick layer displaying the

best performances below650nmand the 150nmsample surpassing it beyond that point.

Given the results, the variations in transmittance can likely be attributed to the interlayer

interferences, which become constructive or destructive depending the length of the

optical pathway, rather than the losses in the bulk material.
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Figure 2.36: Mean direct transmittance of various ITO film thicknesses on 1µm Pary-

lene. The data was adjusted to account for the float glass substrate. Shaded areas

correspond to the minimum and maximum values boundaries.

Adhesion Inter-layer adhesion represents a key challenge in the development of parylene-

based devices. Due to the transparency requirements, common adhesion layers such

as chromium and titanium cannot be used to form strong bonds between organic and

inorganic materials. In the core-shell process, the most critical interface is located be-

tween the top SiO2 layer and the parylene, as its strength governs the outcome of the

bonding of the top PDMS membrane. Indeed, the lack of adhesion between these two
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layers can cause the top PDMS encapsulation to delaminate from the wafer, tearing

away the top SiO2 with it. In order to assess the best strategy, a series of T-peel tests

are conducted, comparing three surface treatments (O2 plasma, silanization, no activa-

tion) and two deposition methods (sputtering, PECVD). Unfortunately, only the samples

fabricated using a combination of silanization and PECVD displayed measurable adhe-

sion (Fig. 2.37). In this configuration, the measured average adhesion strength (37.9

N/m) is comparable with that of a Parylene-Parylene interface (38 N/m), as reported

by Origoza-Diaz et al [97]. Interestingly, the effectiveness of the silanization treatment

does depend on the deposition process, as sputtered SiO2 samples failed to provide

good adhesion between the PDMS and the parlyene. This difference can be attributed

to the high kinetic energy of the sputtered species which can destroy the silane bonds

presents at the surface of the wafer.
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Figure 2.37: Characterization of the PDMS-Parylene adhesion strength. A T-peel test

results for samples combining surface silanization and PECVD of SiO2. B Picture of a

delaminated sample.

2.5.3.2 Microfabrication

Based on the measurements of transmittance and sheet resistance, a thickness of

150nm is selected for the ITO layer as the best trade-off between transparency and

conductivity. Using this parameter, the core-shell process presented in section 2.5.2.1

is used to manufacture a series of fully transparent devices. Figure 2.38A shows the

proper transfer of the Y-shaped motifs to both the ITO core layer and the parylene shell.

The patterning was optimized using the same strategy discussed in 2.3.4, which con-

sists of introducing an offset in the the Cr mask motifs.

Imaging of the exposed electrode sites (Fig. 2.38B) reveals a slight misalignment be-

tween core and shell layers, resulting in parts of the ITO being exposed in the encap-

sulated portion of the interconnect. Nevertheless, the contact opening is closer to the

desired result than the polyimide process (Fig. 2.20), with the bottom parylene layer still

intact (Fig. 2.38C-D). Since in both cases the etching time is determined by monitor-

74



2.5 Variation on a Theme: Fabricating a Soft and Optically Transparent Neural

Interface

100µm 20µm

A

10µm 50µm

4µm

Parylene

SiO2

ITO

C

D E

150µm

F

B

Parylene
"skin"

Figure 2.38: Imaging of themicropatterned parylene/ITO/parylene stack. A SEM picture

of an electrode site following the completion of phase 3 (shell layers patterning). B SEM

picture of the transition between covered and exposed ITO. The image reveals a slight

misalignment between the core and shell layers. C-D Close-up views of the patterned

stack show a slight recess of the top SiO2 layer as well as a vertical "skin" along the

periphery of the meanders. E-F Micrographs of a transparent interconnect (E) and elec-

trode site (F) after PDMS encapsulation. Debris resulting from the laser machining of

the top membrane can be seen at the bottom of the opening.
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ing the etching by-products in the chamber, it appears that end-point detection curve is

slightly better tuned for the parylene process.

Interestingly, the patterned stack does exhibit the "skin" observed in the polyimide pro-

cess along the sides of the meanders (see Fig. 2.20), which would indicate that the

CHF3/He gas mixture does affect parylene in the same way. Similarly, the top SiO2

presents an identical profile in both processes, with slight narrowing compared to the

polymer. This is to be expected since the recess is a product of the lateral shrinkage of

the PR which occur in both cases (see section 2.3.3).

2.5.3.3 Electromechanical characterization of transparent, stretchable interconnects

The characterization of the ITO-based interconnectswasperformedusing identicalmeth-

ods and samples to those described in section 2.4.

Hysteresis Figure 2.39 presents the change in relative resistance upon the applica-

tion of strain cycles of gradually increasing magnitude. While the electromechanical

behavior of the transparent interconnects follows the trends identified in 2.4, the onset

strain for the different deformation regime is significantly lower. The effect of the plas-

tic deformation appears clearly in figure 2.39 for strain values above 4%. Similarly, the

onset of the fracture regime and subsequent electrical failure are observed at 8 and 10%

respectively. The differences with the Pt-based interconnects can be attributed to two

factors: the brittleness of the ITO layer which, unlike Pt, has a fracture limit lower than 1%

strain and the poor adhesion of the parylene layers unlike the polyimide in the Pt-based

interconnects.

2.5.3.4 Transparent neural interfaces

In order to evaluate the performances of the transparent, stretchable interconnects at

the device level, a soft µECoG is fabricated using the process flow described in sec-

tion 2.5.2. The implant, shown schematically in figure 2.40, is designed to map the

auditory cortex of a rat animal model. It consists of an array of 24 circular electrodes

as well as set of test structures designed to verify the integrity of the device.

In-vitro characterization The EIS data show that the maximum phase (closest to 0°)

is reached at 40Hz, corresponding to an average impedance of 221 ± 98 kΩ(Fig. 2.41A).

The brittle nature of the material makes the implant prone to mechanical damage dur-

ing handling, which might explain the large standard deviation. The voltage transients,

shown in figure 2.41B, reveal that the voltage drop at the interface reaches values up

to 30V for some channels, a 10 times increase compared to platinum-based devices of
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Figure 2.39: Average hysteresis of transparent stretchable interconnects. n=4 for all

conditions. Track width is 520µm. A The onset of the plastic regime can be observed

for strains beyond 4%. B The structures enter the fracture regime past 8% strain. C

Electrical failure begins to take place at strain beyond 11%.
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Figure 2.40: Transparent, soft µECoG. A Schematic of the device. The 24 channels are

colored in green, the electrodes and contact pads in red and the test structures in purple.

B Picture of fully assembled µECoG.
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similar dimensions. In order to extract the intrinsic resistance of the ITO interconnect,

one can look at the impedance spectrum at high frequency. In this state, the double

layer capacitance is effectively shorted, cancelling the contribution of the electrode in-

terface. In the case of the transparent µECoG, the mean impedance at 500kHz reaches

26 ± 5 kΩ. In comparison, the resistance for an equivalent track in plain ITO is estimated

at 10kΩ using a sheet resistance of 50Ω/sq.

The direct transmittance spectrum of the device, assessed using the same setup as

the bare ITO films (F20-UV transmittometer, FilMetrics), is shown in figure 2.41C. The

measured values fall slightly short of the 85% target defined in the requirements. Con-

sidering the results observed on non-patterned stack ofmaterials, thesemeasurements

should be attributed to a combination of (1) losses in the bulk material, (2) the internal

reflections occurring at the interface between each material and (3) diffuse reflections

caused by the Y-shaped pattern itsel.
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Figure 2.41: Characterization of the µECoG in-vitro. A Impedance spectrum measured

in a 3-electrode configuration. B Average voltage transients following the injection of

a 100µA biphasic current pulse. C Mean direct transmittance through the interconnect

area of transparent µECoG with various ITO film thicknesses. The data was adjusted

to account for the float glass substrate. Shaded areas correspond to the minimum and

maximum values boundaries.

In-vivo experimentation In order to validate the capabilities of the transparent ECoG

in-vivo, the device is used to record evoked potentials in a rat auditory cortex. This par-

ticular target was chosen for its familiarity to the experimenters (see chapter 3), rather

than its relevance to the application at hands.

Briefly, a wild type rat is put to anesthetized using an injection of ketamine. Following a

craniotomy above the auditory cortex, the dura is open and the ECoG is put in position on

top of the auditory cortex. Next, the ECoG is connected to a wireless recording system

(W2100-HS32, Multichannel Systems) which amplifies and digitizes the signal before

sending the data to the acquisition computer. The animal is fitted with a pair of earbuds

and presented with a series of acoustic stimuli. The sounds used to generate frequency

specific AEPs consist of a 500ms tone-burst followed by 500ms of silence, presented
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in a continuous fashion for a duration of 3 minutes.

Figure 2.42A presents the recorded response to a 5kHz tone burst. Here, the raw signal

was filtered between 1 and 1kHz and averaged over the period of the acoustic stimuli

(1s). A clear ON and OFF response matching the frequency of the auditory stimulus can

be seen on the single channel trace (figure 2.42B).

In order to validate the ability of the ECoG to discriminate cortical signals, the frequency

of the tones is varied between 5 and 10kHz. An activation heatmap is built by extracting

the peak amplitude from the average response over the period of the acoustic stimuli

(figure 2.42C). The computed map exhibit a clear shift in response across the two fre-

quences, with themaximumamplitude being spatially different for each sound stimulus.
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Figure 2.42: Auditory cortex recordings in rat. A Averaged response to a 5kHz tone

burst stimulus. B The single channel trace (channel 6, red box) demonstrate a clear

ON (green arrow) and OFF (red arrow) response matching the frequency of the auditory

stimulus. The shaded area indicates standard deviation. C Color map of the auditory

cortex response to 5kHz and 10kHz tone burst stimulus.

The experiment is concluded with the recording of the in-vivo impedance spectrum and

voltage transients. The mean impedance at 40Hz climbs to a value of 379 kΩ with the

voltage drop showing a similar increase (Fig. 2.43). With the change of medium, from

PBS to neural tissue, an increase in impedance is expected although in this case dam-

aged tracks caused by device manipulation are most likely to the major contributing

factor.
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Figure 2.43: Characterization of the µECoG in-vivo. A Impedance spectrum measured

in a 2-electrode configuration. B Average voltage transients following the injection of a

100µA biphasic current pusle.

This succinct experiment allowed us to validate the in-vivo functionality of a device built

with transparent, stretchable interconnects. Future work should focus on demonstrat-

ing the use of combined recording modalities, such as 2-photon imaging and optical

stimulation.

2.5.4 Summary and Discussion

Summary In the section, the core-shell strategy is applied to a new multilayer stack of

materials in order to produce transparent and stretchable interconnects. To do so, the

polyimide shell and platinum core are replaced with parylene and ITO as the dielectric

and conductive layer respectively. The silicone encapsulation as well as the electrodes

coating are left unchanged from the original process. The main development steps are

summarized below:

• The transmittance/conductivity trade-off of sputtered ITO is characterized and

the optimal film thickness (150nm) is selected for the fabrication of functional

devices.

• The adhesion strength between the top SiO2 and the parylene shell is analyzed and

the best performing strategy, obtained by combining a silane surface treatment

with PECVD of the silicon dioxide layer, is selected for device manufacturing.

• The offset of the Y-shapedmotif is updated in order to compensate for the transfer

losses occurring during the photolithographic patterning and etching of the new

parylene/ITO/parylene stack.
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These modifications enable the reliable manufacturing of transparent, stretching inter-

connects. Under uniaxial tensile load, the micropatterned tracks were able to sustain an

10% elongation before electrical failure.

In order to assess the performances of the transparent interconnects at the device level,

a soft ECoG array is fabricated and characterized in-vitro and in-vivo. The implant, de-

signed for recording of the rat auditory cortex, features 24 circular electrodes with a

diameter of 160 µm. The maximum phase impedance in-vitro is reached at 40Hz, corre-

sponding to an average value of 221kΩ . This value increases to 379 kΩ when measured

in-vivo, a different consistent with the change in medium. The VTs curves, collected

both in PBS and in the animal, reveals a significant resistive drop caused by the low con-

ductivity of themicropatterned ITO layer. In terms of neuro-physiological recordings, the

device was able to record evoked LFPs from the auditory cortex of a rat, demonstrating

its functionality.

Outlook The development work presented in this section lays for the foundations for

the creation of a fully transparent, soft neural interface. While the fabricated ECoG was

successfully used to record LFPs induced by acoustic stimulation, many of the com-

bined recording and stimulationmodalities have yet to be tested. In particular, the effect

of the transparent micropatterned stack on the resolving power of 2-photonmicroscopy

should investigated. Similarly, much remains in the way of mechanical characterization,

with the adhesion between ITO and parylene being unaddressed so far. It is critical for

the micropatterned stack to behave cohesively from a mechanical stand-point, which

necessitates strong bonds between each of the constitutive layer.

Looking at the performances of the the device, the achieved level of transparency al-

lows to perform optical stimulation through the interconnects without generating a no-

ticeable artifact. From an electrical stand-point, while the increased tracks resistance

compared to the standard PI/Pt process does not affect the recording capabilities of the

fabricated device, the matter is very different for electrical stimulation. With the current

level of performances, research-grade pulse generators are just capable of supplying

the voltage required to drive microamper-level current through the micropatterned ITO,

with their medically approved counterparts being completely out of the question.

A potential solution to the conductivity and adhesion concerns raised so fart consists

of including an annealing step prior to the bonding of the top PDMSmembrane. Anneal-

ing of parylene should, according to the literature [113], enhance the parylene-parlyene

adhesion, thereby improving the mechanical robustness and hermeticity of the devices.

Additionally, thermal treatment of sputtered ITO has been shown to decrease the sheet

resistance and opacity of the films [114]. The implementation of such process is not

straightforward however, due to the large difference in the thermal expansion coefficient

between the two materials on one hand, and on the other, to the level of atmospheric
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control required in the furnace. Indeed, in order to avoid oxidation of the parylene film,

the process needs to be perform under vacuum or nitrogen atmosphere.

From the perspective of the core-shell process, this endeavor proves that the new pat-

terning strategy can be applied to a different material stack with only minor changes in

the process. While the creation of a transparent neural interface is interesting in its own

right, the real appeal resides in the integration of high performance hermetic materials

as part of the shell. Such innovation could prolong greatly the lifespan of the array by

slowing the diffusion of ionic species over time.

2.6 Conclusion

This chapter described the microfabrication processes and process improvements for

the fabrication of soft and conformable implants targeted at the stimulation or record-

ing of neural tissue. The mechanical compliance of the devices is enabled by the use

of a thin elastomeric membrane as the substrate, Pt-PDMS composite as the electrode

coating, as well as the integration of stretchable interconnects. The manufacturing of a

reversibly elastic conductive layer is achieved via the periodic patterning of a Y-shaped

motif through a multilayer stack of PI/Pt/PI. The newly developed core-shell process al-

lows the fabrication of devices with improved electro-mechanical properties. The inter-

connects engineered using thismethod are able to elongate up to 15% before deforming

plastically and can sustain repeated uniaxial deformation without significant mechani-

cal fatigue (+6% increase over 1mio cycles). Furthermore, the leakage currentmeasured

in accelerated ageing conditionswas reduced by a factor of 1000 in comparisonwith the

previous generation of implants. On a device level, the integration of a new connector

allowed to reduce the device footprint (from 5mm to 1mm in thickness) and to increase

the reliability of the connection scheme. In addition to these improvements, the core-

shell strategy retained all of the advantages of the original process, including the ability

to fabricated small to large scale implants with customized shapes, electrical layouts

and electrodes grid geometries. Overall, while the revised core-shell process fails to

fully address the requirements that were described in the introduction of this thesis, it

does enable new design and engineering possibilities to address these limitations and

to potentially push the technology beyond neural interfaces.

In that regard, the most interesting aspect of the kirigami approach resides in the fact

that it can be applied indiscriminately of the nature of materials stack. Indeed, this strat-

egy could be potentially used to engineer stretchability not only in passive components

like interconnects, but also in active ones such as LEDs or transistors. As demonstrated

in this chapter, these devices could be composed of any combination of organic and

inorganic materials without compromising the fundamental working principle behind

the stretchability of the whole structure. For instance, one could form a basic, stretch-

able light emitting device by integrating an electroluminescent polymer such as Alq3
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(8-hydroxyquinoline aluminum) as the core layer. This polymer has been demonstrated

to emit green light when sandwiched between an ITO cathode, a Mg:Ag anode and a

hole transporting layer of aromatic diamine [115]. This material stack could be easily

deposited via the same techniques (sputtering, organic molecular beam deposition) be-

fore beingmicropatterned through a combination of oxygen and ion-beam etching. With

regard to the shell layer, Parylene would consist of a suitable candidate thanks to its

natural transparency. The development process required to implement these newmate-

rials would be very similar to the one demonstrated in section 2.5 of this thesis, with the

critical points being the interlayer adhesion and the accurate transfer of the Y-shaped

pattern.

An aspect which remained unexplored in this thesis, is the ability to vary the Y-shape

pattern across the same device. Indeed, by tuning the geometrical parameters L, a and

r (see fig 2.3), the electromechanical properties of the interconnect can be tuned at

will. In particular, local variations of the pattern could be implemented over distances

of a few hundreds of microns to engineer smooth gradual change in the elastic char-

acteristic of a device. This principle can be leveraged to form so-called strain gradient

around rigid components (e.g. µLED, bare dies) in order to prevent the concentration

of stress at the interface between the stiff and soft part of the system. In the context

of the devices presented here, strain gradients could be used to minimize stress at the

level of the transition with the connector or to build hybrid systems featuring rigid ele-

ments such as LEDs or integrated circuits (e.g. multiplexer). Alternatively, variations in

the Y-shape geometrical parameters could used to tune the local resistivity of the pat-

terned interconnects. By carefully optimizing the local elasticity vs resistivity trade-off

based on the expected strain in different part of the device, the overall resistance of the

interconnects could be minimized. This level of optimization could prove critical to the

development of an implant compatible with clinical IPG (compliance voltage 10-15V).

With regard to the potential manufacturing of higher density electrode array (>32 chan-

nels), the minimum track width constitutes the main limiting factor. Indeed, in the cur-

rent implementation of process, the minimum track width is 21µm, a limit fixed by the

geometrical parameters of the Y-shape pattern (figure 2.3). In effect however, integrat-

ing such structure is impractical as it effectively consists of a serpentine interconnect

which does not provide anymechanical redundancy. Interestingly, while the geometrical

parameters do define theminimum track width, they are, in effect, unitless. As such they

can be arbitrarily scaled with respect to the structure being patterned. This approach

could be potentially used to either (1) maintain the current track width but increase the

mechanical redundancy in an equally wide track or, more interestingly, (2) maintain the

same level of redundancy in a significantly narrower track. For example, scaling down

the Y-shaped pattern by a factor of 10 would enable 3 level of redundancy within a 10-

micron-wide track. However, the critical dimension would also be reduced by an iden-

tical factor, from 5µm down to 500nm, far beyond the capabilities of UV lithography

(i-line resolution ~1µm). This technical challenge could be addressed by the transition
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tomore advanced lithography systems such asDUV stepper or e-beam lithography. This

techniques will technically allow to pattern the samemotif at increasingly smaller scale,

thereby making it possible to fabricate increasingly smaller stretchable interconnects

while maintaining equivalent mechanical robustness.

Both the original and core-shell microfabrication processes were used to manufacture

a large array of neural interfaces, some of which were readily introduced in the results

sections above. In the next chapters, these devices will be described in details along-

side the applications for which they were developed and the experimental conditions in

which they were implanted. Although the fabrication process and in-vivo experiments

are presented in separate chapters of this thesis, their development and execution was

carried out simultaneously, with many of the technological innovations stemming di-

rectly from the requirements of the applications themselves.
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Outline This chapter describes the development of a soft µECoG for the recording of

the auditory cortex. The device is first validated acutely in rats before being translated

to non-human primates where it is deployed chronically. The chapter is organized in 3

sections:

1. Introduction on electrocorticography in the clinic, its limitation and overview of

the potential benefits of soft, microfabricated ECoGs.

2. Acute study in rodents demonstrates the use of the Y-shaped micropattern tech-

nology for the recording of auditory evoked potentials in rats, establishing the po-

tential of the µECoG as a tool for fundamental neuroscientific research on the au-

ditory system.

3. Chronic study in non-human primate presents the development of a soft µECoG

for the long-term recording of auditory evoked potentials in a rhesus macaque.

This section discusses the implant design, the results and the potential limitations

after 4 months of implantation.
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3.1 Introduction

Electrocorticography is a neurodiagnosis technique which consists of placing an elec-

trode array on the surface of the brain in order to record the neural activity of the underly-

ing tissue. Clinical ECoG grids are currently used mainly for functional brain mapping in

drug-resistant epileptic patient [116]. The approach consists of recording brain activity

over a period of a fewweeks in order to localize the foci of epileptic activity [117]. The col-

lected data then allow to guide the surgical approach during which the affected tissue

is resected. ECoGs are also used intra-operatively during the brain resection procedure

itself, in order to avoid cutting critical areas of the cortex, such as the ones responsible

for speech and motor functions. This neuronavigation technique is also applied during

other delicate surgical approaches, such as tumor resection [118].

In recent years, clinicians and researchers have attempted to use ECoGs in order to

decode speech and motor intents from the brain activity of paralyzed patient. The cap-

tured data is then used to control a computer or a robotic assistive devices, forming a

so-called brain-machine interface (BMI) [119]. Current efforts are however limited by the

low spacial resolution of the available hardware. Indeed, contemporary ECoG grids are

composed of a grid of stiff PtIr disks, whose size (>1mm) and pitch (10mm) greatly limit

the achievable resolution with which brain activity can be mapped. Furthermore, due to

the mechanical properties and thickness of their constitutive elements, these devices

exhibit a high bending stiffness and as such do not conform optimally to the complex

topology of the brain surface (fig. 3.1A).

Soft bioelectronics interfaces constitute a compelling alternative to the stiff, macroscale

implants used in the clinic. By combining standard microfabrication techniques with

polymericmaterials, researchers have developedflexiblemicroelectrocorticography grids

(µECoGs) capable of conforming closely to the morphology of the brain [120]. The tran-

sition from hand manufacturing to cleanroom tools and technologies also enables a

significant increase in electrode density, allowing to record brain activity with a much
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higher spacial resolution than before [121]. This aspect is particularly relevant for BMI

where a finermapping of neural signal will lead to a better understanding of the patient’s

intent.

10mm

T2

DB C

PI 15µm

PI 12µm 10mm

PI 8µm

PI 5µm 10mm PI 2µm 10mm

PDMS 200 µm PDMS 100 µm PDMS 50 µm

10-8 10-910-710-6

Clinical electrode 10mm

Poor Contact

Large-scale elastomeric implant

PDMS 25µm 10mm

Handling
impossible

Handling
impossible

No comformability

PDMS 150µm 10mm

No conformability

Large-scale flexible foil implant

A

Be
nd
in
g

St
iff
ne
ss

[P
a·
m

3 ]

Figure 3.1: Limitations of the current clinical ECoG technology. A Study of the conforma-

bility of various mock-up (4 ×10 cm2) on an agarose brain model. The corresponding

bending stiffness is reported on the scalebar together with a qualitative assessment of

the conformability and handleability. Adapted from [122]. B, C Surface topography and

picture of a severe depression in the cortex resulting from the implantation of a clinical

ECoG grid. DMRI of a clinical ECoG exhibit a clear shadowing effect around the location

of the device (indicated by the red box) [122].

Microfabricated ECoGs also present the advantage of being highly customizable: the

device geometry can be adapted to a wide range of animal models, from mouse to

non-human primates. The ability to seamlessly scale a technology across species is

especially compelling from a translational perspective, because it allows to establish

a technological bridge between fundamental, neuroscientific research and the clinic.

Decreasing the device footprint relative to the animal size also promises to improve
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bio-integration, especially when this strategy is combined with the integration of soft

materials such as silicones or hydrogels. In comparison, stiff clinical implants have be

shown to trigger severe fibrotic encapsulation over time and to even cause depression

of the brain [123]. This type of potential damages is especially concerning when consid-

ering these devices aremainly used on readily unstable brains and could thus potentially

worsen the patient’s condition (e.g. in the case of epilepsy).

MRI safety and compatibility is another major limitation of current clinical arrays [124].

Due to the important quantity of metal constituting the electrode, clinical implants cre-

ate large artefacts when imaged in an MRI scanner. The shadow of the implant will hide

the details of the surrounding tissue, which prevents the precise localization of the de-

vice. This issue is particularly relevant in the context of epilepsy monitoring because

the artifacts prevent the correlation between electrocorticography and imaging data.

Another point of concern relates to heat generation. Changing magnetic fields, such

as the one used in an MRI scanner, will cause Eddy currents to circulate in bulk metal

pieces, whose temperature will then rise due to Joule heating. The PtIr disks in clinical

arrays are large enough to exhibit this effect and the generated heat would have to be

dissipated in the surrounding tissue. Even modest increase in temperature have been

shown to cause significant brain damage, a concerning proposition when considering

the application at hand [125]. While the notion of MRI compatibility and safety has only

just begun to enter the conversation on soft neural interfaces, early studies on this new

kind of devices have shown promising results [122, 126].

3.2 Acute Study in Rodents

This section introduces a µECoG for the recording and stimulation of the rat auditory

cortex in acute settings. The implant was developed as a precursor to the µECoG for

non-human primates which will be presented in the next section. With this device, the

objectives were three-fold:

1. Validate the recording capability of the Y-shaped micropattern technology.

2. Develop a tool for fundamental neuroscientific research on the auditory system.

3. Establish a technological framework for auditory research before transitioning to

large animal model (non-human primates). This aim includes the acquisition of

supporting systems and instrumentations, the development of robust recording

and stimulation protocols as well as the formulation of a data analysis pipeline.
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3.2.1 Methods

Device fabrication The rat µECoG was manufactured using the process presented in

section 2.2. It features a grid of 25 electrodes (diameter 160µm, ptich 400µm) cover-

ing an area of 1.6 by 1.6 mm2, which corresponds to the estimated dimensions of the

rat auditory cortex. The connecting scheme is composed of a custom-design flexible

flat cable (FlexComb connector) shaped into a strain-relief serpentine. The design also

features several anchoring point intended to stabilize the device in place following im-

plantation. Each electrode can be addressed individually via an Omnetics connector,

soldered at the end of the FlexComb connector. The ground and reference channels are

shorted together and routed through an external aluminum wire.
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Figure 3.2: Design features of the soft rat µECoG. A Schematic of the device. B Picture

of the whole device. C Detailed view of the soft electrode paddle. D Clos-eup picture of

the FlexComb connector. Since the µECoG was fabricated during a transition period in

the process, the FlexComb is still connected using conductive silver paste. D Detailed

view of the Omnetics connector interface, ground wire and anchoring wings.

Auditory stimulation experiments A wild type rat is put to anesthetized using an injec-

tion of ketamine. The skin is cut and a craniotomy is performed in order to expose the

surface of the brain between coordinates x and y. Following durectomy, the µECoG is slid

under the dura and pushed on top of the auditory cortex using anatomical landmarks

to guide the insertion. Next, the µECoG is connected to a wireless recording system

(W2100-HS32, Multichannel Systems). The device, based on the low-power RHA2132

chip (Intan Technologies), amplifies and digitizes the signal before sending the data

wirelessly to the acquisition computer. The sampling rate is software defined at a value

of 2kHz. The animal is fitted with a pair of earbuds and presented with a series of acous-

tic stimuli. The sounds used to generate frequency specific AEPs consist of a 500ms

tone-burst followed by 500ms of silence, presented in a continuous fashion for a dura-
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tion of 3 minutes. In order to map the tonotopy of the rat auditory cortex, the frequency

of the tones is varied across trials, ranging from 100Hz to 20kHz. The collected data are

analyzed using a customMatLab (MathWorks) script. For each frequency, the recorded

raw signal is filtered between 1 and 1kHz and averaged over the period of the acoustic

stimuli (1s).

Cortical stimulation experiments In order to investigate the potential to evoke auditory

percept through stimulation of the auditory cortex, a wild type rat is fitted with a µECoG

on each hemisphere (figure 3.5A). The surgical procedure begins with the anesthesia,

performed via a ketamine injection. Next, a double craniotomy is performed, exposing

the parietal bone on each side of the brain. Following durectomy, the µECoG are placed

on top of the auditory cortex using the insertionmethod described above (figure 3.5B-C).

The proper placement of the two devices is verified by recording AEPs through each one

of them. To do so, the µECoG is connected to awireless recording system (W2100-HS32,

Multichannel Systems) and the animal is presented with a series of tone-burst acoustic

stimuli. One of the µECoG (device A) remains attached to the wireless recording sys-

tem while the other (device B) is connected to a current pulse generator (PG2100A, AM

System). A series of electrical stimuli are then sent through the device B while the con-

tralateral response is being recorded using device A. The stimulation pattern consist

of a train of symmetric, biphasic current pulses, with each phase lasting 300µs. In or-

der to assess the impact of the stimulation, the amplitude of the current pulse is varied

from 100 to 600µA across trials. The collected data are analyzed using a custom Mat-

Lab (MathWorks) script. For each current amplitude, the recorded raw signal is filtered

between 1 and 1kHz and averaged over the period of the acoustic stimuli (1s).

Impedance spectroscopy In-vitro EIS is performed using a potentiostat (Reference

600, Gamry Instruments) in a 3-electrode configuration. The Ag/AgCl reference elec-

trode, platinum counter electrode and implant under test (working electrode) are im-

mersed in PBS (1x) and the impedance spectrum is measured between 0.1Hz and 1MHz

using an input signal amplitude of 100mV (root-mean-square).

Chronopotentiometry In-vitro voltage transients (VTs) are measured in PBS (1x) upon

the application of symmetric, biphasic, cathodic-first, current pulses between the elec-

trode under test and a platinum counter electrode. The pulses amplitude is set to 100µA

and their duration to 600µs (300µs/phase), with an inter-pulse period of 10ms. The re-

sulting VTs are collected via an oscilloscope (MDO3014, Tektronix) connected across

the two poles of the current pulse generator (ISP2100, A-M Systems). For each device,

the access voltage, i.e. the purely resistive drop occurring at the onset of a current pusle,

is estimated by averaging the voltage values over the first µs of each phase.
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3.2.2 Results & Discussion

Device characterization Electroimpedance spectroscopy (EIS) and chronopotentiom-

etry were performed on four µECoGs, following the completion of the manufacturing

process. The EIS data shows that themaximum phase is reached at 80kHz, correspond-

ing to an average impedance of 12.8 ±3.2 kΩ. At this frequency, the electrode behaves

almost like a purely resistive circuit (phase close to 0°), a state that is similar to the one

being "felt" by the generator when injecting current pulses. Indeed, imposing a sudden

change in current (e.g. by injecting a square pulse) through a electrode corresponds to

the application of a very high frequency voltage, a situation in which the double layer ca-

pacitance at the interface is effectively short-circuited (phase close to 0°). As a result,

the mean impedance at maximum phase provides the best assessment of the stimula-

tion capabilities of the implant. This is confirmed by the plots presented in figure 3.3B,

which show a resistive drop (access voltage) around 1.1V upon the injection of a bipha-

sic current pulse of 100µA (predicted value = 12kΩ × 100µA = 1.2V). The average drop

was computed by considering the first 5µs of each phase.

Looking the phase angle, it can be seen that the average cutoff frequency is located at

fcutoff = 40Hz. Above this frequency, the electrodes behavior is predominantly resistive

(phase > -45°) which means the incoming signals are represented authentically. Below

fcutoff however, signals are transmitted predominantly through the capacitive part of the

interface, which means they do experience some level of non-linear distortions (i.e. fil-

tering, phase shifting) [127]. Since the phase value remains relatively close to the limit

(averageminimumphase = -60°), it is expected that the µECoGwill not exhibit significant

signal distortion. Nevertheless, any conclusion based on the low frequency components

of the recorded signal should be considered with skepticism.
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Figure 3.3: In-vitro characterization of the rat µECoG.A Average impedance spectrum as

measured in-vitro (n = 100 electrodes over 4 devices). The shaded area represents the

standard deviation. B Average voltage transient upong the injection of 100µA biphasic

current pusle (n = 100 electrodes over 4 devices). The shaded area represents the stan-

dard deviation.
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Auditory stimulation experiments In order to evaluate the recording capabilities of the

Y-shaped micropattern technology, auditory evoked potentials (AEPs) are captured in

wild type rat using a 25-channel µECoG (fig. 3.4A). The device is inserted through a slit-

like opening in the skull and slid on top of the auditory cortex (fig. 3.4B). Once averaged

over the stimulation frequency, the recorded signals exhibit a clear ON and OFF peak

which confirms both the recording capabilities of the ECoG and the placement of the

device (fig. 3.4C).

Next, the animal is presented with tone-bursts of frequencies ranging from 100Hz to

20kHz in order to establish the tonotopy of the rat auditory cortex. For each frequency,

an activation heatmap is built by extracting the peak amplitude from the average re-

sponse over the period of the acoustic stimuli. An example of an acousticmap recorded

by the µECoG is shown in figure 3.4D.
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Figure 3.4: Auditory Evoked Potentials recording using soft µECoG. A Location of the

device on the auditory cortex. B Surgical procedure of µECoG implantation. C Example

of auditory evoked potential (AEP) of one channel. D Map of AEPs across the µECoG

grid.

Cortical stimulation experiments The cortical stimulation experiments were devised

to investigate callosal projections and to assesswhether neural activity could be elicited

from one cortex to the other. To do so, two µECoGs were implanted on the auditory cor-

texes of a wild type rat. The first step consisted in finding the activation threshold. A

train of current pulses (biphasic, cathodic first, 150µs, 1.1 or 2.2Hz)was injected between

electrode x and y and its amplitude was slowly ramped up. The average traces, shown in

figure 3.5D, exhibit a clear activation of the contralateral cortex beyond 200µA. Further-
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more the response increase as the current amplitude ramps up, which demonstrates

the ability to elicit and modulate a response from one cortex to another.
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Figure 3.5: Cortical prosthesis experimental design and preclinical assessment in rats.

A Schematic of experimental design to assess efficiency of cortical stimulation; one

µECoG is used to stimulate the ipsilateral AC, another µECoG is placed contralaterally

to assess electrically evoked responses. B Surgical approach with 2 slits where µECoG

are inserted and slid as seen in C. E Preliminary data from pilot study; monopolar cor-

tical stimulation elicits a response in the contralateral auditory cortex which amplitude

increases with stimulation power.

Next, the electrical stimuli are applied through varying electrode pairs. The computed

response heat maps on the contralateral cortex are shown in figure 3.6. The peak activ-

ity shows a clear shift in location as a function of the electrode pair, which effectively

demonstrates that the contralateral response can be tuned by spatial modulation of the

stimulation. These results suggest that contralateral cortical stimulation could be used

to elicit auditory percepts and potentially restore hearing. These findings will be the sub-

ject of further studies, including chronic experiments, behavioral tasks and histological

analysis.

3.3 Chronic Study in Non-human Primate

This section introduces a µECoG for the recording of the auditory cortex in non-human

primates (NHPs). This device was developed in conjunction with an auditory brainstem

implant (ABI) which will be presented in the next chapter of this thesis. The objectives

were two-fold: firstly, to assess the recording capabilities of the Y-shaped micropattern

technology in chronic settings and secondly, to provide a tool to evaluate the effective-
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Figure 3.6: Comparison of Acoustic tonotopic map and Electric tonotopic map. A AEPs

recorded across µECoG array in response to 10khz acoustic tone burst. The correspond-

ing color map is shown on the side and represent the peak-to-peak amplitude of the

responses. It gives a direct visualization of the zone highly sensitive to this band of fre-

quence. B eAEPs recorded contralaterally in response to electrical stimulation of the

auditory cortex at 500 uA. The corresponding color map is shown on the side. The 2

maps are comparable showing the activation of the same zone of the cortex.

ness of the ABI stimulation. Current clinical methodology in that regard relies solely on

patient’s perception and auditory brainstem responses (ABRs). While a form of feed-

back can be gathered from behavioral experiment in NHPs, this approach does not pro-

vide a granular enough appreciation of the stimulation efficacy. Similarly, ABRs are only

indicative of the activation of the auditory pathway and as such cannot be relied upon to

assess or tune the stimulation. As a result, an investigative tool with a finer sensitivity

needed to be developed.

3.3.1 Methods

Device fabrication The ECOG was manufactured using the microfabrication process

presented in section 2.3. It features 28 electrodes of 300µm in diameter covering an

area of 4x10 mm2, which corresponds to the estimated dimensions of the auditory cor-

tex in rhesus macaque. The four remaining channels are reserved for test structures

implemented to validate the functionality of the device over time (fig 3.7A). Channel 1

and 31 stop at the level of the FlexComb connector and thus can be used to monitor po-

tential encapsulation failures occurring at the transition between the soft electrode pads

and the custom-made FFC. Channel 2 consists of a track buried inside the FFC which

allows to verify the integrity of the flexible PCB itself. Channel 32 leads to an electrode

placed out of the area of interest in order to record neural activity away from the audi-

tory cortex. The ground and reference channel are shorted together and routed through

a teflon-coated, platinum wire. The FlexComb connector features a pair of anchoring

"wings" to secure the implant in place at the exit of the craniotomy (fig 3.7B).

The interface with the recording system consists of an Omnetics connector soldered
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Figure 3.7: Design features of the soft NHP µECoG.A Schematic of the device. The inset

details the test structures implemented to monitor the functionality of the device over

time. B Picture of the device, assembled inside the custom-designed PEEK pedestal. C

Detailed view of the soft electrode paddle. D Exploded view of the pedestal assembly.

at the end of the FlexComb cable. The Omnetics connector is sealed inside a custom-

designed PEEK (Polyether ether ketone) pedestal which provides an access port to the

implant (fig 3.7D). The pedestal is engineered to be anchored on the skull using a foot-

plate with bendable feet through which self-taping screws will be inserted. This ap-

proach has the advantage of not requiring a titaniummesh to be placed subcutaneously,

a common anchoring strategy which often leads to infection. A magnetically attached

cap prevents fluids and debris from entering when the recording system is not plugged

in. The threemagnetic screws inserted inside the pedestal can be removed during imag-

ing to avoid generating artifacts. The ECoG pedestal is designed to be combined with

a second one, containing the access port to an auditory brainstem implant (see Chap-

ter 4). The implants were sterilized pre-operatively using a hydrogen peroxide plasma

treatment (H2O2, 55°, 0.01mbar, 3x5min).

Surgical procedure ECoG placement was done under anesthesia. A craniotomy was

performed on the temporal bone following coordinates of the Auditory Cortex (AP -8.55

- 17.10 ML 4 5; Macaque Brain Atlas) and superficial landmarks as well as MRI data of

the animal. The soft ECoG was slid subdurally at the surface of the auditory cortex

(fig. 3.8A) and secure at the edge of the craniotomy using a titanium bridge. After dura

closure and bone flap replacement, the pedestal was screwed at the top of the skull

(fig. 3.8B).
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Figure 3.8: Soft ECoG implantation in Non-human primate. A The soft ECoG is slid sub-

durally at the surface of the superior temporal gyrus (STG) and the lateral fissure (LF)

where the secondary and primary auditory cortex are. B View of the system after dura

and bone flap closure. The ground is secured between the skull and the dura. The ECoG

pedestal is screwed on top of the skull and the flex is secured using anchoring wings

and self-drilling screws. L: Lateral A: Anterior

Auditory evoked potentials recordings The auditory evoked potentials (AEPs) are gen-

erated using a tone-burst train of varying frequencies (500Hz to 40kHz). At each fre-

quency, the stimulus (500ms sound on, 500ms sound off) is presented continuously

for 2 minutes. The sound queues are generated using a custom MatLab (MathWorks)

script and delivered in a closed field configuration using a pair of magnetic speakers

(MF-1, Tucker-Davis Technologies). The resulting AEPs are acquired by connecting the

µECoG to a wireless recording system (W2100-HS32, Multichannel Systems). The de-

vice, based on the low-power RHA2132 chip (Intan Technologies), amplifies and digitizes

the signal before sending the data wirelessly to the acquisition computer. The sampling

rate is software defined at a value of 2kHz. The resulting data are analyzed using a cus-

tom MatLab (MathWorks) script. For each frequency, the recorded raw signal is filtered

(bandpass 1 to 100Hz, notch 50Hz) and averaged over the period of the acoustic stimuli

(1s) (figure 3.9).

Impedance spectroscopy In-vitro EIS is performed using a potentiostat (Autolab PG-

STAT128N, Metrohm) in a 3-electrode configuration. The Ag/AgCl reference electrode,

platinum counter electrode and implant under test (working electrode) are immersed in

PBS (1x) and the impedance spectrum is measured between 0.1Hz and 500kHz using

an input signal amplitude of 100mV (root-mean-square).

In-vivo EIS data are collected using a portable potentiostat (Reference 600, Gamry Instru-

ments) in a 2-electrode configuration with the reference and counter channels shorted
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Figure 3.9: Experimental setup and analysis pipeline for the recording of Auditory

Evoked Potentials (AEPs) using the implanted soft µECoG
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together and connected to the ground wire of the implant. The impedance spectrum is

measured betweem 0.1Hz and 1MHz using an input signal amplitude of 100mV (root-

mean-square). A breakout PCB connected inside the pedestal allows easy access to

the individual channels.

Chronopotentiometry In-vitro voltage transients (VTs) are measured in PBS (1x) upon

the application of symmetric, biphasic, cathodic-first, current pulses between the elec-

trode under test and a platinum counter electrode. The pulses amplitude is set to 100µA

and their duration to 600µs (300µs/phase), with an inter-pulse period of 10ms. The re-

sulting VTs are collected via an oscilloscope (MDO3014, Tektronix) connected across

the two poles of the current pulse generator (ISP2100, A-M Systems).

In-vivo VTs are collected using the same setup but this time with the counter electrode

connected with the ground wire of the implant. A breakout PCB connected inside the

pedestal allows easy access to the individual channels.

Magnetic Resonance Imaging MRI sequences were acquired on a SiemensMagneton

Prismamachine by first sedating the animal using ketamine. T1, T2 and turbo spin echo

sequences were used to image the brain and implant with different contrasts, respec-

tively. The acquired images were exported in the open DICOM format and visualized on

an open-source DICOM viewer (Miele LXIV).

Computed Tomography A CT scan was acquired with slide thickness of 0.6mm by

first sedating the animal using ketamine. A reconstruction for soft tissue was used

to exported the images in the open DICOM format and visualized on an open-source

DICOM viewer (Miele LXIV).

3.3.2 Results

Device characterization Prior to implantation, the µECoG was characterized via elec-

troimpedance spectroscopy and chronopotentiometry. Looking at the EIS data in fig-

ure 3.10A, the impedance at maximum phase (-5.9°) is found at frequency of 1kHz, cor-

responding to a mean value of 4 ± 0.4 kΩ. Once again this number can be matched with

the resistive drop shown in figure 3.10B, as they effectively capture the impedance seen

by the pulse generator when applying sudden change in current. The resistive drop (ac-

cess voltage) averages to -0.35 ± 0.17 V and 0.48 ± 0.13 V over all channels for the a

biphasic current pulse of 100µA (average computed over the first 5µs of each phase).

The impedance computed from these values is equal to 0.35 × 100µA = 3.5 kΩand 0.48

× 100µA = 4.8 kΩ, which falls in line with the EIS data.
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Figure 3.10: In-vitro characterization of theNHPµECoG.AAverage impedance spectrum

as measured in-vitro (n = 28 electrodes). The shaded area represents the standard de-

viation. B Average voltage transient upon the injection of 100µA biphasic current pusle

(n = 28 electrodes). The shaded area represents the standard deviation.

Looking once again at figure 3.10A, it can be seen that the electrodes behavior is predom-

inantly resistive with the phase angle remaining above -45° across the whole frequency

range. This type of curve indicates that the cutoff frequency is located at the tail end

of the spectrum, below 1Hz. Because signals above the cutoff frequency are transmit-

ted predominantly through the resistive part of the interface, they do do no experience

the non-linear distortions induced by its capacitive component (i.e. filtering, phase shift-

ing) [127]. As a result, the EIS data effectively demonstrates that the µECoG is able to

authentically represent signals across the whole frequency range shown in figure 3.10A

(1Hz-500kHz).

ECoG recordings Following the surgical procedure detailed previously (fig 3.8), a Rhe-

sus macaque is implanted with a 28-channel, soft µECoG. The placement of the device

is confirmed intra-operatively using both anatomical landmarks and AEPs recordings at

a few key frequencies. After a recovery period of ten days, the responses to acoustic

tone-burst stimulation are recorded on a weekly basis in awake settings. An example

of a typical recording is shown in figure 3.11. While the signal over a single trial does al-

low to discern evoked activity, averaging the data over the stimulus period immediately

brings out a clear ON and OFF peak (figure 3.11A).

In order to build a tonotopic map of the auditory cortex, the frequency of the tone burst

is varied from 500Hz to 40kHz. For each frequency, the signal is averaged over the

stimulus period (500ms ON + 500ms OFF) and the AEP amplitude on each channel is

extracted. The collected data (figure 3.11B) exhibit a clear shift in activity as a function of

stimulation frequency, demonstrating the ability of the µECoG to effectively map AEPs.

Figure 3.11C presents a complete activation map for a stimulus frequency of 8kHz. The

peak-to-peak amplitude (zscored) can be extracted in order to create a color map which
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Figure 3.11: Soft ECoG recordings in NHP allow for tonotopic mapping. A Averaging of

the filtered ECoG data of a single channel. The orange trace represents the response to

an acoustic tone burst at 8kHz (500ms ON 500ms OFF). In comparison to the baseline

(no stimulation, black trace), peaks of depolarization are visible at both the onset and

the offset of the simulus. B Responses of a single channel (example of channel 7 here)

in response to different frequencies of stimulation. The signal is specific to each acous-

tic frequency and varies in amplitude and shape allowing for tonotopic mapping of the

auditory cortex. C Responses of all channels at 8kHz and mapped across the entire

ECoG array (black traces represent test channels). This map reveals the specificity of

each response. Even neighboring channels show differences as highlighted in red; one

channel shows a big OFF response while the one next to it does not but instead shows a

massive ON response. D Colormap representing the peak-to-peak amplitude (zscored)

of each channel across the ECoG array. Each square represents 1 electrode.
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resumes the level of activity across the electrode grid (figure 3.11D).

Figure 3.12 presents the evolution of the AEPs map at 8kHz over over the course of four

months. The activation profile remains robust overtime, the signal to noise ratio allow to

reveal strong AEP till week 16. While the specificity of each channels stays strong for the

first 2months, it seems to decrease afterwards. The activation profile seems to become

more homogenous accross the array demonstrating a loss of independance between

the channels. While a consistent center of activation is noticeable towards the lower

right side of the grid, the overall activation profile appears to fluctuate. The recording

set at week 8 stands out in particular where the activation seems homogeneous over

the whole electrode array.

Overall, the ability to record evoked potentials remains constant over time, with the re-

sponse being concentrated toward the right side of the array. Combined with the other

methods used to characterize the implant over the same period of time, this effectively

demonstrates the ability to record AEPs using the soft µECoG for a period of over 3

months.
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Figure 3.12: Evolution of the peak-to-peak amplitude of the ON response at 8000 Hz

over time. A MRI reconstruction of the NHP brain implanted with the soft ECoG. The

electrode grid is represented in place (at the surface of the STG) as a tonotopic map.

B The analysis of the tonotopic maps shows a good signal to noise ratio of the AEPs

using the soft ECoG. The response is strong (in averagemore than twice above the noise

level (Zscore 2). The bigger responses at 8000Hz are localized in the right quadrant of

the array. The analysis over time shows that the response can be detected over the 4

months implantation. However, at week 16, the specificity of each channels seems to

decrease, showing more homogenous amplitude profile.

Functionality over time The functionality of the µECoG over time is assessed using

voltage transients (VTs) - themeasurement consists of recording the voltage required to
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push a 100µA biphasic current pulse through each electrode. The collected data allows

to assess the status of the implant from a purely electrochemical perspective.

Figure 3.13 shows the recorded VTs for all electrodes across a period of 3 months. The

data reveals that the implant was unaffected by the sterilization procedure but that it

suffered a slight degradation in performances directly following implantation. This de-

crease likely originates from small mechanical deformation to the interconnects caused

by hand manipulation during surgical placement. From there, the voltage increases

slowly over time most likely due to a combination of scar tissue formation and degra-

dation of device. After one month, the standard deviation increases significantly, with

some channels exhibiting a large change in their capacitive behavior.
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Figure 3.13: Evolution of the voltage transients of the soft µECoG. Shaded area indicates

standard deviation. Current pulse amplitude was 100µA.

Imaging of the implant in vivo The animal implanted with the soft µECoG was imaged

under CT and MRI scan at the 3 months timepoint as shown in Figure 3.14. The position

of the electrode array including the electrode contacts are visible under the CT-scan

Figure 3.14A,B. This validates the placement and securing of the implant over the span

of 3 months implantation. The electrode array is placed flat over the cortex and the

boneflap is in place, held by the titanium bridges anchored into the bone (visible as well).

Additionally, with the soft tissue contrast available in theMRI sequence in Figure 3.14D-F,

a small pocket of tissue with different contrast is visible as well as the silicone outline

of the implant. From the white constrat, it can be deduced that it is a small layer of

encapsulation around the implant, measuring around 2.5mm in total thickness with the

implant in the middle of the section.
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Figure 3.14: Imaging of the implanted µECoG after 3 months of implantation under CT

andMRI scan. A Coronal section of the CT-scan at the location of the implant. B Parallel

view of the implant (located in A by an orange arrow) in CT-scan. The loop visible over

the implant is the ground wire. C Schematic view of B and E noting the different compo-

nents visible on the images. D Coronal section of the T2-weighted MRI sequence at the

location of the implant. E Parallel view of the implant (located in D by an orange arrow)

in the T2-weighted MRI sequence. F Axial section of the T2-weighted MRI sequence at

the location of the implant. Note the presence of a small amount of tissue with higher

contrast at the location of the implant.

3.3.3 Conclusion

Summary & discussion

The developed micropatterned core-shell interconnects presented in Chapter 2 were

used to fabricate small to large electrode arrays for rats and non-human primates. The

reliability and design freedom enabled by the optimized microfabrication process per-

mitted the use of these soft µECoG in new experiment paradigm both in recording and

stimulation. In each case, the system (array dimensions, electrode layout, FlexComb

geometry and connector) was engineered to bring the best usability to the in vivo exper-

imenter.

In rats, the 25-channel soft µECoG with an electrode coverage of 1.6 x 1.6 mm2 was in-

serted through a small slit in the skull over the auditory cortex. The optimal thickness
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of the silicone encapsulation permitted the sliding of the array over the brain without

affecting the activity. The so-positioned devices could precisely record high SNR au-

ditory evoked potentials when stimulating the animal with sound cues. By presenting

acoustic bursts frequencies different patterns of activity could be recorded andmapped

spatially over the array. This permitted to build a tonotopic map of the auditory cortex

that was visible across multiple animals on both hemispheres (not shown here). This

shows both the reliability of the experimental setup as well as the technology as the de-

vices were reused over multiple surgical instances. For chronic experiments in the rat,

re-design of the FlexComb connector needs to be undertaken. Indeed, the size of the

presented connection scheme here does not allow for the implantation of the device

over the animalâĂŹs head over longer periods of time. The connector would need to

be embedded on top of the skull using dental cement. Additionally, the animals would

need to be habituated to plug the wireless headstage in and out. For investigation of

the cortical response to sound cues over time, tonotopic map would need to be con-

structed for each measurement point and compared. Changes could then be attributed

to cortical reorganization with ageing, deterioration of the neural interface (such as in-

crease in electrode impedance or diffusion of ionic species inside the encapsulation

and connector) but also tissue responses due to the presence of the implant. Indeed,

the tissue response to subdural implantation with this surgical approach has not been

tested before and would call for histological analysis of the cellular response.

In the rat, by stimulating one hemisphere with a µECoG and recording the evoked po-

tentials on the contralateral side with a second µECoG, interhemispheric connection

of auditory cortices was shown. This implies that cortical stimulation with a âĂĲsim-

pleâĂİ surface electrode array could elicit sound percepts without targeting lower au-

ditory structures such as the auditory brainstem necessitating more invasive and com-

plicated surgical approaches. These preliminary experiments show the great potential

of using surface arrays on the cortex to restore deafness. Furthermore, control exper-

iments (not presented here) can outrule non-specific activation of the auditory cortex

by stimulating or recording outside of auditory cortices. . Adjustments to the stimula-

tion protocol such as pulse width combined with pulse trains inspired by similar cortical

interfaces (e.g. visual cortex) could restore percepts closer to natural ones. Finally by

employing artefact cancellation methods on the stimulation hardware or in the data

analysis methods would permit to recover more signal generated from the evoked po-

tential.

In non-human primates, a µECoG with a larger footprint (4 x 10 mm2) was designed to

target the primary auditory cortex. The device was integrated into a transdermal port

affixed to the head of the animal for chronic implantation. The device can be used in

awake recording sessions by plugging a wireless headstage into the headplug. Auditory

tone bursts at different frequencies presented to the animal elicited evoked potentials

captured by the implanted microelectrode array over a period of 3 months. From these

recordings, tonotopic maps can be constructed and permit the granular analysis of the
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hearing response of the animal unlike auditory brainstem responses. Over time, the

specificity of each individual electrode seemed to decrease, which could be related to

the intrusion of ionic species and water into the implants. In previous technology it-

erations, unencapsulated interconnects would be the primary source of ion and water

ingress into the electrical system of the implant. With the newly developed core-shell

technology and from the leakage measurements performed in ageing experiments in

saline solution (presented in Chapter 2) this can be outruled in the present case. The

connector on the other hand is only encapsulated with a silicone sealant and presents

very small inter-pad distances. From the electrical measurements of the control struc-

tures present on the implant, a decrease in insulation can be measured indicating such

as trend. This is a component to be optimized in further iterations of the soft implant

technology. Another source for the increased correlation between the electrodes over

time is the appearance of a small fibrotic encapsulation around the implant visible on

the MRI. This separates physically the electrode contact from the surface of the cortex

leading to a more generalized response over all electrodes. This fibrotic encapsulation

could be appearing for multiple reasons. First, during the implantation procedure the

dura mater was cauterized extensively to avoid bleeding during durotomy. This pro-

cedure could however lead to necrosis of the tissue and thus inflammatory response.

Next, as the dura mater retracted during the µECoG placement, a piece of muscle was

used to bridge between both dura mater edges to avoid a cerebrospinal fluid leak. This

foreign body in the subcranial space could also lead to a macrophage response, gen-

erating a macroscopic capsule around the implantation site. Finally, the implant itself,

even though composed of small silicone membranes could generate an inflammatory

response. In the future, more care will be given to safekeep the dura mater to avoid this

effect.

Nevertheless, this implanted device will be of tremendous use to fine-tune the stimula-

tion thresholds and parameters in the ABI experiment as presented in the next chapter.

Outlook As shown in this chapter, themicrofabrication enables the tailoring of the neu-

ral interface to a specific application. This would also be enabled when translating this

technology to humans. In the case of a recording array for brain-machine interfaces for

example, pre-operative MRI could be used to precisely design the implant to the spe-

cific brain anatomy of the patient and be perfectly suitable for that surgery. Additionally,

by carefully engineering the connection scheme, precise positioning of the leads and

possible IPG/recording electronics would be possible on the skull. The electrode arrays

designed in this chapter were designed for maximum 32 channels as they were con-

nected to amplifiers that could be plugged on the head of the animal. However this is

only a limitation of this particular plug and play system. Higher number of channels can

be achieved by integrating amplifier circuits with more channels closer to the implant,

such as within the pedestal system in animal models or in implanted devices in humans.

This would enable more to capture more information from the brain and increase the de-
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coding power of the implant. The cortical stimulation is an interesting use-case of the

soft microelectrode technology, as in humans, part of the auditory cortex is situated

deep in the lateral sulcus. Only implants that can bend down and conform to this three

dimensional anatomywould be able to safely be used in that situation. Restoration of au-

ditory percepts as well as other applications such as treatment of severe tinnitus could

then be envisioned.
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Implant

Outline This chapter describes the development of a soft auditory brainstem implant,

a device dedicated to the stimulation of the cochlear nucleus. The implant is developed

in the context of a translational study which aims at restoring the natural hearing tono-

topy and auditory acuity threshold in non-human primates. The chapter is organized in

3 sections:

1. Introduction on auditory brainstem implants in the clinic and overview of the cur-

rent limitations.

2. Methods details the experimental plan of the study and the investigative tools de-

veloped to answer the research hypothesis.

3. Results and discussion presents the outcomes of both acute and chronic experi-

ments on auditory brainstem stimulation in non-human primate.
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4.1 Introduction

Neuroanatomy In normal hearing humans, it is the cochlea which is responsible for

converting incoming sound waves into electrical pulses that can be processed by the

the brain. At the center of this transcription mechanism is an array of sensory receptors

called hair cells. Hair cells are mechanotransductors: under the action of an incoming

pressure wave, they release neurotransmitters that, in turn, will trigger an action poten-

tial in the neighboring nerve fiber. One of the most interesting aspects of the cochlea is

the fact that it is organized in a tonotopic fashion: high frequencies are transcribed by

the hair cells located at the base of the spiral, while low frequencies are processed at

the apex.

From the cochlea, action potentials travel along the auditory nerve (AN) to reach the

cochlear nucleus (CN). From there, sound information is relayed and partially processed

across three intermediary relays before finally reaching the auditory cortex (fig. 4.1). A

particularity of the auditory pathway is that each nerve fiber will carry a specific fre-

quency over the dynamic range, a fact which remains true from the cochlea all the way

to the auditory cortex. As a result of this neuroanatomical characteristic, the tonotopic

organization of the cochlea will bemirrored across all the relays of the auditory pathway.

Auditory implants Auditory implants providemeaningful sound perception to patients

suffering from severe hearing loss who cannot benefit from non-invasive hearing aids.

To do so, they leverage the tonotopic organization of the auditory pathway and encode

sounds percepts by delivering spatially specific electrical stimuli. Among the treatments

to address profound deafness and neuroprothesis in general, cochlear implants (CIs)

arewidely considered are resounding success storywith over 700’000patients implanted

world-wide according to the National Institute on Deafness and other Communication

Disorders (NIDCD). These devices allow to restore hearing percepts in deaf or hard-of-

hearing patients by electrically stimulating the spiral ganglion neurons (SGNs) located

inside the cochlea. Unfortunately, there exists a subset of deaf patients who cannot ben-

efit fromCI due either to an absent/damaged cochlea or to an injured/atrophied auditory

nerve.

Among those non-eligible for a CI implantation, the largest cohort is composed of pa-

tients suffering from Type II Neurofibromatosis (NF2). This rare genetic disease causes

the growth of tumors around theVIII cranial nerve, referred to as benign vestibular schwan-

nomas. While the presence of these tumors alone can damage the auditory nerve, the

most common cause for deafness in NF2 patients is actually the surgical procedure re-
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Figure 4.1: Simplified diagram of the auditory pathway illustrating the principal projec-

tions from the cochlea to the auditory cortex.

quired to remove them. Indeed, the efforts to resect the tumorous tissue often results

in the destruction of the nearby auditory nerve, rendering the patient deaf.

The solution consists of intervening further up the auditory pathway, at the level of the

brainstem. By delivering electrical stimuli directly to the cochlear nucleus, the inner ear

and VIIIth cranial nerve are effectively bypassed, thus providing those affected with

an alternative to cochlear stimulation. The electrical interfaces used to stimulate the

cochlear nucleus are referred to as Auditory Brainstem Implant (ABI).

ABIs in the clinic Three companies currently offer clinically approved ABIs: Cochlear,

MED-EL and Neurelec. All available designs are fairly simple, constituting of a 5mm-

thick silicone paddle with 12 to 21 contacts depending on the model. The electrode grid

is composed of platinum disks of 1 millimeters in diameter. All designs feature a mesh-

like structure in order to anchor the device following its insertion. The rest of the device

is directly inherited from cochlear implant, with the electrode paddle being connected

to an implantable stimulator and receiver while the microphone and speech processor

are placed externally, behind the hear of the subject.
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A B

Figure 4.2: Clinical ABI designs. A Range of currently available ABI paddles. From left

to right: Cochlear, MED-EL, Neurelec. B Picture of a complete ABI system from MED-EL

including the implantable stimulator, wireless transceiver and speech processor.

Clinical outcomes and issues While most CI users show a high degree of open set

speech recognition, this consistent level of performances has unfortunately yet to be

matched by ABI beneficiaries. In fact, the majority of ABI users are only able to appre-

ciate general environmental sounds and have thus to remain reliant on lip reading for

speech perception [128]. Furthermore, the range of possible outcomes seems compara-

tively wider, with large differences in the quality of the auditory percepts across patients.

Brain plasticity appears to play a critical role in that regard, with children under 2 years

old being amongst the better performing ABI users. Nevertheless, most clinics report

the performances of ABI users to significantly lag behind those of CIs, even within the

restricted context of pediatric cases [129].

In addition to poorer hearing outcomes, ABI users also often report side-effects in the

form of dizziness, tingling in the arms and legs, as well as facial twitching. These sen-

sations are believed to originate from the spreading of current to nearby, non-auditory

structures such as the VIIth cranial nerve which controls facial muscles. In order to

prevent discomfort to the patients, audiologists will routinely deactivate the electrodes

causing side-effects during the post-operative assessment phase.

Interestingly, a study from Barber et al. has shown that both speech perception and the

number of deactivated electrodes are correlated with the orientation of the electrode

paddle [130]. Furthermore, theABI positioning itself has been found to differ significantly

across patients, so much so that it considered the main contributing factor in the vari-

ability of ABI implantation outcomes. Large differences in orientation can be explained

by the complexity of the surgical procedure, which has to be performed without bone

or surface landmarks [131], and by the high risks of device migration post implantation.

Indeed, any amount of torque applied to the ABI cable following its placement can lead

to a complete or partial dislocation of the device out of the lateral recess. In addition
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to these considerations on paddle orientation, the study by Barber et al. also highlights

inconsistencies across stimulation channels, with some electrodes having significantly

lower activation threshold than their direct neighbors. The presence of these "sweet

spots" is believed to be indicative of a poor conformability by the ABI, with only part of

the paddle being in close contact with the CN. This lack of compliance with the anatomy

could also explain why ABI orientation has such a strong influence on hearing outcome.

Indeed, in the case of a stiff paddle, the positioning of the arraywith respect to the curved

surface of the CN directly determines the distance between each electrode and the tar-

get tissue. Non-conforming electrodes naturally cause more current to leak outside the

CN, resulting in a less purposeful stimulation and poorer hearing outcomes overall.

The issues discussed above highlight the limitations of the current clinical strategy for

the stimulation of the auditory brainstem. In this thesis, it is proposed to address these

challenges by fabricating a device capable of better conforming to the natural curvature

of the CN. Doing so requires to transition away from the stiff clinical implants in favor

of a soft microelectrode array. The hypothesis is that the soft ABI will provide a more

purposeful stimulation of the CN by (1) lowering activation threshold and (2) reducing

side effects and thus the number of deactivated electrodes. Furthermore, the improved

conformability of the array is expected to decrease the variability in hearing outcomes

by alleviating the influence of the paddle orientation on the contact surface between the

electrode grid and the CN.

4.2 Methods

4.2.1 Experimental design

In order to determine whether a soft ABI can restore the tonotopy of natural hearing,

such a device had to be fabricated, implanted and tested in-vivo. From a translation per-

spective, non-human primates (NHPs) constitute the most relevant animal model due

to the close resemblance between the human anatomy and theirs. Since the auditory

outcome cannot be assessed through direct feedback from the animal, the validation

of the soft ABI is articulated around two complementary metrics:

• Behavioral data For the purpose of our experiment, the subjects are trained to

perform a discrimination task based on the frequency of sound queues. The goal

is to compare the performances of the animals when presented with an artificial

sound produced through the ABI instead of an auditory stimulus.

• Auditory cortex recordings In addition to the soft ABI, the subjects are implanted

with a soft µECoG. The device, introduced in the previous chapter of this thesis, is

used to record the activity of the auditory cortex. These measurements will allow

to contrast and compare the tonotopy of natural and artificial hearing, providing a
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granular appreciation of the ABI ability to recruit the auditory pathway.

We believe that the combination of the behavioral data and auditory cortex recordings

will provide a robust quantification of the soft ABI efficacy. The complete experimental

plan, summarized in figure 4.3, is divided in seven phases:

• Phase 1 Two rhesus macaques (macaca malutta) are trained to perform the fre-

quency discrimination task. In short, the animals are presentedwith sound queues

and taught to activate a lever whenever the frequency of the sound increases

(fig. 4.4). Their performance can be quantified by recording the position of the

lever with respect to incoming sound frequency.

• Phase 2 A first animal is implanted with a soft µECoG. The device is used tomap

the natural tonotopy by recording the auditory cortex activity in response to sound

bursts (single frequency auditory stimuli). Additionally, auditory cortex recordings

are performed during the execution of the trained task. As it should be clear by

now, the implementation and results of the second experimental phase were the

subject of the third chapter of this thesis.

• Phase 3 The same animal is implanted with a soft ABI. Using the output from

the µECoG, the stimulation paradigm is then optimized in order to restore as well

as possible the natural tonotopic map established in phase 2.

• Phase 4 The optimized stimulation paradigm established in phase 3 is used to

evoke auditory percepts during the frequency discrimination task. Because the

hearing capabilities of the subject are preserved following ABI implantation, a di-

rect comparison between natural and artificial hearing performances will be pos-

sible.

• Phase 5 The second subject is implanted with a soft µECoG. The design of the

array will be updated based on the outcomes of the first animal, potentially provid-

ing a more detailed map of the natural tonotopy of the auditory cortex.

• Phase6 The second subject is implantedwith a soft ABI. The stimulation paradigm

established in phase 3 is tested and potentially updated based on the auditory cor-

tex recordings.

• Phase 7 The natural and artificial hearing capabilities of the second animal are

assessed within the framework of the frequency discrimination task.

The experimental framework described above will not only provide us with the tools

to assess the efficacy of the soft ABI but also allow us to gain a better fundamental

understanding of the primates auditory pathway. In order to ensure the success of this

project, the chronic implementation was preceded by a series of two acute ABI/µECoG
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implantations in NHP. These terminal experiments allowed us to rehearse the surgical

approach and refine the design of the ABI and brought the first proof of concept of soft

ABI functionality in NHP (fig. 4.5). At the time of writing, we have reached phase 3 of the

chronic experiment and are beginning to establish the optimal stimulation paradigm for

the restoration of natural auditory percepts.

Preparatory phase

Acute implantation

Surgical approach

Design validation

Hypothesis
validation

Can the soft ABI
restore the natural

tonotopy?

Phase 1

Behavioral training

Frequency discrimination
task

Natural hearing
performance

Phase 3

1st ABI implantation

Stimulation optimization

Artificial tonotopy

Phase 5

2nd µECoG implantation

New AEPs recording

Improved mapping of
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Behavioral experiment

Realistic brainstem
stimulation

Improved artificial
hearing performance

Phase 2
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AEPs recording
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Behavioral experiment

Realistic brainstem
stimulation

Artificial hearing
performance
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2nd ABI implantation

Stimulation optimization

Refined stimulation
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Figure 4.3: Experimental design for the validation of the soft ABI as tool to restore natural

hearing. Milestones are indicated in red, tasks in blue and outcomes in green.
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Figure 4.4: Frequency discrimination task design for non-human primates. The task is

directional where the subject must define if the frequency that is played is of a higher

(UP trial) or lower pitch (DOWN trial) compared to a frequency of reference. The task is

then performed again using cortical stimulation.

4.2.2 Surgical approach

Clinical background Surgically speaking, the placement of an ABI is a challenging en-

deavor because the cochlear nucleus (CN) cannot be directly accessed. Instead, the ABI

has to be inserted blindly in the lateral recess of the fourth ventricle where it will tucked

right against the CN (fig 4.6C). Two surgical approaches are currently used in the clinic:

translabyrinthine and retrosigmoid (fig 4.6A-B). The techniques are inherited from the

tumors resection operations which generally precede ABI implantation in NF2 patient.
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Figure 4.5: Soft ABI functionality and implantation feasibility: Proof of Concept A

Schematic representation of a macaque skull. Important landmarks are annotated. The

red square represents craniotomy placement. B Endoscopic view of cranial nerves land-

marks for the ABI insertion. C Pictures of a soft ABI at the entrance of the lateral recess

of the 4th ventricle and schematic of the electrode grid with numbers of contact. D ABR

traces recorded at several decibels showing the first 5 waves. Scale bar is 0.5 µV E

eABR traces recorded at several stimulation amplitude when stimulating ABI bipolarly

between electrode 5 and 9. Scale bar is 1 µV. F eABR traces showing a comparison of

amplitude in baseline, and when 2 different pairs of electrodes are stimulated at 150 µA.
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The translabyrinthine approach (TLA) consists of drilling an opening straight through

the mastoid bone in order to access the inner ear. This approach provides the otologist

with a familiar and direct view of the anatomy, without needing to retract the cerebel-

lum which reduces trauma. Unfortunately, because the opening is performed through

the mastoid, the cochlea and vestibular labyrinth are generally destroyed during the ap-

proach, rending the patient deaf, without hope of residual hearing. In comparison, the

retrosigmoid approach (RSA) allows to preserve the inner ear, offering to maintain a

form of residual hearing following the surgery. The RSA, however, is technically more

challenging and requires cerebellar retraction to access the auditory nerve.

A B C

Figure 4.6: Possible surgical approaches for the resection of vestibular schwannomas

and subsequent placement of the ABI. Adapted from [132]. A The translabyrinthine ap-

proach provides clear view of the tumors and auditory nerve without the need for cere-

bellar resection. BWhile the retrosigmoid approach requires severe cerebellar retraction

to expose the auditory nerve, it keeps the vestibular labyrinth and cochlea intact. As a

result, the subject is able to retain the hearing capabilities provided by the middle ear.

Arrows in A and B indicate the direction of visual field. C Diagram of an ABI placed

through a translabyrinthine approach. In the drawing, the auditory nerve has been en-

tirely resected following the removal of the tumor.

Non-human primate implantation Since the natural hearing capabilities of the animal

needed to be preserved, the soft ABI was placed using a retrosigmoid approach. The

implantation procedure, shown in Figure 4.7, begins with the intravenous administration

of propofol and fentanyl as anesthetics. Next, the animal is intubated and placed on the

surgical table over a heating blanket, before being covered with sterile drapes. From this

points on, heart rate, body temperature and blood oxygen pressure are monitored con-

tinuously. A skin incision is then performed behind the left ear. The underlying muscled

are separated from the skull using a resector, unveiling the temporal and mastoid bone

underneath. A cranial window, measuring approximatively 2 by 2 cm, is opened using

a bone drill. Next, the dura mater is cut and flipped over, giving access to the cerebel-

lum that is retracted to exposed the cranial nerves. The ABI pedestal is then secured in

place on top of the skull (Figure 4.7D) and the rest of the device is tunneled subdurally.
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The electrode paddle is anchored at the entrance of the craniotomy using two screws

inserted through dedicated structures of the FlexComb connector. Using an endoscope

to guide the approach, the ABI is placed in the lateral recess of the fourth ventricle (Fig-

ure 4.7B). Since the positioning of the implant cannot be directly validated visually, its

functionality is assessed by stimulating through a group of key electrodes and recording

the resulting electrically evoked auditory brainstem responses. Once the placement of

the implant has been confirmed, a muscle plug is tucked against it in order to stabilize

it, followed by a layer and Tisseel (fibrin sealant) followed by DuraSil to close the dura

mater (Figure 4.7C). The two ground wires is placed subcutaneously before suturing the

muscles and the skin. Upon completion of the procedure, the natural and artificial hear-

ing capabilities of the animal are verified through the recording of auditory evoked and

electrically evoked brainstem responses.

A B

C D

Figure 4.7: Chronic implantation of the Soft ABI. A Retrosigmoid approach. Craniotomy,

dura opening and cerebellum exposure. B Placing Soft ABI in the lateral recess using

insertion tool and ABI spine. C Securing the ABI below the flex comb using fibrine and

artificial dura (white substance). D View of the whole system from the back of the head

of the animal at the right side of the left ear after 2 weeks post-operatively.

116



4.2 Methods

Neurophysiology Auditory Brainstem Response (ABRs) are the most common tech-

nique used to assess a patient’s hearing ability in the clinic. ABRs consist of far fieldmea-

surements of the cumulated response of the auditory pathway to an external acoustic

stimulus (usually in the form of a click). The signal is collected by placing one electrode

on the vertex of the subject and an another electrode next to the ear opposite of the one

being presented with auditory queues. In normal hearing subject, an ABR trace presents

five to seven peaks, depending on the quality of the recording (Fig. 4.8). In humans, the

first two peaks, designated by roman number I and II, are generated from the distal and

proximal part of the auditory nerve, respectively. Wave III is thought to arise mainly from

the cochlear nucleus, while IV and V are considered to originate from the superior oli-

vary complex and lateral lemniscus. When they can be observed, peaks VI and VII are

associated with the activity of the inferior colliculus [133]. More so than the amplitude

of the peaks, it is the timing between them that is of interest for audiologists, since the

ABR wave latencies are very sensitive to changes in conduction velocity along the audi-

tory pathway. As an audiometric test, the ABR is thus used for two major purposes: (1)

to assess the ability of the auditory system to transmit information beyond the auditory

nerve and (2) to estimate hearing threshold in the diagnosis of hearing impairment.

1ms
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Figure 4.8: Example of a typical ABR trace in a healthy human [?].

4.2.3 ABI design & design validation

The particularity of the surgical approach meant that a significant engineering effort

had to be made in order to design not only the soft ABI itself but also the supporting

components around it. A picture of the complete system is shown in figure 4.9. It is

composed of four parts:

1. The soft electrode paddle itself, featuring 11 individually addressable contacts.

2. A resorbable insertion guide to help place the array next to the CN.

3. An imagingmarker to be able to locate the device viamagnetic resonance imaging

(MRI) and computed tomography (CT)

4. A custom-designed pedestal to be able to interface with the device transdermally

once implanted.
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This subsection will discuss in details the design challenges related to each of these

elements as well the technological solutions developed to address them.

Anchoring
wings

FlexComb
connector

Imaging
marker

Resorbable
insertion guide

Stainless
steel wires

Ground
wires

PEEK
pedestal

Omnetics
connector

10mm

Figure 4.9: Picture of the soft ABI assembly.

ABI design The design process for the soft ABI beganwith a set of ex-vivo experiments

in order to determine the optimal geometry for the device. For this purpose, simple,

graduated strips of silicone were fabricated with various combinations of thicknesses,

lengths and widths. Sham surgeries were performed on two rhesus macaque cadaver

heads and the quality of fit of each design was assessed via endoscopic imaging. This

datawas supplementedwith the surgeon’s feedback regarding handleablility and overall

feel of the device. Based on this study, the optimal ABI dimensions were found to be

150µm in thickness and 2mm in width. The length of the array was initially set to 40mm,

although itwould later be decrease by 10mmtofit the anatomyof female subjects, which

are much smaller.

A first iteration of the soft ABI was fabricated based the original micropatterned inter-

connects technology presented in section 2.2. The device, shown in figure 4.10A, was

tested in-vivo during an acute experiment on a pigtail macaque. This first study allowed

to validate the surgical approach, the placement of the device and the ability to evoke

auditory responses. Critical feedback regarding the device handleability was also col-

lected, in particular with respect to the connector and flexible flat cable. It was assessed

that these components were adding an excessive amount of rigidity to distal end of the

implant. Indeed, any amount of torque applied to the flexible flab cable would cause the

electrodes paddle to pop out of the lateral recess, rendering the placement and anchor-

ing excessively difficult.

A second iteration of the soft ABI was developed to address this issue (fig. 4.10B). It was

built with the new and improved core-shell micropatterned interconnects and features
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Figure 4.10: Design iterations for the soft ABI. A First iteration of the soft ABI based on

the original micropatterns process. B Second iteration of the design, built using the new

and improved core-shell micropatterns process.

a narrow FlexComb connector that significantly reduced the perceived stiffness of the

array. Additionally, the FlexComb connector is used to transition to individual, teflon-

coated, stainless steel wires. This configuration offers more versatility to the surgeon in

terms of orienting the ABI relative to the pedestal (anchoring point). This new approach

therefore allows tominimize the torque applied to the implant during surgery, effectively

reducing the risk of the paddle accidentally popping out.

Besides the new connection scheme, the soft ABI features 11 electrodes of 100µm in di-

ameter, distributed over an area of 2 by 6mm2. The 5 remaining channels are attributed

to a set of test structures, implemented to monitor the functionality of the device over

time (see figure 4.11). Channels 1 and 14 are terminated at the transition between the

FlexComb connector and the soft electrode paddle. They allow to monitor the integrity

of the RTV encapsulation on top of the connector. Channels 15 and 16 are terminated

inside the flexible PCB, at different location in the design. Finally, channel 7 and 8 are

connected to the same electrode. As such, they form an electrical bridge that can be

use to measure the evolution of the contact resistance at the level of the FlexComb

connector.

The main difference between the two generations of soft ABI are summarized in ta-

ble 4.1. The in-vitro characteristics of these devices were previously shown in figure 2.11

and 2.22 respectively.

Resorbable insertion guide A major challenge related to ABI implantation is the han-

dling of the implant during the surgical procedure. While surface electrode grid such

as ECoG can be easily laid on top of the target tissue, the ABI needs to be placed in

contact with a deep structure of the brain - the cochlear nucleus. Proper placement is

achieved by pulling the paddle past the cerebellum and pushing it into the lateral recess

of the fourth ventricle. This series of manipulations constitutes an issue for the soft ABI
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Figure 4.11: Schematic of the soft ABI. The inset details the test structure implemented

to monitor the functionality of the implant over time.

Component ABI gen 1 ABI gen 2

Interconnects Original micropatterns Core-shell micropatterns

Electrodes 11 11

Dimensions 40 x 2 x 0.15 mm 30 x 2 x 0.15 mm

Connector ZIF + commercial FFC FlexComb

Test structures NO YES (5)

Anchoring structures NO YES (2)

Table 4.1: Summary of the differences between the two generations of ABI.
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because, unlike its clinical counterpart, it cannot be pushed or grasped firmly without

risking damaging the device. In order to address this problem, the soft ABI is fitted with

a temporary insertion guide. The structure consist of a hydrosoluble ridge affixed at

the back of the electrode paddle. The guide is made of polyvynil alcohol (PVA), a water

soluble polymer commonly used in medical applications because of its biocompatibil-

ity and non-toxicity. With regard to the design and manufacturing of the hydrosoluble

guide, the engineering challenges are two-fold: (1) producing a predetermined geometry

with a sufficient resolution (<500µm) and (2) tuning the dissolution rate in order for the

ridge to last throughout the entire surgical procedure (>2h accounting for adjustments

of the placement).

The solvability of PVA is mainly governed by two material characteristics: the degree

of hydrolysis and the degree of polymerization. The degree of hydrolysis describes the

ratio of hydroxyl to acetate groups in thematerial with less hydrolyzed blend correspond-

ing to a larger amount of acetate groups. Since hydroxyl groups exhibit a high affinity

for water, they induce strong inter and intramolecular hydrogen bonding, which, in turn,

inhibit the solubility in water. On the contrary, residual acetate groups in partially hy-

drolyzed PVA are hydrophobic. As their number increases, steric hindrance increases

as well, which inhibit the formation of hydrogen bonds between the molecular chain, re-

sulting in a high solubility. To put it simply, the degree of hydrolysis is inversely propor-

tional to the solubility of the PVA formulation. Similarly, a high degree of polymerization

will translate into a lower solubility, as longer polymer chain exhibit stronger inter and

intramolecular hydrogen bonding. With this in mind, a PVA blend with a high molecular

weight (186k) and degree of hydrolysis (89%) was chosen for the manufacturing of the

insertion guide (SKU 363103, Sigma Aldrich).

Early prototypes were fabricated via injectionmolding. To this end, a liquid solution was

first prepared by dissolving PVA powder in deionized (DI) water at 85°C. The resulting

blend was then injected into a silicone mold and placed in a 55°C oven in order for the

water to evaporate. The PVA injection and drying steps were repeated two times before

finally demolding the part. Finally, the resulting block of PVA ((fig. 4.12A) was cut into

smaller pieces with a razor blade. Unfortunately, the fabricated parts exhibited a signif-

icantly faster dissolution than anticipated (fig. 4.12C). This behavior was attributed, in

large part, to the large amount of voids in the structures. Indeed, the presence of gaps

would increase the effective surface area in contact with the surrounding liquid, leading

to a faster dissolution. As for the voids themselves, they likely originate from micro-

bubbles in the solutionwhich have dilated during the drying step and subsequently failed

to escape due to the high viscosity of the blend.

In order to reduce the dissolution rate of the structure, a new version of the insertion

guide was produced via 3D printing (fig. 4.12D). In this new method, a PVA filament

(AquaSolve PVA, Form Futura) is thermally extruded and shaped using a commercial 3D

printer (i3 MK3S, Prusa Research). The printer parameters were set as follows: nozzle
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size 0.4mm, bed temperature 65°, layer thickness 0.1mm, speed 45mm/s. The formula-

tion of the PVA filament is unfortunately not disclosed by the manufacturer. While the

quality of the printed parts is not optimal, in particular in terms of surface finish, the

dissolution behavior is significantly improved. Indeed, thermally extruded PVA does not

exhibit any voids, resulting in a much slower and steadier dissolution rate (fig. 4.12E).

The challenge in 3D printing a part with fine details originates from the use of a pure

PVA filament. Filaments with additives can significantly improve printability however

their biocompatibility status is often unknown which makes them unsuitable for use in

chronic experiment.
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Figure 4.12: Fabrication of a temporary insertion guide. AMonolithic PVAblock resulting

from the injectionmolding and subsequent drying of a PVA/H2O solution. The structure

presents a large amount of air bubbles, trapped inside during the drying process due to

the high viscosity of the blend. B The first resorbable insertion guides were fabricated

by slicing PVA block like the one shown in A. C Dissolution rate of a square test samples

(20 x 20 x 2 mm) in PBS at 37°C. The structures fabricated via injection molding exhib-

ited a faster than desired dissolution rate due in large part to the presence of numerous

voids inside the bulk of the material. D The updated resorbable insertion guides were

fabricated 3D printing using a PVA filament. E Dissolution rate of a square test samples

(20 x 20 x 2 mm) in PBS at 37°C. The 3D printed exhibited significantly improved disso-

lution rate with regard to the targeted application (>2hours).

To assemble the 3D printed guide on the soft ABI, the surface of the implant is first

activated using oxygen plasma (100W, 0.2mbar, 30s in a PCCE Nano, Diener). Next,

a droplet of 20 wt% of PVA in DI water is spread on the back of the electrode array

and the 3D printed part promptly placed on top. The assembly was left to dry at room

temperature for 8 hours.
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Imaging marker Imaging has become an increasingly important investigative tool in

analyzing the outcomes of ABI implantation [130]. Similarly in the context of our project,

the ability to link array localization with elicited activity would provide a powerful insight

into the performances of soft ABI. Unfortunately given the dimensions of the NHP ABI, it

was unlikely that the implant would appear either on MRI scans(slice thickness 0.6mm)

or CT scans (slice thickness 0.62mm). A potential solution consists in implementing a

marker at the back of the array using the Pt-PDMS composite. The rationale is that a

large, conductive surface composed of a dense material would provide the necessary

contrast to resolve the array position. The decision was therefore taken to pattern a

simple strip at the back of the array, in order to maximize contrast with the surround-

ing tissue (fig. 4.13). The pattern was implemented via screen-printing of the Pt-PDMS

composite through a PET shadow mask.

5mm

Figure 4.13: Picture of the imaging marker at the back of the electrode paddle.

Pedestal In the context of chronic in-vivo experiments, it is critical for the implanted

device to feature a transdermal access port that is both mechanically robust and safe

for the animal. In the soft ABI, the interface with the external stimulator consists of

an Omnetics connector sealed inside a tailor-made pedestal. The custom parts were

machined out of polyether ether ketone (PEEK) (fig. 4.14A), a high performance ther-

moplastic that is both biocompatible and extremely robust mechanically [134]. Further-

more, PEEK is radiolucent and non-conductive, making it X-rays transparent and MRI

safe. The particularity of this design is that it can be seamlessly be assembled with the

second pedestal enclosing the µECoG connector (see fig. 4.14B-C and chapter 3). The

ABI pedestal is anchored on the same footplate as the µECoG, providing a seamless,

monolithic interface which reduces trauma and the likelihood of infection compared to

a dual pedestals approach. A magnetically attached cap prevents fluid from entering

the access port when the device is not used.
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Figure 4.14: Double pedestals system allowing to seamlessly assemble the interface

for the ABI and the µECoG. A Picture of the ABI pedestal. B-C The two pedestals were

designed to be assembled together, forming monolithic interface that minimize trauma

and the risk of infections.

4.2.4 Stimulation & recording protocols

Acoustic stimulation In order to measure the natural hearing capabilities of the ani-

mal, two types of acoustic stimuli were presented to the animal: tone bursts and clicks.

Both stimuli were delivered through earbuds placed in the ear of the animal (closed field

configuration). The tone burst were generated through a custom MatLab script. They

consist of a 500ms-long, single frequency sound followed by 500ms of silence, pre-

sented repeatedly for a duration of 3 minutes. In order to map the natural tonotopy of

auditory cortex, the frequency of the tones is varied across trials, ranging from 100Hz

to 20kHz. Clicks consist of a broad spectrum, short duration sounds (100µs) which are

meant to recruit spiral ganglion neurons across the whole dynamic range. Here, they

were generated using a specialized neurophysiology system (NIM-Eclipse, Medtronic).

The clicks were presented at a frequency of 21Hz over 1024 repetitions for each record-

ing, varying the sound intensity across trials.

Electrical stimulation Current pulses were delivered through the soft ABI using either

a standalone pulse generator (IPG 2100A, AM Systems) or a comprehensive neurophysi-

ological system (NIM-Eclipse, Medtronic). The current pulseswere delivered inmonopo-

lar and bipolar configuration, with varying amplitude (0.05mA - 1mA) and frequency

(21Hz). The pulse duration (300µs) was kept the same across trials.
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Auditory brainstem responses The auditory brainstem responses (ABRs) are acquired

using a dedicated neurophysiology system (NIM-Eclipse, Medtronic). A set of four nee-

dles are placed subcutaneously on the vertex, in the leg and behind each ear, allowing to

assess hearing functionality on both side. The response are averaged automatically by

the system based on the number stimulus repetitions defined at the start of each trials.

Auditory cortex recordings The auditory evoked potentials (AEPs) are acquired by con-

necting a soft µECoG placed on the auditory cortex of the animal to a wireless record-

ing system (W2100-HS32, Multichannel Systems). The device, based on the low-power

RHA2132 chip (Intan Technologies), amplifies and digitizes the signal before sending

the data wirelessly to the acquisition computer. The sampling rate is software defined

at a value of 2kHz. The resulting data are analyzed using a customMatLab (MathWorks)

script. For each frequency, the recorded raw signal is filtered between 1 and 100Hz and

averaged over the period of the acoustic stimuli (1s).

4.3 Results and Discussion

Following the acute experiments and the proof of concept presented in Fig 4.5 we have

successfully implanted a soft ABI on one animal in a chronic context as presented in

Figure 4.7. First, a retrosigmoid approach enabled to access the dura mater as shown

in Figure 4.7A. By retracting the cerebllum, the soft ABI held by the temporary spine using

alligator forceps as seen in Figure 4.7B and inserted in the lateral recess. The implant

was secured in place using a piece of muscle inserted along the silicone paddle length

and covering the area in fibrine glue. Finally the dura mater was closed using artifical

dura visible in Fig 4.7C. The animal has been previously trained to perform the frequency

discrimination task described above and has been successfully implanted with the soft

ECoG array on its right auditory cortex (see results in Chapter 3). The pedestal system

of the ABI presented in Figure 4.14 was fixed next to the first pedestal with success (see

Fig 4.7D) and could be used to stimulate with the ABI while recording the ECoG. The

animal recovered quickly with no sign of vestibular defect or cerebrospinal fluid leak.

Two weeks post ABI surgery, we have performed a series of recordings to assess the

positioning and the functionality of the chronic soft ABI. ABRs were normal, display-

ing the typical waves and demonstrating that the surgery was performed without caus-

ing any lesion of the auditory system of the animal (data not shown). Moving on to

electrical stimulation of the auditory pathway, we have successfully recorded eABRs

stimulating several electrodes (in monopolar versus the ground) or pairs of electrodes

(bipolar). eABRs were modulated in amplitude with the stimulation power and accord-

ing to electrode placement on the ABI pad (data not shown). Additionally, muscles of

the face innervated by the cranial nerves situated close to the cochlear nucleus were not

recruited extensively following the ABI stimulation (data not shown here). We therefore
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Chapter 4. Application: Auditory Brainstem Implant

demonstrated that the ABI was in place at the surface of the cochlear nucleus and was

functional 2 weeks post-surgery.

As the ultimate test, wewere able to record electrically Evoked Auditory Potentials at the

surface of the macaque auditory cortex shown in Figure 4.15. The response is similar

in shape and amplitude to acoustic AEPs and is modulated with stimulation power. We

pinpointed the stimulation threshold between 0.5mA and 0.6mA. The signal seemed to

reach a saturation above 0.9 mA with no further change in evoked potential amplitude

(Fig (Figure 4.15A)). We have also performed a control experiment using the ground to

stimulate, which showed no response and proved our stimulation to be specific to the

auditory pathway. In addition, we have revealed a specificity of the response depending

on which electrode pairs were used to stimulate. Some electrode pairs were not able to

trigger a response in the auditory cortex as visible in Figure 4.15B.
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Figure 4.15: Soft ABI Evoked Auditory Potentials in a chronicmodel of NHP.A electrically

Auditory Evoked Potentials measured with the ECoG array 2 weeks after ABI implanta-

tion. The amplitude of the response is modulated with the power of stimulation. This is

the first demonstration of functionality of an ABI in a chronicmodel of NHP. This demon-

strates that the securing procedure for the soft ABI was adequate as for 2 weeks post

implantation. B eAEPs measured on channel 7 of the ECoG array when stimulating sev-

eral electrode pairs at 1.1 mA. The responses are modulated in amplitude depending on

where the stimulation occurs on the cochlear nucleus.

4.3.1 Conclusion

Summary, Discussion andOutlook These data are preliminary and several experiments

will follow to validate the efficiency of the soft ABI at restoring hearing percepts up to

high quality auditory function. Full electrical tonotopic maps will be established and

compared to acoustic tonotopic maps both in sedated and awake experiments. This
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will answer the specificity of the electrical stimulation of the Soft ABI and its ability to

restore tonotopic hearing perception. These series of recording will be accompanied

by several controls to ensure that the animal is actually feeling the ABI stimulation as

an auditory cue: stimulation of electrode pairs with no evoked potentials on the cortex,

activation threshold shift when stimulating in presence of a background noise, absence

of responses when recording away from the auditory cortex, among others. The goal of

these experiments will try to assess the auditory acuity that we are able to reach with

the ABI. Finally, we will train the monkey to perform the task alternatively replacing the

auditory cue with the electrical stimulation. This experiment will be the final proof that

the soft ABI allows for high quality hearing percept. Additionally, imaging under CT and

MRI will enable the precise localization of the implant and possibly relate it to known

anatomy of the cochlear nucleus. The tracking of the implant position over time will be

crucial to also control for the mechanical stability of the implant as well as observing

the tissue reaction to the implantation over the brainstem.

While the fine neurophysiological assessment of the device capacity is just starting, we

can already conclude that we successfully implemented a working device. This was

allowed by careful engineering of the implantation tools and procedure, the connection

scheme to the implant, the tunnelling of the cables under the skin and the sequential

placement of the connector pedestal following the first ECoG surgery. With this we have

developed the first chronic model of non-human primate to test the auditory brainstem

implant. The several iterations of the soft ABI made possible its surgical handling as

well as successful implantation at the surface of the cochlear nucleus. From the re-

sults already obtained, the system engineered to keep it in place in a rhesus macaque

is successful.

127





5 Application: Spinal Cord Stimulation

Outline This chapter describes the development of a spinal cord implant for the restora-

tion of upper-limb motor functions in rats. This device was developed as a supplement

to the work on the auditory system presented previously. As such, it was conceived as

a way to assess the performances of the core-shell micropattern technology in a me-

chanically challenging environment. The chapter is organized in 3 sections:

1. Introduction provides a brief overview of epidural electrical stimulation as a ther-

apy and discusses the challenges associated with developing an implant for such

purpose.

2. Methods details the investigative tools developed to perform this study including

the soft spinal cord implant.

3. Results and discussion presents and discusses the neurophysiological and tech-

nological outcomes after 10 days of implantation.
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5.1 Introduction

Epidural electrical stimulation (EES) has been extensively used in the clinic to relieve the

symptoms of patients suffering from neuropathic chronic pain [48, 135]. the approach

consists of chronically implanting an electrode paddle at the surface of the spinal cord

in order to stimulate electrically the underlying nervous tissue. Through targeted stimu-

lation, the pain signals can be decreased or even completely blocked, providing relief to

the patient. In recent years, it has been proposed to adopt a similar strategy in order to

restore locomotion following spinal cord injury (SCI). The fundamental idea is to stim-

ulate the dorsal roots of the spinal cord, which are the points of origin for the different

nerves that control themuscles required for locomotion. Since the dorsal roots leave the

spinal cord at the level of each vertebrae, they can be stimulated individually in order to

specifically activate certain muscles. This strategy has been successfully implemented

in rodents as well as larger animal models in order to restore movements in paralyzed

limb following partial or complete spinal cord transection [136, 137]. Furthermore, the

combination of intense physiological rehabilitation with EES has been shown to reac-

tivate or even reestablish part of the spinal neural circuitry, enabling the subject move

without the assistance of the stimulation. More sophisticated approaches were also en-

gineered by combining cortical recordings with EES in order to establish a closed-loop

stimulation system. In that study, movement intents were successfully decoded from

the motor cortex and used to trigger specific stimulation patterns to the dorsal roots.

While EES as a therapy to restore locomotion has shown promising results in research

settings, its translation to the clinic is heavily limited by the designs of the commercially

available spinal cord implants. Current electrode paddles have been engineered for pain

management applications and as such, provide poor coverage of the dorsal roots: they

are too narrow to reach both sides of the spinal cord and too short to cover all the neces-

sary vertebrae. More importantly, commercial electrode arrays are extremely stiff which

means they put a significant amount mechanical constraints on the spine. Their stiff-

ness also makes them unsuitable for implantation in highly mobile part of the spine

such as the neck.

Soft neural interfaces offer a compelling technological answer to the challenges of EES.

Due to their low bending stiffness, soft microelectrode arrays are able to span the en-

tire width of the spinal cord and to follow its complex topology without compressing it.

Similarly, their stretchability means they can seamlessly comply with the natural motion

of the spine. Finally, microfabrication technologies offer a cost-efficient way to produce

implants tailor-made for specific applications or even specific subjects.
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In the context of a larger study on the rehabilitation of upper-limb motor functions in

rat, we therefore set out to fabricate a soft spinal cord implant for the modulation of

cervical motor neurons. The hypothesis was that activity-dependent modulation of the

cervical spinal cord with EES could improve upper-limb functions similarly to what was

demonstrated in the lumbar portion of the spine [138]. While the theoretical benefits

of a soft implant in the context of EES are significant, the spinal cord represents an

extremely challenging environment to work in. Mechanically speaking, the paddle needs

to be able sustain the static stresses imposed by the spine anatomy as well as the large

deformation generated by bodily movements. Within the spine itself, the cervical region

constitute the toughest location to operate in, due to the fact that (1) the available space

between the spine cord and the vertebrae is significantly smaller and (2) the range of

motion ismuch greater. From an engineering perspective, this application thus provided

an environment to assess the functionality of the micropatterned interconnects under

mechanical strains that are not replicated by standard characterization methods such

as cyclic stretching [139].

5.2 Methods

Device fabrication The spinal cord implants were fabricated using the core-shell mi-

cropatterns technology presented in section 2.3.2. In contrast with the other implants

presented so far, the thickness of the silicone encapsulation was reduced to 40µm on

each side, for a total thickness of 80µm. The change was implemented in order to ac-

commodate for the limited space available between the spinal cord and the vertebrae

at the cervical level. The device outline was customized to target the spinal segments

between T1 and C3 using 5 individually addressable electrodes of 140 by 500 µm. The

return electrode is composed of 3 contact sites shorted together and lined up to cover

the center of the spinal cord. The device is wired to a standard 16-channel omnetics

connector using a FlexComb connector. The flexible flat cable is designed to allow for

the fixation of the omnetics connector on top of the skull of the animal. A teflon coated

silver wire is soldered near the device connector in order to enable monopolar stimula-

tion. Tests structures are implemented at various key locations in order to validate the

functionality of the device over time (see fig 5.6).

Surgical procedure In clinical settings, electrodes paddle are typically inserted on top

of the spinal cord by pushing the device into the epidural space through a single opening

performed between the vertebrae (laminectomy). This strategy can unfortunately not be

translated to the soft spinal cord implant due to its mechanical signature. Indeed, the

low bending stiffness of the device will cause it to wrinkle and fold over when pushed

from a single end. As a result, the implantation has to be performed with the help of a

so-called passing elevator. In the case, this tool takes the form of a 4.0 ethilon suture

wire, inserted through a first laminectomy rostral of C4 and exciting through a second

131



Chapter 5. Application: Spinal Cord Stimulation

104
105
106

M
od

ul
us

[Ω
]

50

0

Ph
as

e
[°]

101 100 101 102 103 104 105 106

Frequency [Hz]
0.4 0.2 0.0 0.2 0.4

Time [µs]

2.0
1.5
1.0
0.5
0.0
0.5
1.0
1.5
2.0

V
ol
ta
ge
[V
]

68mm

10mm

3.
8m

m

FlexComb Electrode grid Silicone "buckle" Head plug

A

B C

D E

10mm 2mm

Figure 5.1: Soft spinal cord implant based on the core-shell micropatterns technology.

A Schematic of the device. B-C Pictures of a fully assembled device. The FlexComb

connector feature two loops (C) around which to fasten a suture in order to secure the

array in place following implantation. In order to pull the array into the epidural space,

a buckle can be formed using a strip of bare PDMS located at the distal end of the

electrode grid. An commercial Omnetics connector affixed on top of the animal head

allows to interface with the device. D Average impedance spectrum as measured in-

vitro (n = 20 electrodes). The shaded area represents the standard deviation. E Average

voltage transient upong the injection of 100µA biphasic current pusle (n = 20 electrodes).

The shaded area represents the standard deviation.
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one, located caudal of T1. A loop is formed at the T1 end of the suture and the soft

implant is wrapped around it, as depicted in figure 5.2C-D. The ethilon can then be used

to pull the array into the T1 opening, continuing until exiting the epidural space between

C3 and C4 (fig. 5.2E-F). The positioning of the array is optimized based on the muscle

twitch responses observed upon current stimulation at each individual electrode sites

(fig. 5.2H). Once the proper placement of the device has been confirmed, the superfluous

silicone buckle of the implant is cut. Two bone screws are inserted into the T2 and T3

vertebrae and used as anchoring point for the array. There, the implant is secured in

placed using a suture and a biocompatible silicone adhesive (Kwik-Cast, World Precision

Instruments). Finally, the 16-channel ometnics connector is fixed on top of the skull

using dental cement and a bone screw.

A
T1 C3

B C

D E F

G H

Figure 5.2: Implantation procedure of the soft spinal cord array. A-B First, a 4.0 ethilon

suture wire is inserted between T1 and C3 to serve as a so-called passing elevator for

the implant itself. C-D A buckle is formed around the suture wire using the strip of bare

PDMS located at the distal end of the electrode grid. The application of a few saline

drops is enough to create aweak adhesion between thePDMSsurfaces, thus closing the

buckle. E-F Using the suture wire, the implant can be slowly pulled in the epidural space

(T1 entry pointed by the arrow). G-H Upon exit of the array, the buckle is unfastened (G)

and the position of the array adjusted by pulling on the silicone strip (H) before cutting

it off.
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In addition to the soft spinal cord implant, a series of bipolar EMG wires are implanted

chronically in order tomonitormuscle response. The teflon-coated, stainless steel wires

are placed on top of the spinodeltoideus, biceps brachii, the triceps brachii, the exten-

sor carpi ulnaris, the extensor carpi radialis, and/or the extensor digitorum communis

muscles and secured in place using non-dissolvable sutures. All wires are routed to a

percutaneous head-plug fixed next to the omnetics connector using dental cement.

After baseline recordings, animals received a unilateral cervical spinal cord injury. A

controlled hemicontusion (200kdynes) was delivered to the C5 spinal segment follow-

ing partial a laminectomy over the target. The injury was performed using a IH impactor

(Precision Systems and Instrumentation) on the side of the dominant forelimb, as pre-

determined during training in push/pull tasks.

Kinematic and EMG recordings In order to characterize the effectiveness of the EES

therapy, the animals are placed in a neurorobotic platform[140] combining the record-

ing of forelimb kinematic and electromyographic activity. The forces applied during the

push/pull tasks are measured using a 6-axis load cell (Nano17, ATI Industrial Automa-

tion, USA) mounted on the articulated arm of the robot. Two Hall effect position sen-

sors (A1301, Allegro Microsystems) and a piezoelectric element are included in order

to detect the extremities of the movement on the x axis and to signal to the animal the

completion of each trial. In the context of this pilot experiment, two rats were trained to

use the neurorobotic platform over a period of six weeks. One of these rats was trained

to perform an unassisted pulling task, whilst the other rat was trained to perform an

unassisted pushing task. Once training was completed, both animals received a cer-

vical hemicontusion and were implanted with a cervical spinal cord implant and EMG

electrodes. At 6, 7, 8, and 9 days post-injury, both rats performed their respective unas-

sisted tasks under a variety of different stimulation conditions and with no stimulation.

To study the specific effects of targeted stimulation on the capacity to push or pull the

robot arm, the maximum force peak generated by the rat was calculated for each trial.

The EMG signals are amplified and passband filtered (10-1000Hz) through a differential

AC amplifier (A-M Systems) before being recorded using a commercial data acquisition

system (PowerLab 8/35, AD Instruments). The collected recordings are subsequently

analyzed online using a custom MatLab script.

Impedance spectroscopy In-vitro EIS is performed using a potentiostat (Autolab PG-

STAT128N, Metrohm) in a 3-electrode configuration. The Ag/AgCl reference electrode,

platinum counter electrode and implant under test (working electrode) are immersed in

PBS (1x) and the impedance spectrum is measured between 0.1Hz and 500kHz using

an input signal amplitude of 100mV (root-mean-square).

In-vivo EIS data are collected using a portable potentiostat (Reference 600, Gamry Instru-
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ments) in a 2-electrode configuration with the reference and counter channels shorted

together and connected to the ground wire of the implant. The impedance spectrum is

measured betweem 0.1Hz and 1MHz using an input signal amplitude of 100mV (root-

mean-square). A breakout PCB connected to the Omnetics head-plug allows easy ac-

cess to the individual channels.

Chronopotentiometry In-vitro voltage transients (VTs) are measured in PBS (1x) upon

the application of symmetric, biphasic, cathodic-first, current pulses between the elec-

trode under test and a platinum counter electrode. The pulses amplitude is set to 100µA

and their duration to 600µs (300µs/phase), with an inter-pulse period of 10ms. The re-

sulting VTs are collected via an oscilloscope (MDO3014, Tektronix) connected across

the two poles of the current pulse generator (ISP2100, A-M Systems).

In-vivo VTs are collected using the same setup but this time with the counter electrode

connected with the ground wire of the implant. A breakout PCB connected to the Om-

netics head-plug allows easy access to the individual channels.

5.3 Results & Discussion

Upper-limbactivation The impaired postural control resulting fromsevere SCI presents

a significant obstacle in the assessment of EES as a neurorehabilitation tool. Indeed,

rats having undergone hemicontusion at the cervical level are not able to maintain a

well-balanced posture, as necessary to perform push/pull sequences. Here, the use of

a state-of-the-art neurorobotic platform [140] allows to map the muscle responses to

EES protocols under well-controlled conditions, with adequate postural support of the

body and upper-limbs, and without confounding behavioral factors.

In order to determine the effect of each stimulating electrode, a comprehensive map-

ping of the relationships between the location of EES and the recruitment of upper-limb

muscles is performed. To do so, 200µs biphasic current pulses are delivered at a fre-

quency of 1 Hz with gradually increasing intensities up to 500uA. The current pulses

are injected using an isolated pulse stimulator (Model 2100, AM systems, USA) and

the resulting EMG responses are amplified, filtered, recorded, and visualized as previ-

ously described. During these sessions experimenter observations are made of which

muscles were recruited first and which muscles seemed to be responding most at each

electrode position. Offline analysis allows to calculate recruitment curves for eachmus-

cle, with data normalized to the maximal response evoked for each muscle using its

optimal electrode on the array. The resulting motor neuron activation maps reveals the

relationship between each electrode/EES parameters and the activation of specificmus-

cles (fig. 5.4C). Compared to other electrodes, EES delivered through channel 1 leads to

larger EMG responses from the muscles associated with the push/pull motion. Based
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on this information, continuous, targeted stimulation can be applied, resulting in a larger

forces compared to trials without EES or with mistargeted EES.
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Figure 5.3: Upper-limb activation following SCI using targeted EES. Adapted from [140],

courtesy of Dr. Nicholas James. A The custom-designed spinal cord implant allows

selective targeting of specific motor neuron populations. B Polar plots showing the rel-

ative activation of each upper limb muscle with targeted EES (electrode 1 vs. 6). ECR,

Extensor carpi radialis (wrist abduction); ECU, extensor carpi ulnaris (wrist adduction);

EDC, Extensor digitorum communis. C Bar plot reporting the produced force without

EES, with targeted EES and with mistargeted EES (electrode targeting a different mus-

cle). Data are presented as mean ±s.e.m. (n = 20 trials); ***p<0.001 (Kruskal-Wallis

test). D Compared to mistargeted EES, EES delivered through the electrode (red) target-

ing the muscle involved in the movement (pulling versus pushing) leads to increase in

produced force, as reported in bar plots. Data are presented as mean ±s.e.m. (n = 20

trials); *p<0.05, ***p<0.001 (Kruskal-Wallis test).

Next, a feedback loop is implemented in order to triggered EES bursts targeting tricep

or biceps motor neurons based on the detection of the relevant muscle activity while

the rats are attempting to perform reach or retrieval movements (fig. 5.4F). This activity-

dependent stimulation protocol enables the production of significantly larger force than

continuous stimulation (Fig. 8G,H). These results demonstrate that activity-dependent

control of EES augments the volitional activation of motor neurons innervating upper-

limb muscles, effectively allowing rats with SCI to regain the ability to produce force.
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Figure 5.4: Activity-dependent stimulation of upper-limb motor neurons. Adapted

from [140], courtesy of Dr. Nicholas James. A Schematic showing how detection of

muscle activity triggers bursts of EES targeting the activated muscle. This activity-

dependent stimulation protocol augments muscle activation. B Bar plots reporting the

produced force during activity-dependent EES significantly versus continuous EES. Data

are presented as mean ±s.e.m.(n= 20 trials); **p<0.01 (Kruskal-Wallis test). C Represen-

tative raw force, bicepsmuscle activity, andwrist position traces for each of the different

stimulation protocols.
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Functionality over time In order to assess the functionality of the soft cervical im-

plants over time, chronopotentiometricmeasurements and electroimpedance spectrom-

etry are performed at various points throughout the experimental campaign. In total,

six animals were implanted with a soft spinal cord array. Figure 5.5 presents the av-

erage voltage drop over time for each of them. As expected, the required voltage to

inject the same current pulse increases over time, reaching a maximum of 13.5V after

16 days. The evolution of the VTs is mostly driven by the increase in the access voltage

VA, which describes the contribution of the surrounding medium and the track. There-

fore, the gradual decline in performances should be understood to originate from either:

(1) the build-up of fibrotic tissue around the implant or (2) the onset of the interconnects

electromechanical failure or (3) a combination of the two.
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Figure 5.5: Evolution of the voltage transient for each implanted array. Day 0 corre-

sponds to in-vitro measurements in PBS.

In addition to the electrodes, test structures were implemented on the soft cervical im-

plant in order to help detect potential failure points. These structures consist of blind

tracks terminated a key location on the device and destined to verify the hermeticity

of the FlexComb connector (fig 5.6A). The first two tracks (T1 and T2), are routed on

each side of the custom-designed flexible PCB and are meant to monitor the potential

delamination of the board layers. The third track (T3) stops at the level of the FlexComB

"fingers" and can thus be used to check the strength of the encapsulation at this loca-

tion. At each time point, a biphasic current pulse (100µA, 300µs) is injected between the

blind tracks and the ground wire. The resulting voltage drop is reported in figure 5.6B for

a period of 16 days. There, it can be observed that the voltage drops of T1 and T2 remain
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5.3 Results & Discussion

steady at 50V, which corresponds to the compliance of the stimulator. These values in-

dicate that the dielectric properties of the custom flexible PCB remain stable throughout

the whole implantation period. On the other hand, the voltage drop measured between

T3 and the ground wire decreases steadily over time, reaching a minimum of 16V. This

behavior points towards a failure of the silicone encapsulation via the diffusion of ionic

species inside the material. The rapid pace of the degradation is likely a due to the

fact that no silicone over-molding is performed at the back of the FlexComb connector,

leaving only 40µm of PDMS as a moisture barrier (fig ??).
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Figure 5.6: Functionality assessment based on dedicated test structures inside the de-

vice. A-B Schematic representation of the test structure implemented on the frontside

(A) and backside (B) of the FlexComb connector. T1 and T2 are blind tracks ending in-

side the custom flexible PCB. T3 leads to one of the Pt-PDMS "well" used to transition

from the connector to the soft electrode array. C Evolution of the applied voltage upon

the injection of a 100µA current pulse between the test tracks and the ground wire. The

curves for T1 and T2 overlap across the whole timeline, reaching consistently a value

of 50V (stimulator compliance voltage). The voltage across T3 and ground decreases

over time, an indication that the encapsulation is failing at this level. D Sideview of the

transition area between the FlexComb connector and the soft electrode. The addition

of RTV only on a single side could explain the early voltage decrease in the T3 test struc-

ture. Inset: frontview of the FlexComb connector.
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Chapter 5. Application: Spinal Cord Stimulation

The periodic measurement of impedance in-vivo proved to be more challenging than

anticipated. Due to a number of external factors, including environmental electrical

noise, intermittent failure of the equipment and safety concern for the animal, meaning-

ful impedance spectrum could not always be measured. Consequently, abhorrent data

had to be discardedmanually by the experimenter based on the shape of the impedance

spectrum, in particular the phase, and the corresponding VT measurements. The com-

piled impedance spectra over a period of 10 days is shown in figure 5.7. The initial

jump in impedance, from in-vitro (day 0) to in-vivo (day 1), originates from the change

in medium (from PBS to tissue) and from potential damages to the implant during im-

plantation. At day 4, the impedance has decreased, which is likely a consequence of the

tissue settling around the implant. At day 10, the impedance increases again. At this

stage, the animal has performed 4 rounds of behavioral tasks, an activity which involves

large strain at the level of the cervical spinal cord due to the animal reaching forward

with its head to obtain food rewards. As a result, the increase in impedance could be

understood as the onset of mechanical fatigue in the stretchable interconnects.
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Figure 5.7: Compiled impedance spectra of the soft spinal cord implants at day 0 (in-

vitro), 1 (intra-op), 4 and 10. The shaded area corresponds to half the standard deviation.

At day 12, rats implanted with array 3, 4 and 5 were terminally anesthetized in order to

proceed with the histological analysis. The animals implanted with array 1 and 6 had to

be sacrificed prior to that point due to infection, while the one with device 2 was kept un-

til day 23, at which point all VTs reached the stimulator compliance and the experiment

was terminated. Unfortunately, no device could be explanted in working conditions in or-

der to compare performances before and after implantation. The techniques employed

to secure to implant in place, namely dental cement on the caudal end and silicone ad-

hesive on the rostral end, did not allow to extract the implants without destroying them.
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5.4 Conclusion

Summary This chapter introduces a soft electrode paddle tailor-made for the stimula-

tion of the cervical spinal cord of rodents. The electrical layout of the device has been

optimized based on histological data in order to precisely target the dorsal root located

between segments T1 and C3. Compared to the core-shell micropatterned devices pre-

sented previously, the thickness of the device has been reduced down to 80µm, in order

to accomodate for the limited space avaiable between the spinal cord and the vertebrae

at the cervical level.

In this pilot experiment, the implant is used in conjunction with a neurorobotic platform

in order to assess EES as a therapeutic tool for the restoration of upper-limb functions

following SCI. A comprehensive motor neuron activation map is successfully estab-

lished, revealing the relationship between each EES location and the recruitment of spe-

cific upper-limb muscles. This information is then used to perform targeted EES in rats

having undergone SCI, thus demonstrating increased force production compared to con-

trol experiments without EES or with mistargeted EES. Finally, the implant is integrated

in a feedback loop in order to perform stimulation based on the detection of motor in-

tents. Using this setup, it is shown that activity-dependent EES augments the volitional

activation of motor neurons innervating upper-limb muscles.

From a technological perspective, the micropatterns-based spinal cord implants were

able to maintain functionality for up to 16 days in-vivo. In order to quantify the perfor-

mances of the soft cervical implants over time, chronopotentiometric measurements

and electroimpedance spectrometry were performed throughout the experimental cam-

paign. The voltage required to inject a 100µA current pulse is found to increase from

5V intra-operatively to 13.5V after 16 days. This change is believed to originate from the

formation of a fibrotic encapsulation around the implant combined with mechanical fa-

tigue of the interconnects. Surprisingly, the in-vivo impedance spectrum is shown to de-

crease within the first few days following implantation before starting to increase. The

initial reduction is attributed to the tissue settling around the implant post-operatively,

while the subsequent augmentation is explained by the same mechanisms as for the

VT increase. Finally, the injection of current through a set of blind tracks reveals a po-

tential failure point in the silicone encapsulation at the level of the transition between

the FexComb connector and the soft electrode array.

Outlook This study provided another scientifically meaningful context in which to as-

sess the core-shell micropatterns technology. The design and fabrication of soft spinal

cord implant demonstrated once more the versatility of the manufacturing process.

Here, the freedom of design is leveraged to seamlessly tailor the electrical layout of the

device based on histological data. The implementation of a custom FlexComb connec-

tor provided the means to anchor and interface with the array with a single component.
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Chapter 5. Application: Spinal Cord Stimulation

The soft spinal cord implant was able to successfully deliver targeted electrical stim-

uli for up to 16 days. During that time, the implant was used to selectively activate the

upper-limb muscles involved in a reach and retrieve sequences, effectively allowing ro-

dents with SCI to regain the ability to produce force. With regard to the performances

of the devices, the constraints imposed by spinal cord stimulation might still be out of

reach for the current iteration of the micropattern technology. With voltages approach-

ing 16V after two weeks, the implants had already exceeded the theoretical compliance

of med-grade implantable pulse generator (10-15V). If this early trend is any indication, it

ismost likely that, within amonth, the implantswill either have exceeded the compliance

of most bench-top stimulators (50V). A straightforward way to prolong the lifespan of

the device would be to implement interconnects with a lower initial resistance. In that re-

gard, the narrowness of the spinal cord anatomy does not permit to design wider tracks.

An another solution would be to increase the thickness of the metallization, however in

the case of the spinal cord, the mechanical constraints are such that the consequent

decrease in stretchability might be unacceptable. As a result, the development of a truly

chronic cervical implant is likely to require a re-optimization of the Y-shape motif.

From a technological perspective, the study was unfortunately too short to assess the

long-term implications in terms of bio-integration and electromechanical performances

of the technology. In particular, the limited timeframe did not allow to fully explore the

potential ramifications of the silicone encapsulation failure observed at the transition be-

tween the FlexComb and the soft electrode array. While the collected data demonstrate

the expected trends, the structure of the experiment did not allow to decouple the differ-

ent mechanisms leading to these results. Future studies should aim to not only prolong

the implantation period, but also to combine in-vivo results with data from anatomically

realistic in-vitro models. The inclusion of measurements obtained from robotic ageing

platform such as the one presented by Schiavone et al in ?? would provide a controlled

environment with which to compare in-vivo observations. The cross-examination of the

results could then be used to isolate specific failure modalities to drive technological

development in a more quantitive way.
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6.1 Discussion

Micropatterned core-shell interconnects This thesis introduces newmethods and ap-

proaches for the reliable manufacturing of soft neural interfaces for both recording and

stimulation. The stretchable interconnects technology that enables the device to con-

form intimately with the surface of the tissue is based on a so-called kirigami approach.

This fundamental idea consists of creating reversibly stretchable structures by perform-

ing periodic cuts into normally inelastic films. Here, Y-shapedmotifs are etched through

a multilayer stack of polyimide, platinum, polyimide in order to enable in- and out-of-

plane deformations. The novelty presented in this thesis consists of patterning the con-

ductive and dieletric layers in two separate steps with a slightly different version of the

base motif. This effectively allows the conductive (core) and dielectric (shell) layers to

perfectly interlock inside each other, enabling full encapsulation of the metallic layers.

This new microstructuring strategy, dubbed core-shell, required several technological

innovations with regard to the transfer of the Y-shaped motifs, including the transition

to a new photoresist and the optimization of the pattern geometry to offset the losses

in critical dimensions. These improvements allowed the manufacturing of stretchable

interconnects with superior electrical properties with extended barrier lifetimes: com-

pared to the first generation of micropatterned devices, the core-shell structure allows

to decrease mechanical fatigue by a factor of 25 and to reduce the leakage current by

an order of magnitude after 21 days of accelerated ageing (at 67°C). This substantial

increase in performances was enabled by both the complete encapsulation of the con-

ductive layer inside the polyimide and the extension of the elastic regime from 10% to

15% strain.

In regards to the microfabrication process, future work should focus on developing

a new silicone encapsulation strategy. Indeed, the current method, based of oxygen

plasma bonding, leads to the presence of air gaps between the meanders of the Y-

shaped motifs. It is likely that these voids are, currently, the single greatest contributor
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to the increase in leakage current over time. In that regard, an alternative process was

suggested (upside-down process) which would allow the direct overmolding of the mi-

cropatterned stack. It remains to be seen however, how filling these spaces between

the meanders would affect the mechanical behavior of the Y-shaped motifs. Another

aspect that remained unexplored with regard to encapsulation is the integration of high-

performance encapsulation materials as part of the shell layer. The most promising

candidate is silicon carbide (SiC), due to its exceptional moisture barrier properties and

its ability to bind with polyimide via the creation of strong carbide bonds. A potential

issue is that most hermetic thin films still require to be several hundreds of nanometer

thick in order to form a pin-hole free layers. Combined with the fact that these materi-

als are often extremely stiff (ESiC = 400GPa), it is therefore likely that their integration

will significantly alter the mechanical behavior of the micropatterned interconnects. To

address this potential issue, the Y-shaped motif could be re-optimized in order to re-

duce the apparent elastic modulus and thus compensate for the integration of stiffer

materials.

Similarly, the Y-shape geometry could be tunedwithin the device itself in order to change

the local electromechanical properties of the interconnect. This principle could be lever-

aged to form strain gradients around rigid components (µLED, bare dies, etc.) in order

to prevent stress concentration at the interface. Alternatively, variations in the Y-shape

geometrical parameters could be used to tune the local resistivity of the device. By care-

fully optimizing the local elasticity vs. resistivity trade-off based on the expected strain

in different part of the device, the overall resistance of the interconnects could be mini-

mized. This level of optimization could prove critical to the development of an implant

compatible with clinical IPG. Indeed, fully implantable IPG are limited to a voltage com-

pliance of 10 to 15V which places a stringent requirements on the maximum allowable

impedance for the electrode array. Since the development of amore powerful IPGwould

be cost prohibitive, the engineering effort has to be placed on reducing the resistance

of the interconnects instead.

From a translational perspective, the deployment of the core-shell micropatterns tech-

nology in humans will require the transition to medical grade materials. In that regard,

there exist numerous medical grade silicone that could serve as potential carrier (e.g.

NuSil MED-6216), however extensive mechanical testing should be carried out in order

to assess their potential effects on the Y-shapes mechanics as well as their ability to

strongly adhere to SiO2 via oxygen plasma bonding. As of now, polyimide has found

limited access to the clinical for long-term implantation with the exception of devices

such as the IMS-alpha retinal implant (Reuligen, Germany) which holds the CEmark, the

Aleva (Switzerland) DirectSTN DBS electrode or the NeuroOne subdural electrode (USA)

among others. It is, however, the material of choice in current academic research and

it is therefore only a matter of time before it get more accepted with regulatory bodies

and with the broader adoption of microfabricated neural interfaces. In addition to the

material constituting the device, attention should also be given to the chemical that en-

144



6.2 Outlook

ter in contact with it. For example, it should be verified through a bioburden study that

the different photoresists used in the fabrication process do not leach in or out of the

implant, a phenomenon which could lead to adverse effects.

Applications in vivo of soft implants

The core-shell micropattern technology presented in chapter 2 of this thesis was used

to investigate the potential benefits of a soft auditory brainstem implant (ABI) to restore

hearing in a non-human primate model. In the context of this project, two neural in-

terfaces were build and implanted in a single animal: a 28-channel µECoG to record

the activity of the auditory cortex and an 11-channel ABI devised for the stimulation

of the cochlear nucleus. By now, the µECoG has allowed to successfully capture audi-

tory evoked potentials with frequency-specific distribution for a period of over 3months.

From these recordings, tonotopicmaps could be constructed, allowing the granular anal-

ysis of the hearing response of the animal. This level of details contrasts starkly with

the auditory brainstem responses (ABR) typically used in the clinic and which only give

a rough indication of the functionality of the auditory pathway. Three months after the

µECoG implantation, a soft ABI was successfully implanted in the lateral recess of the

fourth ventricule, in close contact with the cochlear nucleus. Two week post ABI im-

plantation, wewere able to record electrically evoked ABRswith the ECoG by stimulating

several different electrodes in bothmonopolar and bipolar configuration on the cochlear

nucleus. This effectively demonstrates the successful establishment of a chronic ABI

primate model, a world first.

In termsof future improvements, it is critical that a systembedevised in order to improve

the anchoring of the ABI. As it stands, the softness of the electrode paddle is both its

greatest strength and weakness. While the bulky clinical array can be tucked inside the

lateral recess with ease, they thinness of the soft ABI make it challenge to keep in place.

A potential solution could be the implementation of a so-called dry tissue adhesive such

as the one presented in [141]. Placed at key location along the lengths of the electrode

paddle, these anchoring points could providemechanical stability required to ensure the

soft ABI stays in place.

6.2 Outlook

Next-generation long-lasting implantable interconnects Looking ahead, the fabrica-

tion of a truly long-lasting neural interface will require the key technological develop-

ment with regard to interconnects conductivity, hermeticity and system integration. As

discussed above, the single greatest limitation for thin film device is the limited volt-

age compliance of clinical IPGs instead of macroscopic wires as is the case in current

clinical devices. Modulating the stretchability in favor of more conductivity can offset
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the limited compliance of the IPG. Furthermore connecting from the thin film device to

feedthroughs on the titanium case will require developments of new bonding strategies

that can both connect a myriad of connections over a small area in an hermetic fashion.

Solutions such as flip chip bonding, wire bonding or soldering can be adapted to this use

case but will require extensive testing to guarantee long-term reliability once implanted.

Other implant types using thin film technologies as cited above have tackled these chal-

lenges and can be reproduced with the conformable electrode arrays presented here.

Future translation of soft ABIs to the clinic

With the primate model established in this work, several iterations of the technology

and the experimental paradigm will enable the validation of the soft ABI for restoring

high quality hearing sensations. In a next logical step, the device can be translated to

humans. In a first step, the device could be validated in an acute setting in awake con-

ditions during auditory nerve tumor resections or regular ABI implantations . Placing

the soft ABI over the cochlear nucleus and eliciting responses from the stimulation of

the brainstem will enable the tailoring of the implant geometry to optimize the hearing

percepts. The only drawback to this approach is the fact that in ABI patients, the hearing

perception improves over time both due to learning and neural plasticity. In a second

phase when the implant is optimized and integrated with an IPG in a pilot study, compar-

ison to clinical rigid ABI electrodes can then bemade in terms of amount of side-effects,

stability of the technology, anchoring stability of the array over the cochlear nucleus and

ultimately the capability to restore high quality hearing.
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