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ABSTRACT

Brain-Machine Interfaces (BMIs) have emerged as a viable technology for interacting with
central nervous system (CNS) to facilitate understanding different functions of healthy brains and
basis of neurological disorders. Neural probes are a fundamental component of BMIs. Stable
chronic functionality of neural probes is of utmost importance towards realizing clinical
application of BMIs. However, sustained immune response from the brain tissue to the prevailing
large and stiff neural probes is one of the major challenges that hinder stable chronic
functionality. There is a growing body of evidence in the literature that highly compliant neural
probes with sub-cellular dimensions can significantly reduce the foreign-body response, thereby
enhancing long-term stability of intracortical recordings. However, a trade-off of reducing the
probe size and increasing flexibility of the probe is failure prone insertion of the probes into
targeted brain regions. The subcellular-sized and highly-compliant neural probes commonly lack
the mechanical strength to penetrate the brain tissue. As such, there is a need for plausible
delivery strategies to successfully implant flexible neural probes with sub-cellular dimensions.

One of the most promising approach is to use a delivery vehicle in the form of a micro-scale
needle made from dissolvable and biocompatible materials. During penetration/placement of the
probe, the needle provides sufficient strength and stiffness, and subsequently dissolves away,
leaving behind only the ultra-compliant, ultra-miniature neural probe. As such, a short-term
placement of the delivery needle considerably reduces the chronic damage to the brain tissue
with respect to permanent placement of a similarly-sized probe.

Although biodissolvable delivery vehicles offer attractive advantages, significant further
advances are needed to address critical challenges for their design, fabrication, and application.

These challenges involve (1) design, including selection of needle geometry and materials; (2)
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fabrication, including accurate and reproducible manufacturing approaches; and (3)
characterization, including analyses on both their geometric and mechanical properties, as well
as on the relationship between insertion forces and design/insertion parameters.

In this doctoral research, we propose a novel biodissolvable neural probe delivery vehicle
concept for effective, precise, and reproducible delivery of ultra-miniature and ultra-compliant

probes to targeted brain regions. The overarching objectives of this doctoral research are to

devise and evaluate a new manufacturing strategy for accurate and reproducible fabrication of
biodissolvable delivery vehicles with desired geometries; and to understand the relationship
between the needle design and insertion conditions towards identifying favorable insertion and
design parameters. To address these objectives, we developed novel fabrication techniques for
accurate and reproducible manufacturing of biodissolvable delivery vehicles (for ultra-miniature
and ultra-compliant probes) with diverse geometries and from different biocompatible and
dissolvable materials. We then studied the effects of design parameters and insertion speeds on
insertion forces for non-dissolvable and biodissolvable delivery vehicles towards gaining a

comprehensive understanding on the tissue-needle interaction.
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Chapter 1

Introduction

1.1 Research Motivation

Brain machine interferences (BMIs) or brain computer interfaces (BCIs) have emerged as a
viable technology for interacting with central nervous system (CNS) to facilitate understanding,
mitigating, and treating neurological disorders, as well as towards understanding how the brain
works [1,2]. Neural probes, which are a fundamental component of BMIs or BCls, are employed
to record neural activity for the brain cortex in the form of action potential or to provide electrical
stimulation to the brain tissue [3,4]. Stable chronic functionality of intracortical probes is of
utmost importance towards realizing clinical application of BCIs. Furthermore, the strength and
quality of the recorded neural signals, i.e., high signal-to-background ratio (SBR), are vital for
the success of BCls [5-8]. As such, effective functioning of BCls requires neural probes that will
provide stable chronic functionality with high neural signal quality.

Sustained immune response from the brain tissue to the neural probes (foreign-body
response) is one of the major challenges that hinder their stable chronic functionality [9-11]. The
prevailing commercial neural probes are considerably larger than the neurons and are very stiff
[12-24]. When applied chronically, the relative motion (micromotion) between the large and stiff
probes and the brain tissue induces formation of glial scarring, which produces a glial shield
surrounding the probes [29,30]. The glial shield first deteriorates the quality of the recorded

signals, and eventually renders the probe completely non-functional [25-27].
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There is a growing body of evidence in the literature that highly compliant neural probes with
sub-cellular dimensions can significantly reduce the foreign-body response, thereby enhancing
long-term stability of intracortical recordings [28-37]. By increasing the probe compliance, the
mechanical mistmatch between the probes and brain tissue is reduced, such that the
micromotion-induced strains are minimized [30-37]. In addition to its effect on reducing the
probe stiffness, smaller size of the probes may reduce the physiological response to the foreign
body [30]. As such, new approaches are needed for developing miniature probes with high
compliance to achieve reliable functioning of BMIs towards clinical applications.

Towards addressing the aforementioned needs, research efforts have been devoted to
manufacturing implantable probes with more flexibility and smaller footprint [37-39]. However,
a critical trade-off of reducing the size and increasing flexibility of the probes is failure-free
insertion of the probes into the brain tissue and their precise placement to the targeted locations
in the brain. The subcellular-sized and highly compliant neural probes commonly lack the
mechanical strength to penetrate the brain tissue without failure [37]. Moreover, even if the
penetration is accomplished, the highly compliant probes can experience significant deflection
inside the tissue, thereby hindering precise positioning of the electrodes [30]. As such, there is a
need for strategies to successfully implant flexible neural probes with sub-cellular dimensions.

A number of techniques have been explored towards enabling effective implantation of
miniature and flexible neural probes into the brain tissue. Among those, one of the most
promising approach is to use a delivery vehicle in the form of a micro-scale needle made from
dissolvable and biocompatible materials [40-47]. The ultra-compliant miniature probe is either
embedded in or assembled onto the dissolvable needle. During penetration/placement of the
probe, the needle provides sufficient strength and stiffness, and subsequently dissolves away,
leaving behind only the ultra-compliant, ultra-miniature neural probe [46]. It was also

2



demonstrated in the literature that a short-term placement of the delivery needle considerably
reduces the chronic damage to the brain tissue with respect to permanent placement of a
similarly-sized probe [48].

Although biodissolvable delivery vehicles offer attractive advantages, significant further
advances are needed to address critical challenges for their creation and application. These
challenges involve (1) design, including selection of needle geometry and materials; (2)
fabrication, including accurate, reproducible, high-throughput, and robust manufacturing
approaches; and (3) characterization, including analysis on both their geometric and mechanical
properties, as well as on the relationship between insertion forces, and design/insertion
parameters. As such, further research in those areas are needed towards realizing advanced
biodissolvable delivery vehicles and associated manufacturing paradigms.

Realizing true potential of biodissolvable delivery vehicle integrated miniature and compliant
probes depends critically upon precise and effective insertion of the delivery vehicle into the
brain tissue in a minimally invasive manner [14, 30]. To be a clinically viable strategy,
biodissolvable delivery vehicles must be capable of reproducibly delivering the integrated probes
to the targeted brain regions without a mechanical failure. Insertion performance of
biodissolvable neural probe delivery vehicles is highly correlated with the delivery needle design
(material, tip shapes, sharpness, cross-sectional shape and size) and insertion conditions (mainly,
the insertion speed, and possibly vibration assistance) [49-52]. Ideally, the selected needle design
and insertion conditions should result in delivery of the integrated probe (needle and
electrode/wiring) to the targeted brain regions with minimal insertion forces and subsequent
rapid dissolution of the delivery needle, thereby minimizing the tissue damage, and in turn,
unwanted immune response which deteriorates the neural signal quality over time [14,15,53].
Therefore, it is important to understand the effects of the needle design parameters and insertion
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conditions on insertion performance towards determining favorable needle design parameters and
insertion conditions for successful implementation of the neural probes.

A number of research groups have studied the effects of probe geometry (mostly for the stiff
and large neural probes) and insertion conditions on insertion forces in brain-mimmetic polymers
(e.g., agarose) [54-56]. However, a comprehensive analysis, including probe (including the
needle) design parameters and insertion conditions, has yet to be completed. Specifically, there is
still an important knowledge gap in fundamental understanding of the contribution of probe
design and insertion conditions on force profiles and associated force components (elastic
deflection, penetration, cutting, and friction forces). In addition to using brain-mimetic
polymers, to be relevant, such an analysis should also include experiments on actual brain tissue.
Such an analysis is particularly important for the integrated probes proposed here, since our
proposed neural probe/insertion needle approach provides considerable freedom in selecting
needle design parameters and insertion conditions.

A comprehensive research approach is critically needed to address the aforementioned
challenges in design, fabrication, and characterization of the biodissolvable delivery vehicles. In
particular, a novel manufacturing strategy should be devised to enable accurate and reproducible
fabrication of biodissolvable delivery vehicles with diverse geometries and from a myriad of
biocompatible and dissolvable polymers. The insertion behavior should also be analyzed for a
broad range of needle designs and insertion conditions towards optimal design of the delivery

needle and optimal insertion performance.



1.2 Literature Review

1.2.1 Neural probe concepts: Fabrication and characterization

To advance the BMIs toward addressing the aforementioned needs, a number of groups have
developed metal and silicon implantable neural probes, e.g., [9-11]. Those studies have
demonstrated successful acute recordings and stimulation, as well as promising advancements in
channel count and precise targeting of the desired locations in brain. However, for chronic
applications, simultaneously achieving high signal-to-noise ratio (SNR) and long-term recording
stability still remains a tremendous challenge.

The data in the literature strongly suggest that sustained inflammatory response of the brain
tissue to neural probes is one of the leading causes of failure for the prevailing interface
technologies used in chronic recording and stimulation applications [12-14]. A majority of the
existing neural interface devices include stiff probes with large cross-sectional footprint relative
to the neural cells [18-23]. These probes were seen to cause a reactive tissue response from the
brain tissue, involving activated astrocytes and microglia, which form a glial shield around the
electrode [10-27]. The resulting glial scar and the associated “kill zone” that are characterized by
degenerated or dead neurons surround the recording site [25,26]. Although glial scarring
stabilizes 5-12 weeks after implantation, the inflammatory response as indicated by microglia
activation continues for chronic periods, arising from the persistent presence of the probe [13-14]

The current literature suggest that this response is caused by multiple and confounded effects,
including the strain imposed on the tissue due to the micromotion between the probe and the
tissue [57-61], breaching of the blood-brain barrier (BBB) throughout the implantation period
[62,63], meningeal ingrowth through the probe shafts [64-65], and re-injury caused by

mechanical impact, such as collisions and falls [57,59,66,67]. Moreover, the large size of the



silicon or metal probes aggravates the inflammatory tissue response, and thus, further impedes
the recording or stimulation quality and longevity [14,28-30].

Previous studies suggest that highly compliant implants with mechanical compliance close to
that of the brain tissue, and subcellular sized neural probes could significantly reduce chronic
tissue response and improve long term recording stability [28-30,32-35]. To this end, recent
research efforts have been devoted to manufacturing implantable probes with more flexibility and
smaller  footprint. Biocompatible polymers, such as polyimide, parylene-C, and
polydimethylsiloxane (PDMS), have been employed for creating flexible probes with subcellular-
sized features [29]. Subcellular dimensions further reduce the tissue strain resulting from
volumetric displacement of the tissue resulting from the accommodation of the probe volume
during insertion [30]. The reduced tissue strain from size and flexibility is understood to reduce
production of pro-inflammatory cytokines around the implant and improve tissue health (16).
However, a trade-off of reducing the probe size and of increasing flexibility is the challenge of
inserting the probes into the brain tissue without failure and precisely delivering them to the
targeted location in the tissue. Subcellular-sized and highly compliant probes commonly do not
possess mechanical strength to penetrate the pia without failure [37]. Moreover, even when the
penetration is accomplished, the high-compliance probes can experience significant deflection
inside the tissue, thereby hindering precise positioning of the electrodes [14]. As such, there is a
need for plausible strategies to successfully implant flexible neural probes.

A number of techniques have been explored toward enabling effective implantation of neural
probes. One approach is to use a rigid insertion vehicle during the insertion of the probe. O’Brien
et al. [51] integrated flexible microelectrode arrays with a temporary rigid (silicon) insertion
device in a single sequence of fabrication steps. The insertion device was removed after probes
were placed in the tissue; however, the flexible probe needs to have sufficiently large cross-
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sectional footprint and stiffness to overcome hydrophobic adhesion to the shuttle. Although this
adhesion can be reduced by using hydrophilic surface chemistries [39], the array design space
remains restricted to linear geometry. Furthermore, and importantly, the rigid shuttle induces
considerable stab wound injury [68] used polyimide probes and attached them to a 10 um-thick
silicon backbone layer to enhance the structural stiffness for insertion and precise targeting.
However, this non-removable stiff silicon backing negates the flexibility of the polyimide-based
electrodes. Therefore, these methods of using stiff insertion devices (either removable or non-
removable) restrict the achievable probe designs and limit the functionality and flexibility.

More recently, alternative approaches that utilize dissolvable and biocompatible polymers has
emerged for enabling implantation of flexible neural probes. Integration of the biodegradable
(and/or dissolvable) polymers provide sufficient stiffness and strength to enable failure-free and
precise penetration of flexible probes into the brain. As such, these insertion devices offer
attractive advantages over non-dissolvable insertion devices, including retention of probe
flexibility and functionality, and reduction of insertion forces and acute inflammation. The
biocompatible polymers then degrade or dissolve over a period of time, leaving behind the
flexible probe while minimizing the tissue damage. In one approach, the flexible probes are dip-
coated with biodegradable polymers [40,42,43]. A range of biodegradable and biodissolvable
materials, including polyethylene glycol (PEG) [45], poly(lactide-co-glycolide) (PLGA) [69],
tyrosine-derived polycarbonate [43], silk [70], maltose [71], and gelatin [46] have been
successfully used for coating flexible neural probes. However, dip-coating methods present
challenges in creating needles with controlled tip sharpness and thickness uniformity and limit
the needle shapes that can be created. Therefore, it is difficult to achieve the appropriate stiffness
and sharpness in a reproducible manner. A recent study introduced the drawing lithography
technique, which was shown to improve reproducibility of coating geometries [71]. In an
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alternative approach, a set of channels was first created in the probe substrate during fabrication
and was then filled with biodegradable polymers for stiffening [72]. However, these designs
require a fluidic channel to be filled with biodegradable material to reach the critical stiffness for
insertion. This channel then results in a larger implanted footprint, potentially increasing the area
of damage in the brain tissue. As such, more advanced biodissolvable delivery vehicles and
associated new manufacturing paradigms with high geometric and material capabilities, i.e.,
design flexibility and suitable materials with the desired mechanical properties, are desirable for
successful implementation of flexible neural probes.

To this end, a novel approach was introduced where the ultra-flexible probes were embedded
in dissolvable insertion needles that were fabricated by micromolding. Using the micromolding
approach enables fabricating insertion needles with desired and favorable geometries. More
recent studies used similar techniques to embed or attach the probes to dissolvable or
biodegradable delivery vehicles [45-46,73]. Different dissolvable and biodegradable materials,
including CMC and its blends, gelatin, and tyrosine-based polymer have been used for the

insertion needle.

1.2.2 Insertion characteristics of neural probe delivery vehicles

Damage and trauma caused during the invasive insertion procedure causes mechanical
damage to surrounding tissues and the extracellular space which also adversely affects both acute
and chronic signal quality. Therefore, it is important to have an optimal needle design that has
minimal footprint, appropriate insertion velocity while at the same time sufficient factor of safety
to avoid any failure during insertion. Insertion force profile measured during needle penetration
into brain provides us with an important insight into the different types of forces involved during

the entire insertion process. As suggested in the literature, different attributes of the force profile



are potentially co-related to different scaring mechanisms. For example, large dimpling during
the insertion process leads to higher compressive strain which in turn leads to higher risk of
hemorrhage [67]. From the same force profile, dimpling force is useful information to
analyze/predict the buckling failure of the needle at that moment of insertion. Similarly, other
components of force profile such as cutting force, shaft friction force and relaxation time have
been shown to have an impact on tissue damage. Hence, accurate measurement and analysis of
different force components during needle insertion is an important step to achieve optimal probe
deign for minimal tissue damage.

Over the past two decades, a number of research groups have reported the effect of probe
geometry on insertion force in brain. The major parameters that have been explored are cross-
section area, tip sharpness, tip angle and shank roughness. Some groups [51] used sharpened 50
and 150-micron dia. (10° tip angle) Tungsten probes and determined the maximum force to be
0.99 and 1.65 respectively. Blunt probes of stainless-steel wire with larger cross-sectional areas
(200 um diameter) required two to four times higher force to penetrate tissue than their narrower,
100 um diameter counterparts [74]. These results are consentient as the larger diameter probe
will displace larger volume of material along it insertion track resulting in larger force. [70]
showed using a full factorial experiment with wedge silicon probes using three thickness (150,
100 and 50 pum) and three widths (200, 300 and 400 um), that increase in thickness had more
significant influence on increase in penetration force for lower probe widths as compared to
larger probe widths. The maximum force increased with increase in width and thickness while
other parameters were kept constant. However, the combination effect of width and thickness
was unclear from the analysis presented.

Apart from the cross-sectional area of the probe, tip shape of the probe is very important
factor during the insertion process. The larger the tip apex angles of the probe, the higher the
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penetration force. Probes with opening angles of less than 20° were shown to easily penetrate the
dura without dimpling the surface, whereas probes with opening angles greater than 40° to 50°
made penetration of the dura difficult [71]. Tip apex angle was shown to be one of the greatest
determiners of insertion force for wedge silicon probes. Making the tip angle of the probe
smaller, significantly reduced probe insertion forces necessary to penetrate pia [70]. Hosseini et
al. [72] used probe having various tip shapes such as wedge, conical sharp and beveled for the
force insertion experiments. The metal conical wire had the lowest penetration force
(approximately 30% lower), however all the probes had different material and cross-section size
making an one-on-one comparison between different tip shapes rather difficult. Moreover, the
penetration forces obtained in this study was much higher (13mN-47mN) as compared to other
studies discussed previously (<2mN) for similar probe shapes and animal. Sharp et al. [2009]
showed that a conical sharp tip has significantly lower dimpling, penetration force and maximum
force as compared to a flat punch of the same size (200 um diameter).

The precise insertion speed to surgically implant a probe is the subject of debate and
conflicting results in the literature further confound the selection process. It has been postulated
that while rapid insertion can compensate for poor tip design by allowing for penetration in
circumstances where geometrical considerations would make penetration prohibitive, slower
insertion speeds may be advantageous in allowing time for surrounding tissue to accommodate
around the probe, thereby attenuating compressive and tensile forces of surrounding brain tissue
[71]. Traditionally, insertion speeds range from slower insertion speeds around 10 pm/s to as
high as 2 mm/s. Penetration force for sharp-tipped silicon probes was shown to decrease
significantly as insertion speed was reduced within the range from 100 to 10 pum/s [70]. Similar
lower insertion forces were observed for stainless steel wires inserted at speeds of 10 um/s when
compared to 1 mm/s [75]. This was hypothesized to be due to the viscoelastic nature of brain
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tissue which causes an increase in brain stiffness as insertion speeds increase. However, another
reported no significant difference between penetration forces for Parylene coated silicon probes
implanted at different insertion speeds in this range [73]. Another study [74] using a round flat
probes were shown to increase the insertion forces (235 pm) over a wider range of speed from
100 pm/s to 10mm/s. The physical damage is tissue was seen to increase with speeds as well.

However, other studies seem to indicate that slower insertion speeds cause greater degrees of
biological damage. In one study, insertion speeds of 125 um/s, on the slower end of the range of
insertion speeds, actually caused increased vascular damage, independent of tip geometry, as
compared to faster insertion speeds of 2000 pm/s in an ex vivo study [Brjohnson et al. 2006].
This is supported by another study, in which specialized electrodes for extracellular pH
recordings noted longer periods of acidosis, a witness for tissue homeostasis and the presence of
blood along the insertion tract, for slower (50 um/s) insertions as compared to faster insertions at
0.5 or 1 mm/s [35]. In another study, exploring the same range of insertion speeds, using an
electrochemical force sensor to evaluate insertion mechanics, researchers found that although
increasing insertion speeds increased axial forces experienced by the probe, they found that the
shear forces caused by friction between tissue and probe faces decreased [75.]. This could be a
plausible explanation as to why slower insertion speeds are reported to decrease overall forces,
but counterintuitively increase vascular damage and cause more disruption to brain tissue
homeostasis.

Use of insertion shuttles as well as soluble neural probes which have gained traction over
past decade as discussed earlier gives a greater flexibility for design of insertion shuttle as well
choosing from wide range of materials including polymers and resins [54,55,62,63]. The stiffness
of these polymer shuttles as well soluble probes (1-5 GPa) are 1 or 2 orders of magnitude much
lower than that of Si (50 GPa) and tungsten, making them much more vulnerable to buckling and
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bending during insertion [79]. Moreover, pyramid shaped shuttles can be potentially used for
such applications which cannot be achieved using planar lithography processes used for
fabrication of Si probes [70]. Therefore, use of soluble probes which can be attached or bonded
to insertion delivery vehicle device offer more flexibility in needle design. For such needle
designs and materials, it is even more critical to have the knowledge of penetration forces to
ensure good factor of safety as well as chose the right insertion velocity as bio-soluble needle
would absorb moisture from the surrounding tissue. One study [76.] showed that at low speeds
(100um/s) the ECM material used as delivery vehicle absorbed moisture causing it to “buckle” in
agarose phantom model. This was co-related to non-linear increase in insertion force which wasn
not the case at higher speeds.

Despite all these studies there is a lack of fundamental understanding of different types of
forces acting on the tissue. Separation of overall forces into its components like cutting force,
friction force and elastic deflection force is still not well understood. These forces are extremely
critical as they influence different type of injury and trauma mechanism in the brain. In order to
have a thorough understanding of the effect of geometry and speed, it is important to have a
deeper insight into these different force components and how they vary individually with
geometric parameters. Many groups have used the retraction force profile or the drag force to
calculate the friction force at different velocities [74]. However, since the needle starts from zero
velocity as compared to a steady state velocity during insertion, the effect of stick-slip during
transition from static friction to dynamic friction during the acceleration process would be
reflected in the obtained friction force values. Moreover, different regions of brain exhibit
different mechanical properties and the inhomogeneity of the brain makes it hard to conduct an

organized study to have a fundamental understanding of these forces.
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Agarose gel has been widely used in literature as a model for brain tissue. A 0.6% (w/w)
agarose gel is shown to have similar Young’s Modulus (6KPa) as that of brain tissue, as well as
shown to have similar mechanical properties [80]. 0.5% is considered a good representation of
grey matter and 0.83% for that of pia membrane [76]. 0.6% is used as a good representation of
the overall brain stiffness [54]. Some researchers have used 0.8%, 1% and even higher
concentrations however there is a general consensus about using 0.6% as an appropriate phantom
model[77-79]. Hosseeni et al. [77] conducted insertion experiments using 0.6% agarose gel along
with a thin plastic sheet on top and showed them to be a fair representation of brain with dura for
insertion force studies. However, another study has shown that agarose and brain tissue are not a
good representation while inserting with a blunt round probe [80]. The authors reported to have
significant difference between penetration forces obtained from brain and agarose in addition to
opposite effect of velocity on forces.

However, there are significant advantages of using a phantom model like agarose gel to
conduct comprehensive experimental study to evaluate the effect of geometric parameters and
insertion conditions [54,75]. Agarose gel is homogenous unlike brain and can be cast into fixed
thickness agar blocks which is hard to do with brain tissue. The insertion forces using a 0.6%
agarose gel are of the same order as that obtained from insertion into brain [77]. Moreover, the
translucent property of agarose gel enables us to observe the insertion event and correlates the
force data measured to the optical observation [81]. Lastly, both materials exhibit similar
viscoelastic properties of strain rate hardening as shown in the literature even though they would
have different strain hardening parameters [78-79]. Hence, a 0.6% agarose gel is prominently
used by several research groups for validation of neural probe design to demonstrate successful

insertions and used to mimic force measure during probe insertion, can be considered to conduct
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a comprehensive insertion force study using a variety of geometric parameters, insertion

conditions and materials.

1.3 Research Objectives

The aforementioned challenges in design, fabrication, characterization, and insertion of the
biodissolvable delivery vehicles for precisely and reproducibly implementing the miniature and
compliant neural probes to the targeted brain regions uncover the important need for conducting
a comprehensive research in this field. In particular, it is necessary to devise a novel
manufacturing strategy for accurate and reproducible fabrication of biodissolvable delivery
vehicles with diverse geometries and from a myriad of biocompatible and dissolvable polymers,
as well as to study the insertion behavior of these vehicles for a broad range of delivery needle
designs and insertion conditions towards optimal design of the delivery needle and optimal
insertion performance.

In this doctoral thesis research, we propose a novel biodissolvable neural probe delivery
vehicle concept for effective, precise, and reproducible delivery of ultra-miniature and ultra-

compliant probes to the targeted brain regions. The overarching objectives of this doctoral

research are to devise and evaluate a new manufacturing strategy for accurate and reproducible
fabrication of biodissolvable delivery vehicles successfully integrating ultra-miniature with
desired geometries; and to understand the relationship between the needle design and insertion
conditions towards identifying favorable insertion and design parameters.

The specific_objectives of this research are: (1) to devise novel fabrication techniques for

accurate and reproducible manufacturing of biodissolvable delivery vehicles (for ultra-miniature
and ultra-compliant probes) with diverse geometries and from different biocompatible and

dissolvable materials; (2) to analyze the effects of design parameters and insertion speeds on
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needle insertion forces in agarose phantom gel and brain tissue for non-dissolvable and
biodissolvable needles. It is noted that the latter objective also provides important information
regarding insertion of non-dissolvable probes, such as the prevailing lithographically-fabricated

probe arrays.

1.4 Research Contributions

Our research has resulted in new manufacturing strategies and their assesment (Objective 1) in
of their accuracy, reproducibility, and geometric/material capabilities. These novel manufacturing
strategies enabled effective fabrication of biodissolvable delivery vehicles with diverse
geometries and from a myriad of biodissolvable material compositions. We have demonstrated
that ultra-miniature and ultra-compliant neural probes can be integrated into or assemble onto the
delivery needles. Furthermore, we conducted a preliminary evaluation of the produced delivery
vehicles, demonstrating successful penetration and subsequent dissolution of the fabricated
biodissolvable delivery vehicles into the brain tissue and agarose. Importantly, in vivo studies
performed with our collaborators demonstrated successful dissolution of our biodissolvable
delivery vehicles upon effective penetration into living rodent brain.

Next, towards understanding design and insertion parameters on insertion characteristics of
biodissolvable delivery vehicles (Objective 2), we designed and constructed a custom
experimental setup that enables reproducible insertion of neural probes into brain tissue and
agarose. To this end, we designed and constructed a custom load cell that enables accurate
measurement of mN-level insertion forces experienced during needle insertions. Subsequently,
we conducted a comprehensive experimental study on insertion of delivery needles for measuring
insertion forces with different needle designs and insertion conditions. In this study, we used

both freshly excised rat brain and agarose gel as the insertion samples. Agarose gel is widely
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used in the literature as a tissue phantom for brain. Furthermore, we used a non-dissolvable
needle material (i.e., VeroWhite resin) to better facilitate the large number of experiments. The
obtained results provided previously unrevealed insights related to the insertion characteristics of
neural probes and/or their delivery vehicles.

An experimental study with biodissolvable delivery needles on both rat-brain tissue and
agarose gel is then conducted towards gaining a more relevant understanding for successful
implementation of our probes. These studies provided important information on the effects of
various geometric parameters, insertion conditions and materials on insertion forces. This
information can be used to identify optimal design of probes or delivery vehicles towards
withstanding needle failure, preventing tissue damage and mitigating insertion failures.
Especially in the case of inserting biodissolvable needles into agarose and brain tissue, both of
which are water rich environments, a minimum insertion velocity is determined as water
absorption during insertion process increases the overall forces.

The scientific contributions of this Ph.D. thesis research are:

1. Novel micromanufacturing strategies for accurate and reproducible fabrication of biodissolvable
delivery vehicles (microneedles) that enable delivery of ultra-miniature ultra-compliant probes into

the brain [40-41, 84];

N

. Characterization of the developed microneedle manufacturing techniques in terms of accuracy and

reproducibility, as well as of geometric and material capabilities [85];
3. A direct assembly approach to integrate the probe and the biodissolvable delivery vehicle to improve
yield and expand design space for parametric design studies;
4. A comprehensive understanding on the effects of needle design parameters and insertion conditions
on insertion force profiles when inserting non-dissolvable or dissolvable delivery needles into both
brain mimetic agarose and excised rodent brain (in preparation, to be submitted to Biomedical
Microdevices).
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Chapter 2

Fabrication, Design and Characterization
of Dissolvable Delivery Needles

Building upon the works in the literature, in this chapter, we describe the design, fabrication
and initial evaluation of an ultra-miniature ultra-compliant intracortical probe technology toward
addressing the aforementioned challenges of chronic recording capability. The probe wiring,
which is made from a platinum core and parylene-C insulation, has micron-scale cross-section
and meandered geometry, resulting in very high compliance in both axial and lateral directions.
A finite-element analysis is performed to determine the stiffness of the ultra-compliant probes, as
well as to compare the strain distribution in the tissue between the ultra-compliant probes and
stiff Si probes. Importantly, to enable failure-free penetration and precise positioning of the
probes in the brain tissue, the electrodes and wiring are encased in a micromolded dissolvable
needle. As described in Figure 2.1, upon insertion, the needle material dissolves away, leaving
behind the ultra-compliant ultra-miniature electrodes and wiring. The dissolvable needle can also
be used to co-deliver anti-inflammatory agents to the implant site to reduce the chronic tissue
response. Our approach decouples electrode and needle designs, thereby enabling selection of
both the needle material and the needle design to achieve minimal forces during insertion and
rapid dissolution after implantation. To further enhance the success of probe application, an

automated insertion device that enables controlling the penetration speed and depth is
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constructed. Penetration of the needles into cadaveric brain tissue and dissolution of the needles

in an agarose model are then demonstrated.
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Figure 2.1: The concept of ultra-miniature, ultra-compliant probes: a. Probe with multiple
electrodes and insulated wires, along with the dissolvable polymer needle; b. A probe array is
inserted into cortical tissue, with flexible cabling; c. Close-up image showing the probe with
dissolvable materials; d. After dissolution of the needle, only miniature wires remain.
*(Courtesy: Prof. Gary K. Fedder, CMU )

2.1 Materials and Methods
2.1.1 Probe and needle design

The cross-section and the plan view of the probe, including the insulated wiring and the
electrode, are given in Figure 2.2. The conductive portion of the wiring is 0.5 um-thick, 4 um-
wide platinum (Pt). Conformal 1.1 um-thick layers of parylene-C (Px) encase the Pt as electrical
insulation. To attain high compliance along the probe insertion direction (i.e., the probe axis),
the wiring is meandered. The meander is composed of circular arcs, including a meander
amplitude a,,,, a meander radius ;,,, @ meander period p,,, and a meander angle 6,,, as defined in
Figure. 2.2(d). This geometry with the circular arcs is chosen to obtain a smooth stress

distribution within the wiring. In this work, the meandered wiring geometry with r,, = 158 um,
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4, = 15um, 6, = 113° and p,, = 265 um is selected. A 20 um diameter disk-shaped Pt
electrode, which is insulated with Px at the bottom but exposed at the top, is integrated at the tip
of the meandered wiring. The cross-sectional geometry and the meander parameters together

dictate the overall compliance of the probe once the insertion needle is dissolved.

§

Dia.= 20 pm

2.7 um

26 um

Figure 2.2: Meandered probe design: a. The plan view of the meandered wiring of the probe; b.
The cross-section of the wiring with Pt core and Px insulation; c. Zoomed-in plain view of the
electrode; d. Geometric parameters of the semi-circular arcs used for meandered wiring
(6, = 113°); e. The cross-section of the circular electrode

The generic design of the dissolvable needle that encapsulates the probe is given in Figure
2.3. The needle geometry is characterized by the needle lengthl,, needle width w,, needle
thickness t,,, tip angle 6;, needle-tip radiusr;, and a relief angle &,., which can be positive or

negative. To increase the factor of safety of the needles against failure during insertion, base

fillets with fillet radius7; are included in the design. Further, to facilitate the handling of the
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probe and to protect the connector wiring outside the needle during insertion, a dissolvable tab is

included in the design.

(a) (b)

Px-Pt

A
v

Figure 2.3: Geometric parameters of the dissolvable insertion needle: a. The plan view of
dissolvable needle; b. The cross section of the needle and Px-Pt probe at plane AA”’.

2.1.2 Probe-tissue interaction

A three-dimensional finite-element model is constructed to determine the stiffness of the Pt-
Px probe, and to compare brain-tissue interaction of the Pt-Px probe with that of a stiff Si probe
(COMSOL Multiphysics). The tissue material is modeled as linear elastic with a Young’s
modulus of 6 kPa and a Poisson’s ratio of 0.45 [58]. A total tissue cube volume of 5 mm on a
side is chosen. For the calculation of the probe stiffness, the left-end of the probe is fixed, a unit
load is applied to the probe tip in each of the three orthogonal directions, and the deflections at
the tip are noted to calculate the stiffness. For the static analysis, in which the probe is considered
to be pulled from where it is anchored to the bone, all the external coordinates of the tissue
volume are fixed. For the dynamic analysis, a motion of prescribed amplitude and frequency are
imposed to the tissue through the boundary coordinates in the form of base excitation. Both the

tissue and the probes are meshed using tetrahedral elements.
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A silicon probe with rectangular cross section (125 um-wide, 25um-thick shank, with a taper
at its tip) and 1.5 mm length, resembling the geometry of a NeuroNexus probe [30], is considered
for the stiff probe. For Si, Young’s modulus of 200 GPa and Poisson’s ratio of 0.3 are used. For
the meandered probes, which are composed solely of Pt and Px layers after the dissolution of the
needle material, average material properties of 3.3 GPa Young’s modulus and 0.3 Poisson ratio
are used. The effective average Young’s modulus is calculated based on the equivalent area
moment of inertia of the Px (2.8 GPa) and Pt (168 GPa) portions of the cross section. The probe-
tissue boundaries are modeled such that the boundary elements are fixed to one another in all
degrees of freedom. The convergence with mesh size of the model is verified to ensure the
precision of the results.

In both static and dynamic analyses, the left end of each probe is fixed (to emulate attachment to
the skull) at 1.5 mm away from the tissue surface[57-58]. The static analysis is performed by
imposing an axial displacement of 30 um (away from the brain tissue) at the fixed base of each
probe. For dynamic analysis, responses to axial and lateral motions are studied. For both cases, a
sinusoidal motion at 1.2 Hz frequency and 30 pum amplitude is imposed on all the boundary
coordinates of the tissue section to represent tissue micromotion.. For each analysis, the strain

distribution within the tissue surrounding the electrode is determined.

2.1.3 Wiring, electrode and etch pit fabrication

The Px-Pt probe is made on a silicon handle wafer using standard batch microfabrication
techniques. Figure. 2.4 shows the steps in fabrication of the wiring, the electrode, and the etch
pit. First, a 1.1 um-thick Px layer is deposited on a clean 4-inch Si wafer substrate using a vapor
deposition system (SCS Labcoter®2 Parylene Deposition System). Second, a 0.5 um-thick Pt

layer is deposited on the Px layer using a sputtering system (Perkin-Elmer 2400-6J). Next, a layer
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of photoresist (AZ4210, Merck KGaA\) is spin-coated (Solitec Photoresist Spinner) on top of the
Pt layer and baked in an oven at 90°C for 20 min. The photoresist is then exposed using a
chrome-on-glass mask (on a Karl-Suss MAG6 contact aligner) with the desired patterns for the Pt
wire and electrode. The photoresist is developed and following an oxygen plasma clean (IPC
Barrel etcher), the exposed platinum regions are removed by ion milling (Commonwealth
Scientific lon Mill). The remaining photoresist is removed in acetone with application of
ultrasonic vibration. After another oxygen-plasma cleaning step, another 1.1 um-thick Px layer is
deposited onto the wafer (Figure 2.3g). A 20 nm-thick chromium (Cr) layer is then deposited
using a sputtering system (Perkin-Elmer 2400-8L) to protect the Px layer during plasma etching.
This is followed by deposition, patterning, and exposure of another photoresist layer, and etching
the exposed Cr regions. The remaining photoresist and Cr are then removed using a stripper
(Microposit™ Remover 1165, Dow) and chromium etchant, respectively. The design includes a
set of Px tethers without Pt to suspend the wiring and the electrode over the etch pit.

To ensure that the wiring and the electrode are fully embedded in the dissolvable needle, our
approach involves the use of a two-part mold: the bottom portion of the two-part mold is formed
on the Si wafer and includes the tethered wires and electrode suspended over an etch pit. The
etch pit is of the same geometry as the needles, with a depth of 60 um, which is close to the half
the targeted needle thickness. To create the etch pit, after depositing a 20 nm-thick Cr layer, a
photoresist layer is spin-coated, baked and the desired pattern for the bottom molds is exposed.
The photoresist is then developed, and following oxygen plasma cleaning, the exposed chromium
regions are etched. Deep reactive ion etching (DRIE, STS Multiplex ICP RIE) is then used to

create the etch pit. Subsequently, the photoresist and Cr are removed.
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Figure 2.4: The process steps for creating the probe, including the Pt wire and electrode, the Px
insulation, as well as the etch pit: a. 101.6 mm (4 inch) Si wafer, b. 1.1 um Px layer deposited on
the Si wafer; ¢ Deposit 0.5 um Pt layer; d. Spin-coat photoresist on top of the Pt layer; e. Pattern
and develop photo resist for ion milling of Pt; f. lon mill Pt; g. Remove photoresist and deposit
another layer of 1.1 um photoresist; h. Spin-coat photoresist on top of the Px layer; i. Pattern and
develop photoresist; j. Etch Px into shape of meandered probe; k. Remove photoresist; I. Spin
cast another layer of photoresist for DRIE; m. Pattern and develop photoresist; n. DRIE plasma
etch to create etch pit; 0. Remove photoresist to obtain the Si-mold with probe suspended over
etch pit; p. Plan view of the Si-mold with probe

* (Dr. Peter J. Gilgunn developed the fabrication process and manufactured Si-molds)

2.1.4 Dissolvable materials for the delivery vehicle

Both the dissolution time/behavior and the mechanical characteristics of the delivery needle
depend on the type of dissolvable polymer used for the needle. To demonstrate the fabrication
process and its broad material capability, needles are created from carboxymethyl cellulose
(CMC, Mw — 90,000 Da, Sigma Aldrich: 419273) and blends of CMC and other sugars,

including maltodextrin (dextrose equivalent 16.5-19.5, Sigma Aldrich: 419699), glucose (Sigma
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Aldrich: G8270), and sucrose (Sigma Aldrich: S0389). Furthermore, to demonstrate the drug co-
delivery capability, CMC needles incorporating an anti-inflammatory drug (Dexamethasone 21-
phosphate disodium salt, Sigma Aldrich: D1159) are manufactured.

The dissolvable materials are prepared as hydrogels using the following procedure: Powdered
form of the polymer is dissolved in de-ionized water. A 15 wt% solute ratio is used in all
material preparations by mixing 1.5 grams of powdered solute with 8.5 grams of deionized water
in a glass vial. At this ratio, the prepared materials are in a gel form. The polymers tested in this
work included 100% CMC; CMC and 15 wt%, 30 wt%, or 50 wt% maltodextrin; CMC and 15
wt% or 30 wt% glucose; CMC and 15 wt% sucrose, and CMC and 5 wt% or 20 wt%
dexamethasone (percentages with respect to total solute amount). When material blends are used,
the polymers are mixed in their powdered form before adding the deionized water. After the
preparation, the hydrogels are stored at 4°C for 24 h to allow them to homogenize before

beginning the molding process.

2.1.5 Fabrication of top mold and needle-mold assembly

A two-part mold is used for molding the dissolvable needles that encapsulate the electrode
and wiring. The bottom portion of the mold is composed of the etch pit on the Si wafer with the
tethered suspended wires. After fabrication of the top portion of the mold, the two mold portions
are assembled together before the spin-casting process that forms the dissolvable needle. The top
mold is made from a UV-curable resin (NOA63-2, Norland Products) using a sandwich-molding
process, similar to that used in (Zhang et al. 2010). First, a Si master mold is created through
DRIE with the same shape and dimensions as the etch pit, as described in the prior section.
Additional perforations are created on the edges of the Si mold to support the sandwich molding

process.
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The master mold is then used to create an elastomer intermediate mold from poly (dimethyl
siloxane) (PDMS, Sylgard 184, Dow Corning, 10:1 ratio) with the negative (protruded) shape of
the mold, including needle/tab and perforations (see Figure.2.5). Liquid resin is poured on top of
this intermediate mold and the mold is placed between two glass slides, which were previously
coated with a 20 nm-thick C4Fg passivation layer (STS Multiplex ICP RIE). This configuration
facilitates removal of the excess resin through the protrusions (from perforations) at the periphery
of the elastomer intermediate mold. The same protrusions also support the mold for prescribing
the top-mold thickness. The sandwich assembly is then placed under a UV lamp (365 nm for 15
min), allowing the resin to cure. The cured resin top mold, which now includes through features

with the shape of the needle/tap, is then demolded.

FIRST STAGE MOLDING SECOND STAGE MOLDING

Pour PU top mold
PMDS Demold

(b)

UV Light
365 nm

Cure 75°C

Demold Cure
1 hour

(d)

l

Coat with G4F;
Pour PU
PDMS Sandwich between glass slides
intermediate mold Apply 1.4 N Force

Figure 2.5: Fabrication of the top mold by the sandwich-molding process: a. The Si master mold
fabricated via the Bosch process; b. Mix PDMS (10:1 ratio), de-gas and pour over the Si-master
mold; c. Cure at 75° C for 1 h and then demold from the master mold; d. Pour the UV curable
resin over intermediate PDMS mold and sandwich between glass slides to squeeze out excess
resin; e. Cure using UV light (365 nm) for 15 min and remove glass slides; f. Demold resin from
PDMS mold to obtain the top mold.
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The next step is to assemble the resin top mold with the Si bottom mold that includes the
wiring, the electrode, and the etch pit, into a single assembled mold. The resin mold is first
trimmed along the edges to remove the peripheral protrusions. The remaining resin top mold is
then aligned with the Si bottom mold using a device bonder (Laurier M9A). During the
alignment procedure, the edges of the needle shapes are utilized via the use of two high
resolution cameras. A 10 N force is applied for 1 min after the alignment to complete the

adherence of two layers of the assembled mold.

2.1.6 Molding of the dissolvable needle through spin casting

A solvent-based spin-casting process, previously described in [75], is used to create the
biodissolvable delivery vehicles. Briefly, an amount of prepared hydrogel is loaded onto the
mold, and the mold is placed inside of the buckets of a centrifuge. This step is followed by
centrifuging at prescribed speed and temperature for a period of time to provide both the required
force to completely fill the mold shapes, and the air circulation to evaporate the solvent to create
the final needles.

An analysis of the spin-casting process is completed to determine the time required for solvent
evaporation to reach the desired steady-state material properties for the dissolvable polymers. For
this purpose, CMC-only and CMC-15% glucose materials were studied. Materials are prepared
as described above with the specific solute ratios. For each material, 10 PDMS molds with
targeted final rectangular size of 22 mm by 15 mm by 2 mm were fabricated. 600 mg of the
prepared hydrogels were loaded into each mold, and the loaded molds were carefully weighted
(Intell Lab™ PM-100) with 1 mg resolution. The loaded molds were then placed into the buckets
of the centrifuge (Heraus Multifuge X3R with Swinging Bucket Rotor TX 750). The centrifuge

speed was set to 4700 rpm, and the centrifuge temperature was set to 5°C. The room humidity
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level was controlled with a humidifier/de-humidifier combination at 40%. The spin-casting
process is then commenced, and the weight of each mold is measured in 30 min intervals until a
steady-state weight is reached. Another set of points were then measured after 5 h of additional

centrifuging to ensure that the steady-state was reached.
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CMC hydrogel . 4
—) Centrifuge
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Demold probe
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assembly

Figure 2.6: Fabrication of CMC needles with encapsulated Px-Pt probe via spin casting in
centrifuge at 4700 rpm at 5°C for 10 h.

To fabricate needles that encapsulate the Px-Pt probe, the assembled mold is then placed in a
bucket of the centrifuge. Figure. 2.6 shows the steps of the spin casting process. 600 ul of the
prepared hydrogel of the dissolvable material of choice is then dispensed over the assembled
mold using a syringe. The centrifuge is then rotated at 4700 rpm at 5°C. The duration of spin
casting is determined through the analysis described in the previous paragraph. During the
casting process, the water in the hydrogel evaporates. The solute that remains becomes a solid
polymer matrix that takes the shape of the cavity in the mold and encapsulates the meandered
wires. The excess polymer that covers over the needles is removed using a sharp blade (X-ACTO
#17) after lightly hydrating the exposed portion of the needle. The hard resin top mold enables
limiting the removal of the excess polymer. Any additional moisture introduced during hydration

is then removed by centrifuging an additional 30 min using the same conditions as described
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above. The fabricated polymer delivery needle assembly is then detached from the mold using

tweezers.

2.1.7 Geometric characterization of the fabricated needles

To evaluate the reproducibility of the needles fabricated through the presented spin-casting
approach, fabricated needle geometries are statistically characterized for their length, width, and
thickness. To measure needle geometries, 80 needles with nominally identical geometries (40
needles each, 100 um and 300 um width, with nominal mold dimensions of 1.65 mm length, 135
um thickness, 40° tip angle, and 0° relief angle) were fabricated. An optical microscope with
10X objective (Carl Zeiss, Axiovert 200, with 1.16 pm/pixel resolution when using the 10X
objective) is used with a calibration grating to obtain needle thickness from the side view of the
needles. The microscope images were analyzed using the MATLAB image processing toolbox to
determine the thicknesses. To characterize the width and the length of the needles, an
environmental scanning electron microscope (Quanta 600 FEG) is used obtain high resolution
images of each needle, and the obtained images are processed using the MATLAB image
processing toolbox. The width and thickness are defined as the mean distance between the edges
along the length of the probe, whereas the length is defined as the maximum distance from the tip
of the probe to the base of the handling tab. The mean and standard deviation values are obtained

from these measurements and compared to their targeted values to check for repeatability.

2.1.8 Mechanical characterization of the dissolvable needle materials

To determine mechanical properties of the dissolvable polymer blends used in this work, bulk
polymer sheets (20 mm by 20 mm by 3 mm) are fabricated using the same spin-casting protocol

as that used for the needle fabrication. Small tensile (dog-bone) specimens, with a gage length of
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10 mm, a gage width of 1 mm, and a thickness of 0.7 mm, are then created from each sheet using
mechanical micromilling on a high-precision miniature machine tool. A tensile testing machine
(Instron 5490, single-column, 500 N load cell) is then used to determine the Young’s modulus,
yield stress, ultimate tensile stress, and toughness of each dissolvable polymer blend. The strain
rate during the testing is set to 1 mm/min.

To assess the absorption of moisture from the environment, and to determine associated
changes in mechanical properties, an additional set of tests is performed. First, the amount of
moisture absorption from ambient is characterized. To this end, 10 CMC needles are fabricated.
They are then kept in a 120°C oven (Lindberg/Blue M) for 30 min to remove the majority of the
remaining moisture after fabrication: For the purpose of this study, the needles are considered to
be moisture-free after the completion of the heating process. Subsequently, the needles are
exposed to room environment, with ambient conditions of 27°C temperature and 40% humidity.
At every 15 min post heating and up to 480 min, the needles are weighed on a 10 pg-resolution
scale (Satrorious LE26P micro balance), where the increase in needle weight is considered to be
the amount of moisture absorbed by the needles. Another data point is obtained after 2880 min (2
days) to confirm the steady-state absorption level.

To determine the changes in material properties with increasing moisture content, dog-bone
shaped samples are prepared from CMC (as described above). Mechanical properties of the
material are obtained through tensile tests immediately at the completion of the heat treatment
and after 2880 min exposure to ambient, using four samples for each case. 22.5 min of ambient
exposure is considered to be a good representation of that experienced during the functional (in
vivo) implementation of the needles after removal of the needles from hermetic packaging.
Another 30 dog-bone samples are tested after exposure to ambient such that the concentration of

dog bone samples is same as that of needles at 22.5 min.
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2.1.9 The insertion device

Precise placement of the micro-scale probes to the targeted locations within the brain is
important for measuring desired signals from a single neuron or a cluster of neurons.
Furthermore, the dissolvable needles must be inserted rapidly in a single try to ensure that their
tip do not start dissolving and becomes blunt. To address this need, we designed and constructed
an automated insertion device, as depicted in Figure 2.7. The device consists of a closed-loop
controlled piezoelectric drive (M272.20 from Physics Instrumente, A.G.) that drives a piston
with up to 200 mm/s speed within a total of 50 mm travel length, and a custom-made pneumatic
chuck that enables holding the insertion needles from their tabs. The insertion device is attached

to a standard stereotactic frame.

Stereotactic PIM272.20
frame " 8N Force
50 mm travel
200 mm/s

100 ym step size

Pneuamtic

Figure 2.7: Schematic of an automated insertion device mounted on a stereotaxic frame for
inserting dissolvable needles into rat brain at prescribed velocity and high positional accuracy.
(*Dr. Peter J. Gilgunn designed the insertion device)

The insertion procedure begins with the use of a non-dissolvable poly(methyl methacrylate)

(PMMA) reference probe that has the same dimensions as the dissolvable insertion needles,
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except with a blunt semi-circular tip to prevent insertion into brain. First, the reference probe is
attached to the pneumatic chuck, and lowered down to the brain surface in 10 um steps. A digital
microscope allows determination of the contact with the brain with 10 um resolution. The
contact height is then noted as the position of the brain surface, and the device is retracted from
the brain surface. The PMMA needle is then replaced with the dissolvable insertion needles (with
the embedded probes). Subsequently, 80 mm/s insertion speed is used to insert the needle to the

desired depth. Once the insertion is completed, the chuck is then opened up to release the needle.

2.1.10 Insertion studies on cadaveric brain tissue and agarose gel

To demonstrate the capability of dissolvable needles in penetrating into tissue without failure
and to evaluate the progression of their dissolution in vitro, dual-shank needle assemblies are
inserted into bovine cadaver brain tissue and into agarose gel. Three samples of 20 mm by 20
mm sections of cadaveric brain tissue are prepared and held in a plastic container. The tissue
samples are kept in 1X phosphate buffered solution (PBS) with 7.4 pH at 37 °C before the needle
insertion. The dura is not removed, and the needles are inserted through the dura. To increase the
optical contrast between the tissue material and the needle traces, a dye (India ink, Fisher
Scientific: NC9903975) is mixed with CMC when preparing the needles. The needle insertions
are performed using the insertion device and the associated procedure. One minute after inserting
the dual-shank needles into each sample, the tissue sample is frozen using liquid nitrogen. The
frozen samples are sectioned using a microtome to demonstrate that the needles penetrate deep
into the tissue. Each section is 50 pum thick, and the sectioning is continued to a depth of 700 pum.

To further observe the progression of dissolution of the needles, CMC-15% glucose needles
that encapsulate the Pt-Px probes are inserted in agarose gel using the insertion device. To

mimic the mechanical properties of the brain tissue (Chen et al. 2004; Casanova et al. 2014), a
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0.6% (wt/wt) agarose gel (Sigma Aldrich: A9539) with PBS 1X with 7.4 pH solution is prepared
in PMMA containers. The process of insertion and dissolution are recorded from the side
(perpendicular to the insertion axis) using a digital camera (Thorlabs: dcc1654c) with a 12X tube
lens (Navitar: 1-50487). The agarose set-up allows the microscope to capture the entire length of
the probe, which is essential to visualize the dissolution of the polymer matrix that encapsulates

the meandered wires.

2.2 Results and Discussion
2.2.1 Probe stiffness and comparative analysis of probe-tissue interaction

One of the leading causes of chronic failure of neural probes is believed to be the glial scar
that forms around the electrodes. An important driver of the glial scarring is understood to be the
strain arising from the micromotion, that is, the relative motion between the brain tissue and the
probe [29]. To demonstrate the reduction of strains in the tissue-probe interface realized by the
presented ultra-miniature ultra-compliant probes as compared to those experienced with stiff
probes, a finite-element analysis is performed. The ultra-compliant probes are compared to stiff
Si probes. Each probe is embedded in the brain tissue to a depth of 1.5 mm from the tissue
surface.

Table 2.1: Stiffness comparison between the Pt-Px and the Si probes.

o Si Probe Px-Pt Probe
Direction
(UN/pm) (UN/pm)
X 1.2x10° 1.4x107
y 98.5 2.6x10°
z 3.7 1.8x10®
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First, we calculated the stiffness of the meandered Px-Pt probes and compare it to that of the
stiff Si probe. In each case, the left-end of the probes is fixed, and a total probe length of 3 mmis
used. Table 2.1 lists the resulting stiffness values in each of the three directions. This result
indicates that the Pt-Px probe is significantly more compliant (6 orders of magnitude or more in
all directions) than the Si probe.

Second, a static analysis is performed, where an axial displacement of 30 um (away from the
brain surface) is applied to the fixed end of each probe while keeping all the boundary
coordinates of the tissue model fixed. Figure.2.8a and 8b show the displacements and strains for
each case. As expected, the entire Si probe is displaced by 30 um. Since all the coordinates
between the probe and the tissue are fixed (no-slip condition) in this model, the tissue
experiences considerable local displacement. On the other hand, the displacements of the
meandered probe are substantially smaller. This is due to the fact that the majority of 30 pum
deflection is accommodated by the flexural displacement of the meandered wiring between the
tissue surface and the skull. The displacement values of the electrodes (at the tip of the probe)
are 30 um for the Si probe and 0.2 um for the ultra-compliant probe. The strain map in the
vicinity of the electrodes indicates the same pattern: the maximum strain in the vicinity of the
electrode is 37% for the stiff Si probe, as compared to 0.3% for the ultra-compliant probe. The
maximum strain for the stiff probe occurs at its tip, whereas for ultra-compliant probe, the
maximum strain of 8.4% occurs at the entry point into the brain rather than in the vicinity of the
electrode. Thus, micromotion leading to glial scarring is expected to be minimized or eliminated
at the electrode region. One comparative metric between the stiff and ultra-compliant probe is the
total volume of tissue that experiences strain above a given limit, e.g., 3%. This metric is five
orders of magnitude higher for the stiff Si probe compared to the ultra-compliant probe. The

meandered geometry is the main reason for this significant improvement in axial response for
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static displacements. A similar analysis with application of lateral displacement indicates similar

benefits in using the ultra-compliant probe.

(a) —

opm

0.38

0.3

Figure 2.8: Finite-element analysis of the probe: a. Displacement profile within tissue when the
probe is moved by 30 um away from tissue. Displacement fields are much higher in case of Si-
probe due to high stiffness as compared to meandered probe b. Comparison of the von Mises
strain field between the Si probe and the meandered probe. AA’ and BB’ represent the radial
distance from electrode sites along the y-axis that are used in Figure. 2.10. The boundary of the
meandered probe is outlined in white for contrast.

Third, a dynamic analysis is conducted, where the brain tissue is oscillated in the axial (x) or
one of the two lateral (y and z) directions. Considering the micromotion of brain [29], a
sinusoidal motion with 30 um amplitude and 1.2 Hz frequency is imposed by uniformly moving
all the boundary coordinates of the tissue section. Figure. 2.9a, 9b, and 9c show the von Misses
strain distributions in the vicinity of the electrodes for the each of the three cases. The values of

maximum strain and of tissue volume with more than 3% strain are given in Table 2. The
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maximum strain in the vicinity of the electrode is at least an order of magnitude lower for the
ultra-compliant probe than for the stiff Si probe. Similarly, the maximum strain in the tissue is
significantly lower when the ultra-compliant probe is used. The largest strain is experienced
when the direction of micromotion is aligned with the axis of the probe (i.e., in x). Although the
maximum strain in the vicinity of the electrode are in the same order of magnitude for the stiff
probe, for the ultra-compliant probe, they are dramatically smaller for the lateral micromotion
than for the axial micromotion, as expected as the lateral stiffness of the ultra-compliant probe is
much lower than its axial stiffness. For the ultra-compliant probe, the maximum strain always
occurs at the surface of the brain, whereas for the stiff probe, it occurs at the tip, i.e., where the
electrode is located. For all directions of micromotion, the tissue volume with greater than 3%

strain is more than five orders of magnitude smaller for the ultra-compliant probes.

Table 2.2: Comparison of dynamic effects of micromotion between the stiff Si probe and ultra-
compliant Px-Pt probe in brain tissue.

Micromotion | Volume Affected > 3% strain Max. Strain at Max Strain in the
Direction (um®) Electrode (%0) Tissue (%)
- : : Px-Pt
Si Probe Px-Pt Probe Si Probe Px-Pt Probe | Si Probe

Probe

X 1.13x10° 631 40 45 40 6.5

y 2.0x10° 5.46 31.3 0.03 31.3 4
z 8.2x10’ 0 16.1 0.001 17.2 1.2
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Figure 2.9: Comparison of von Mises strain profile within tissue near electrode site at maximum
amplitude of 30 um at 1.2 Hz for: a. Excitation along the x-axis (axial); b. Excitation along the y-
axis (lateral); c. Excitation along the z-axis (lateral); d. Comparison of region with tissue (white
color) having more than 3% in the tissue for axial excitation on x-y cross section; e Maximum
strain (at the brain surface) for the meandered probe with excitation axis indicated. The boundary
of meandered probe is outlined in white for contrast (Scale: 50 um).

To provide another perspective to the strain distributions, Figures 2.10a and 10b show
changes in von mises strain within the tissue along the positive y direction (as shown by lines
AA’ and BB’ in Figure. 2.8b) up to 100 pm away from the electrode for static and dynamic
cases, respectively, for each of the two probes. For a given location (distance), the strain is
calculated by averaging over a 2 um x 2 um area around that point in the x-y plane. The plots
indicate that for the static case, the strain for meandered probe is at least two orders of magnitude

lower than that for the Si probe. Similarly, for the dynamic case, the strain for the meandered

probe is at least an order of magnitude lower than that for the Si probe.
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Figure 2.10: Comparison of von Mises strain profile within tissue along the y direction at the
electrode site (the origin indicates the electrode surface) a. Strain distribution for the static case,
where a displacement of 30 um applied along the x, y or z-axis; b. Strain distribution for the
dynamic case, where a base excitation of 30 um amplitude at 1.2 Hz is applied along the x, y or
z-axis. X, Y and Z indicate the imposed displacement or excitation direction.

2.2.2 Fabricated probes and insertion needles

Probe design

Images of a fabricated dual probe, while still on the Si wafer, are given in Figure 2.11. Figure
2.11a shows the plan view of the entire probe, including the handling tab and the connector
wires. Figure 2.11b and 2.11c show magnified SEM images of the probes on the Si wafer, where
the output cable (on the handling tab portion), Pt electrode, meandered wiring within the needle
portion and the Px tethers are all visible. The etch pit is later used as the bottom mold during
fabrication of the insertion needle. The Px tethers are designed to suspend the wiring and the
electrode on top of the etch pit until the completion of the molding process. The circular
electrode is recessed from the tip by 150 um to prevent damage to the electrode during insertion.
The output cables include 4-channel stress-relieved Pt cables with Px insulation.

Many works in the literature suggest that probes with high compliance (approaching that of

the cortical tissue) significantly reduce foreign body response. Towards minimizing the
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mechanical mismatch between the cortical tissue and the probes, the probes are designed with
micron-scale wiring (2.7 um x 10 um cross section), including a 500 nm thick Pt core and the
surrounding parylene-C insulation layer.

Although smaller cross-section and parylene-C construction increases the lateral (bending)
compliance of the probes, for a straight probe, the tethering forces (and associated displacements)
along the axial direction of the probe would transfer directly to the electrode. As such,
considerable strains on tissue/electrode interface would be experienced due to tethering forces
and micromotion, thereby causing sustained damage to the surrounding tissue. In order to
minimize the interfacial strains between the electrode and the tissue, the probes presented here
feature meandered wiring, resulting in significant increase in effective axial compliance of the
probes. Our design and fabrication approach provide capability to select the meander parameters.

For this work, meandered wiring is created by joining piecewise circular arcs.

To output

=g
18.75 mm >
(a) (b) (c)

Figure 2.11: Fabrication of the probes: a Si bottom mold with suspended dual-shank probe, etch
pit and output cables; b A SEM image showing the mold of the one wide and one narrow needle
with suspended probes; ¢ A SEM image of the meandered probe suspended over the wide (300
um) needle etch pit showing Px tethers and the Pt electrode at the tip.

Based on the literature, reduced reactive tissue response is experienced when the electrode

dimension is commensurate with that of the neurons [42]. However, a sufficiently large electrode

site size is required to ensure low enough impedances such that the action potentials can be
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measured with high signal-to-noise ratio. To strike a balance between these two needs, the disk-
shaped electrode is designed to have a 26 um diameter, with a 20 pum circular section of exposed
Pt and surrounding Px insulation. Although one electrode is demonstrated per each needle,
multiple electrodes at different locations with the same or independent wiring can be designed in

these size needle pits.

Dissolvable insertion needle

An ideal insertion needle is of minimum volume and dimensions that will enable failure free
penetration and precise positioning of the probe and is made from a material that dissolves in a
very short period of time without any harmful by-product that could cause tissue damage. The
molding approach described here enables creating probes with optimal geometries to strike a
balance between strength and material amount. As a demonstrative example, dual insertion
needles (following the dual-probe design) are fabricated on a single handling tab using the spin-
casting based fabrication process. Both needles are designed to be I, = 1.65 mm long

and t,, = 135 pm thick, with a 6, = 40°tip angle, 7 = 150 um fillet radius, and 6, = 0° relief

angle. The widths of the small and large needles are 100 um and 300 pum, respectively, which are
chosen to evaluate different needle dimensions, as well as to enable direct comparison to the
state-of-the-art commercial microwire probes (AM System, Carlsborg, WA). Furthermore, to
demonstrate the capability of fabricating different needle and array designs, we created three- and
five-needle needle arrays, including varying needle width (from 100 um to 300 um) and needle
lengths (from 1.4 to 2.8 mm).

Figures 2.12a-12d show ESEM images of sample needles fabricated using the spin-casting
approach (without the embedded electrodes) from different dissolvable materials, including

CMC, CMC-15% glucose, CMC-15% sucrose, CMC-15% maltodextrin. As seen in these
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Figures, dual-probe needles are successfully fabricated, each dual-probe including a 100 um- and
a 300 um-wide needle, both attached to a single handling tab. The versatile needle-fabrication
process described here (the spin-casting based micromolding approach) enables fabrication of
needles and needle arrays with varying, complex geometries, and thus, can facilitate optimization
of the insertion vehicle designs. It is noted here that the authors have already demonstrated the
viability of narrow CMC needles (100 um) to dissolve in brain tissue in vivo over a period of 12
weeks [63]. Early time points from histology showed that CMC needles absorb moisture and
expand after insertion. Later time points (4 weeks) showed closure of wound and neuronal cell

bodies within the original needle tract. At 12 weeks, activated microglia was absent and neural

regeneration was observed at the implant site.

(a) CMC (b) 15%Glucose/CMC (c) 15%Sucrose/CMC

(d) 15%Maltodextrin/CMC (e) 20%DEX/CMC

Figure 2.12: ESEM images: a CMC; b CMC-15% Glucose; ¢ CMC-15% Sucrose; d CMC-15%
Maltodextrin; e CMC-20% DEX (Scale: 1 mm).



The dissolvable needles can also be used as a platform to co-deliver drugs or biologics, such
as drugs to subside inflammation or enhance neural regeneration [76]. To demonstrate this
capability, needles with dexamethasone (DEX) as a sample anti-inflammatory drug were created:
Figure 2.12e shows a sample dual-shank needle made from CMC-20% DEX. In other works,
dissolvable materials are used to deliver small molecules, large molecules, as well as viral
vectors to living tissue ex vivo and in vivo using microneedle arrays fabricated through spin-
casting [77,78]. One important benefit of this approach is that the entire process is conducted at
the room temperature, thus allowing maintaining bioactivity.

The presented approach further enables creating 2D arrays of needle-encased probes. If
desired, each probe in a 2D array can have a different design. Figure. 2.13 shows sample CMC

needles in three- and five-array configurations with different widths and lengths.

Figure 2.13: Geometric flexibility of spin casting: a. 5 shank array (length: 2.8 mm, width: 200
um) b. 3 shank array (length: 1.4mm, width: 300 pm) (Scale: 300 um).

Integrated probe and insertion needle
A sample dual-shank probe encased in the dissolvable delivery needle is shown in Figure
2.14. Figure 2.14b shows nano-CT images (Xradia UltraXRM-L200) of the needles, where the Pt

wiring and the electrode can be seen inside the dissolvable material.
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(b) (<)

Figure 2.14: ESEM images: a. An ESEM image of CMC dual-shank needle; b. Nano CT image
of wide and narrow needle showing the Pt wire and CMC matrix. The electrode is at the tip of
the Pt wire; ¢ Zoomed in Nano CT image showing the Pt wire within CMC polymer matrix.

A unique advantage of the approach presented in this work is that both the geometries and
material selections for the probe and the needle are decoupled, thereby enabling optimization of
each without limitations imposed by the other. This facilitates designing insertion needles with
advantageous geometric features, as well as minimizing needle volume and increasing the needle
strength through design. For instance, we included fillets where the needles merge with the
handling tab to considerably increase the factor-of-safety against needle failure during insertion.
Similarly, the tip region is tapered at a desired angle to minimize penetration forces while
providing tip strength during penetration (Bjornnson et al. 2006). The handling tab is also
designed to facilitate handling during fabrication process and attachment of the needle to the

insertion device for precise application of the probes. The process allows each of these needle

geometry parameters to be fully controllable.

2.2.3 Needle fabrication and evaluation
Spin-casting process

During solvent-based spin casting, a critical parameter is the time it takes for the completion

of the molding process, i.e., the centrifuging time. This is the amount of time for the initial
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hydrogel to form into a solid needle with the desired shape and minimal moisture content. This
amount of time depends on the material type, initial solute concentration, initial loading volume,
centrifuging parameters (speed, temperature), humidity and temperature of the fabrication
environment, as well as the mold shape. Although a comprehensive study of all those parameters
are beyond the scope of the current work, a sample analysis of centrifuging time for two
materials (CMC and CMC-15% glucose) is presented here, while keeping all the other
parameters constant.
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Figure 2.15: Solvent evaporation of CMC and Glucose/CMC concentration.

Figure 2.15 shows the change in solute concentration when centrifuging sheets of CMC and
CMC-15% glucose blend. The solute concentration is calculated as R = m./M_, where m. is the
mass of the solute (15% of 0.6 grams, which is equal to 90 mg) and M. is the measured weight at
each time point ¢. Initially, M, = M;, the initial total weight of the hydrogel (600 mg). As such, at
time zero, the concentration begins at 15%, which is the initial solute concentration of the
hydrogels. The error bars indicate one standard deviation (+c) from the average for 10 different
molds at each time point. It is seen that the initial drying rate of CMC and CMC-15% glucose
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blend is similar up to about 240 min. Above 25% concentration, water is evaporated from CMC
faster than that from CMC-15% glucose blend. The concentrations for the pure CMC and for
CMC-15% glucose blend reach a steady state at approximately 10 h and 13 h, respectively. At
steady-state, CMC has a concentration of 88%, and the CMC-15% glucose blend has a
concentration of 82%. The steady-state solute concentration is strongly dependent upon the
dissolvable material and the other parameters, especially the humidity and temperature of the

centrifuge and the laboratory environment.

Reproducibility and accuracy of needle geometries

When the solvent-based spin-casting approach is used, the volume of material reduces
considerably from its hydrogel form to its final solid form due to the evaporation of the solvent.
As a result, the final part is generally smaller than the mold cavity. However, the shrinkage is
generally repeatable for a given set of process parameters and mold geometry, and thus, mold
designs can be modified to obtain desired needle dimensions reproducibly.

To determine the geometric accuracy and reproducibility of needle geometries, a study is
performed. The length, thickness, and width of 40 pairs of CMC needles are measured. Table 3
provides the average values and standard deviations for each of the measured parameters for both
the narrow and the wide needles. The width (w,), thickness (t;) and length (I,) of the mold cavity
and those of the fabricated needles (w,,t,,and [, respectively) are given. The variations in
width are larger for the narrow needles (~5.5% of the average) as opposed to that for the wide
needles (~1.7% of the average). In the thickness dimension, both the wide and narrow needles
show similar variations, reaching up to 7%. On the other hand, the variations in the length
dimensions are below 2%. The difference between the mold dimensions and the measured value

for each parameter includes both the effect of process uncertainty and the shrinkage arising from
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the solvent-based molding approach. The width values larger than the mold dimensions are seen
in some cases due to the variations on the resin top-mold dimensions. The squeegee step also
contributes significantly to the uncertainty of the thickness dimension. Nevertheless, it is seen
that the needles can be obtained with a sufficient level of precision for both narrow and wide
needles.

Table 2.3: Needle-geometry parameters of the molds and from the fabricated needles.

we (um) | wy (um) |t (um) | gy (M) | L (Mm) Ly (um)

Narrow CMC needle 100 98.7+5.2 135 143.6%9.3 1650 1,547.9+19.0

Wide CMC needle 300 293.1+4.2 135 136.4+7.9 1650 1,533.2+12.2

2.2.4 Mechanical property of needle materials

The dissolvable insertion needles are required to penetrate the tissue without failure and reach
the desired depth precisely without considerable deflection. However, the size and material
amount of the needle should be minimized to ensure rapid dissolution and to minimize immune
reaction. To satisfy these competing needs—of stiff, high strength needles yet with small size—
the properties of dissolvable needle materials must be determined. We performed a set of tensile
tests to obtain elastic modulus, ultimate tensile strength, and maximum strain of various needle
materials used in this work.

A critical point to consider here is that the dissolvable materials readily absorb moisture from
air when exposed to the room environment. Water absorption depends on the material, relative
humidity of the environment, time of exposure, as well as the needle geometry (commonly, to the
surface area per volume). Importantly, the water content of the needle materials strongly affects

their mechanical properties.
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As an example, for water absorption of needle materials, Figure. 2.16 shows the change in
water content of CMC needles when exposed to the room environment (27 °C and 40%
humidity). The needles are taken out of the oven (after heating to complete the drying after
centrifuging) at time t = 0. It is seen that there is a rapid moisture absorption, which reduces the
concentration of the needles in an exponential manner. Interestingly, the steady-state value of

87% concentration is very similar to that obtained at the steady-state of the spin casting process

(88%).
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Figure 2.16: Change in water content of CMC needles when exposed to the room environment:
a. Concentration of CMC probe in ambient conditions at different time points post sterilization at
120 °C. CMC absorbs water after it is exposed to ambient environment; b. Concentration of
CMC probe during the first 60 min post sterilization.

To determine the effect of moisture content on mechanical properties, the CMC specimens are
tested at three concentration levels, including 100% (fully dry), 87% (steady-state) and 96.5%
(implementation). Considering the insertion procedures for in vivo application, the time from

removing the needles from hermetic packaging to the completion of the needle insertion to

cortical tissue is assumed to be between 15 to 30 min, or 22.5 min on average. At that time point,
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the concentration of CMC is approximately 96.5%. The mechanical properties of the CMC
tensile specimens are measured at 100%, 87%, and 96.5% concentration from 4, 4, and 30

samples, respectively. The tensile test data is presented in Figure 2.17.
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Figure 2.17: Stress-strain plots of CMC at three concentrations:100% (when sterilized at
120°C), 96.5% (22.5 min post sterilization) and 87% (steady-state concentration). Average
values for each concentration level are represented with solid lines and the total range of data is
indicated by bands around the average.

As expected, it is seen that increased moisture content reduces the Young’s modulus and
ultimate tensile strength, while increasing the maximum strain of the material. The average
values of Young’s modulus for the 100%, 96.5% and 87% samples are 5.27+0.22 GPa,
4.05+0.30 GPa, and 2.55+0.13 GPa, respectively. Similarly, measured average tensile strength
values of 100%, 96.5%, and 87% samples are 152+6.2 MPa, 148+15.8 MPa, and 65+2.3 MPa,
respectively. The maximum strain values for 100%, 96.5%, and 87% samples are 3%, 7%, and
9.2%, respectively.

A set of tensile tests are also conducted for different dissolvable material blends at 96.5%

concentration. Figure 2.18 shows the average tensile test results for CMC and four CMC blends
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over four samples for each material. Table 4 tabulates the Young’s modulus, ultimate tensile
strength, and maximum strain values for each material. CMC has the highest Young’s modulus,
whereas CMC-15% glucose has the highest tensile strength, while exhibiting a Young’s modulus

value that is very close to CMC-only material. Blending with sugars increases the brittleness of

the material.
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Figure 2.18: Stress-strain plots for CMC and CMC blends at 96.5 % concentration.

Table 2.4: Average material properties of CMC and CMC-sugar blends.

. Young’s Modulus . )
Material UTS (MPa) Maximum Strain (%)
(GPa)

CcMC 4.05 148 7
CMC-15% Glucose 3.7 165 53
CMC-30% Glucose 2.9 142 5.9

CMC-15% Maltodextrin 2.7 115 4.5
CMC-15% Sucrose 14 46 3.1
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2.2.5 Insertion and dissolution of needles

To demonstrate that the dissolvable needles can penetrate brain tissue without failure, the
1.65 mm-long dual-shank needles are inserted into bovine cadaver brain tissue sections. Figure
2.19 provides a cross-section image of the brain tissue at approximately 700 um from the tissue
surface at one minute after the insertion of the dual-shank CMC needles (with the dye). Dashed
lines in the figure indicate the original cross-section of the needles. It is seen that both the narrow
and the wide needles penetrate to this depth without failure. These preliminary results indicate
that the needles are successfully inserted without failure (to a depth of at least 700 um) and they

began dissolving inside the tissue.

Figure 2.19: An image of the cross section of cadaveric brain tissue at 700 um depth one minute
after insertion of dual-probe needles. The stained area mainly reflects the distribution of rapidly-
dissolving dye (with its small—700 Da—molecular weight) into the intercellular space.

Figure 2.20: Dissolution testing in agarose gel. The images are taken at six different time points,
at=0s;bt=16s;ct=32s;dt=48s;et=64s; ft=28min. CMC starts absorbing water
immediately and forms a hydrogel (Scale: 300 um).
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To observe the dissolution behavior of the needles with the embedded wired probes, a CMC
dual-shank needle is inserted into agarose gel using the insertion device. Snapshots of needles
and the wiring are seen in Figure 2.20 for six different time points up to 8 min. It is seen that
needle dissolution commences immediately after insertion, and rapidly progresses. The needles
are seen to swell by absorbing water from agarose gel. At the time point of 8 min, the dissolution
is nearly completed. In general, the dissolution behavior and dissolution speed of the dissolvable
needle will be different when inserted into agarose gel from when inserted into living tissue. For
instance, water availability is considerably higher in agarose gel than that in the brain tissue.
However, such “accelerated” dissolution test may be used for comparative evaluation of different

needle materials.

2.3 Summary and Conclusions

In this chapter, we present a neural probe with meandered geometry and 2.7 um by 10 um
cross-section Px-Pt wiring. As evidenced by finite-element analysis, the Pt-Px neural probe
provides “ultra-compliance” and “‘ultra-miniaturization” that greatly reduces tissue strain upon
micromotion of the external probe cabling or intrinsic bulk motion of the brain tissue, when
compared to conventional Si probes. The very high compliance could significantly reduce the
foreign-body response of brain tissue for chronic BMI applications. The micromolded
biodissolvable insertion vehicle in the form of a needle that encases the probe enables the probe
to penetrate into the tissue. Co-development of the design and fabrication processes for the probe
and the dissolvable needle led to successful molding of the needle around the probe. The CMC-

sugar materials are strong enough to allow failure-free mechanical insertion into brain tissue at
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needle sizes down to 100 um in width. The dissolution of the needles in agarose gel occurs
within minutes, though the CMC is not immediately dispersed into the agarose media.
Specifically, we conclude that,

e These ultra-compliant probes can be successfully fabricated using standard batch
microfabrication techniques and the proposed spin-casting process enables reproducible
fabrication of dissolvable needles that encase the ultra-compliant meandered probes

e The needles facilitate mechanically failure-free penetration of the probes into brain tissue
and dissolve after implantation

e The fabrication process enables needle geometries to be dictated for optimal insertion
parameters

e Two-dimensional needle-encased probe arrays with diverse needle geometries can be
readily realized and can also be used to co-deliver drugs, such as anti-inflammatory
agents

e Ultra-compliant meandered probes significantly reduce strain from micromotion in brain
tissue as compared to stiff probes. Overall, the presented ultra-miniature ultra-compliant
probes show great promise toward addressing the challenges of performing stable chronic

recordings from and stimulations to the brain.

Although the presented ultra-miniature ultra-compliant probes show great promise toward
delivery of subcellular size probes, only 2D shaped needle designs can be fabricated using a
planar molding approach. Additionally adhesion between the Si-surface needs to be carefully
curated to ensure wires do not delaminate from Si-mold. In chapter 2, we present the methods

and modification made to current process to overcome the challenges.
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Chapter 3

Direct Bonding Method

The previous chapter presented an accurate and reproducible novel fabrication approach for
integration of ultra-compliant, ultra-meandered probes with a biodissolvable delivery vehicle.
The CMC needles and the needles created from CMC combined with other lower molecular
weight sugar-based materials were shown to have sufficient mechanical strength to penetrate
both the brain tissue and phantom agarose gel to deliver the ultra-miniature probes to the targeted
location. Despite these promising results with the sugar-based delivery vehicles, the approach
presented in Chapter 2 still needs further improvements, especially in the step of integrating the
ultra-miniature probes with the dissolvable delivery vehicles. Specifically, the approach still
requires an etch-pit as for the integration of probe and delivery vehicle. However, this etch-pit is
the major contributor to the yield loss. Furthermore, delamination during the lithography process
to create the etch-pit also contributes to the yield loss. Delamination of the probes during the
assembly of the resin top mold with the bottom mold is also challenging, possibly resulting in
yield loss. Moreover, complications occur at the interface where the probe transitions from being
suspended over the etch-pit to directly resting on the Si-surface during the spin casting process.
Specifically, due to the shrinkage of dissolvable material away from the etch-pit walls during
drying , the wire encapsulated in the molded needle handling tab exerts undesired strains onto the

connecting wire, which results in physical damages in the insulation layer and in the wire.
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Due to the potential problems with the existing probe and delivery vehicle integration
because of poor performance of etch-pit in ensuring symmetric integration within the delivery
vehicle, the fabrication approach is modified to eliminate the necessity of an etch-pit and to

improve the process yield by eliminating the aforementioned shortcomings.

3.1 Modification of the Fabrication Approach
3.1.1 Fabrication and molding on Si-molds without etch-pits

Reliable integration of probe to CMC required some amount to hydrogel material to flow
underneath the Px layer, such post spin-casting and drying it creates mechanical interlocking
between the two. Isotropic etching of Si can create 2 um undercuts as it doesn’t etch away and
affects the Px-layer or the UV curable resin that was used for the top mold. The Px-layer can act
as a mask the Si-substrate underneath which can assist in creating undercut during isotropic
etching using XeF,. In the overall scheme of the fabrication approach to creating the Si-mold, all
the steps for creating the Px-Pt wire and electrode on the Si-surface are same as described in
section xx of the previous chapter. Thereafter, isotropic etching is done to create small undercuts
that would be sufficient for the hydrogel to flow and grips onto probe post drying. The isotropic
etch was performed using XeF, (Xactix, SPTS, Newport, UK), using 3 etch cycles (1 cycle: 60s,
3mT XeF, partial pressure, 2mT N, partial pressure).

The undercuts provide a necessary mechanical interlocking with CMC during the molding
step to ensure probes are successfully integrated with CMC delivery vehicle which at the same
time eliminating the necessity for having a probe suspended over etch with is a far more
complicated and expensive process, and has much higher yield loss. Once the Si-molds with
undercuts is fabricated, the subsequent fabrication steps remain unchanged as described in

Chapter 2 and also shown here in Figure 3.1. Explaining briefly, the Si-mold is assembled with
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the resin mold and spun-cast to achieve probe and biodissolvable needle integration. This method
significantly improved the yield at each step from the fabrication of Si-mold to, assembly with
PU mold as well as successful molding of functional CMC delivery devices. Figure 3.1 also
shows the fabricated probe with the modified Si-probe. The assembly and molding process is

similar to that described in Chapter 2.

Demold fabricated
Mount PU probe using tweezers
through mold
CMC Px-Pt
Probe
= Silicon
XeF, Etch, 3 Torr, l Remove excess CMC
4 cycles, 60 s/cycle from PU mold surface [} PU/Resin
i " CMC Hydrogel
4 B Molded CMC
B Px-PtProbe
Dispense CMC Centrifugation Removes water via.
Hydrogel, 15 % (w/w) for 16 hrs evaporation

Centrifugation,

3000 rpm, 5°C

H\drogel fills
the mold cavity

Figure 3.1: A Method to integrate the Px-Pt probe with the CMC delivery vehicle using isotropic
XeF, etching to create 2 um undercuts. The mold assembly and spin casting process are same as
described previously in Chapter 2.

3.1.2 Spin casting on the sacrificial materials

The delivery vehicles fabricated via. the previous process was found to have poor insulation
properties due to leakage at Px-Px interface that is formed during two different Px-deposition
steps. Thermal annealing in vacuum was determined as a viable method to improve the

encapsulation characteristics of Px, however, this led to an increase in adhesion between the Px
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and Si-substrate that undermined the peeling process. The transfer process step that eliminates
the peeling process and transfers the probe on to a glass substrate coated with an adhesive
sacrificial layer was determined to be viable methods to integrate the probe with CMC needles
while at the same time enhance the Px encapsulation properties. BGL that is soluble in IPA was
used as a sacrificial adhesive material as it CMC is insoluble in IPA as well it’s mechanical and
material properties are not affected by the BGL solvent. The fabrication process for integrating
the probe along with transferred probe (transferred from Si to Glass substrate) is shown in Figure
3.2 shows the assembly and molding process remain the same as described previously with an
additional step of IPA treatment to release the CMC-probe integrated device from the glass that

dissolves away the BGL.

B

BGL Layer

Y E— B’

Assemble with Resin

Resin Mold /
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Spin Casting CMC 15°C, 3000 rpm
in Centrifuge 20% ( w/w) Hydrogel

1

Probe on Glass Slide

Dissolve BGLin
IPA

B

Demold from 1 A
Resin Mold -

.

b

Molded Probe with CMC

Figure 3.2: Integration of probes via CMC molding and using BGL as sacrificial layer.
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3.1.3 Direct assembly process

The integrated CMC-probe delivery devices fabricated via. molding the probe on sacrificial
BGL coated glass slides were found to have two primary drawbacks:

a) Delamination of probe from CMC needle: Unlike the previous method where
molding was done with Si-substrate that either encapsulated the probe with CMC
with the help of etch pit, or mechanical interlocking due to undercuts present beneath
the Px-Pt probe, the method described in the previous section doesn’t mechanically
constraint the probe from delamination. Instead it relies largely on surface adhesion
and friction at the interface of CMC-Px interface walls to adhere the probe to the
CMC matrix. This adhesion is very weak and leads to delamination of probe from the
delivery vehicle causing significant yield loss. Moreover, residual stresses developed
during Pt-deposition causes the Px-Pt probe to bend out of plane, thereby facilitating
delaminating of probe from the molded needle.

b) 2) Poor insulation post molding step: Electrochemical Impedance Spectroscopy
(EIS) tests carried out on fabricated CMC-probe devices showed that insulation
properties were still poor despite the vacuum annealing treatment of the probes prior
to transfer and molding. It was observed via EIS measurements that the probe has
different insulation characteristics before and after molding with CMC which was
primarily attributed to the physical damage caused to Px due to residual stresses
occurring during the solvent casting of CMC. Figure 3.3(a) shows the micro-cracks
caused to such residual stress during the molding stage and Figure 3.3(b) shows the
results from EIS analysis show no difference in impedance between the exposed

electrodes and insulated wire.
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Figure 3.3: (a) Microcracks on Px probe when CMC is molded directly on the Px-Pt Probe, (b)
EIS measurements shows poor insulation property for probe integrated with CMC and
comparison with that of probe without CMC.

(*Mats Forssell conducted EIS measurements)

To address the aforementioned challenges, a new direct needle-probe assembly bonding
technique was developed to improve the adhesion between the probe and the CMC needle. To
overcome the adhesion challenge between the CMC polymer matrix and Px probe as discussed in
the previous section, O, plasma was used to treat parylene-C in order to make parylene-C more
hydrophilic. Droplet tests were performed with DI water to ensure hydrophilicity was maintained
for sufficient time in order to perform the direct-bonding process which requires 15-30 mins post
activation.

The CMC Needle is contained in a PDMS holder and a thin layer of 15% gelatin liquid is
cast in the centrifuge for 2 min over the CMC/glucose needle. 15% gelatin is heated to 50° C is
ensure it is in liquid state. The PDMS holder along with the coated CMC/glucose needle is

mounted on the vacuum chuck in the device bonder, aligned with the probe using the camera

alignment system, and then bonded together. The assembly is heated to 80° C for 1 hr, under a

57



constant load of 20N (500MPa). The PDMS and glass slide assembly is then cooled down to

room temperature and placed in IPA bath to release the bonded probe-needle assembly from

glass slide.

Align Needle with
Probe

Mount on Top
Chuck in Device
Bonder

—

Coat 15% Gelatin
Probe on
PDMS holder Glass Slide
Molded probe in with needle
PDMS Holder Dissolve BGL in
IPA (8 hrs)

Bondlng
(80 °C, 20N, 1 hr)

Px-Pt Probe with _ Final Needle/Probe
. Exposed Electrodes assembly
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Figure 3.4: Direct low-stress bonding of Px-Pt probe to CMC delivery vehicles using plasma
treatment on probe to increase its hydrophilicity and gelatin as adhesive layer.
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Figure 3.5: EIS measurements showing improvement in insulation properties following low
stress bonding process. A plot shows comparison between self-test loop (isolated) and the

electrodes for both, bonded and molded probes integrated with CMC.

The O, plasma treatment enhanced the adhesion between the CMC/Glu (85/15) needle and

Px-Pt probe as similar bonding method performed without plasma treatment lead to delamination
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of probe from CMC/glucose needle. Repeatable and reproducible bonding could between the

probe and the delivery vehicle could be achieved using this method with improved adhesion and

eliminates the necessity of molding CMC/Glu directly over the probe. EIS tests performed on the

fabricated devices demonstrated improved encapsulation properties which as shown in Figure 3.5

which was observed as a major drawback of the direct-molding approach.

Advantages of the direct-assembly approach are:

1)

2)

3)

The process removes any manual intervention to integrate probe with the needle which is
a primary challenge as seen in literature. Most research groups manually transfer the
flexible probe to another substrate such a as a PDMS/PMMA mold in order to integrate
with biodissolvable polymer via. molding or integrate with shuttles using biodissolvable
adhesives such as Poly(ethylene) Glycol (PEG).

The direct assembly approach can be used to assemble 2D array probes under similar
conditions (force is varied depending upon the surface area). An example for same is
shown in Figure 3.7. Hence, the process is scalable and could further be explored on
wafer level scale to improve the scalability of the process.

Lastly and more importantly, the process decouples the fabrication of delivery vehicles
from the fabrication of probes which gives larger flexibility for design of both the
delivery vehicle (geometry and material) as well as design of probes. So as compared to
the planar process which limits the tip geometry to wedge tip only amd sharp tip
geometries cannot be realized with that approach, the current process offers larger
flexibility in design of such needle. The decoupled process also allows for integration of
sharp needles with probes directly expanding the design space to optimize needle
geometry for a wide range of geometries such as the high aspect ratio needle (15:1)
shown in Figure 3.6.
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CMCTab CMC  probe High Aspect Ratio
Needle cable Needle (15:1, 300 um)
Dual Shank Probe

Figure 3.6: Dual shank probe fabricate by direct bonding method. A high aspect ratio needle
with pyramid tips is fabricated to show the benefits of the decoupled approach.

3.2 Summary and Conclusions

This chapter presented an improved approach to integrate the compliant probe with the CMC
delivery vehicle. Three different methods were tried to progressively address the drawbacks of
the previous method.

First, Si-molds were created without etch-pits by replacing the DRIE process with the
isotropic XeF, etching to create miniature undercuts below the Px-Pt probe, followed by spin-
casting to integrate the probe with delivery vehicles. Although this method improved the yield up
to 70%, the poor Px-Px interface created during the Si-mold fabrication required annealing,
which increased the surface adhesion of the probes to the Si-substrate.

Next, the annealed Px-Pt probes were transferred to BGL (a sacrificial material soluble in
IPA) coated glass slides and CMC was molded using the same spin-casting approach. IPA was
dissolved to release the probe-CMC needle assembly from the glass substrate. Electrical
impedance spectroscopy (EIS) analysis showed that molding CMC directly over the miniature
probes resulted in poor insulation properties due to defects caused by strains resulting from the

shrinkage of CMC during drying.
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Finally, a direct assembly method was developed to ensure defect-free integration of probes
with the CMC delivery vehicle. A pre-molded CMC needle was directly bonded with the Px-Pt
probe by using a thin gelatin layer as an adhesive and treating the Px-Pt probe with oxygen
plasma for improved adhesion. EIS analysis showed improved insulation properties, confirming
the integrity of Px insulation for reliable measurements. The direct assembly method increases
the design space for both the needle and probe design since they are fabricated separately. To
show the flexibility of the direct method, the method was demonstrated with fully 3D pyramid
head needles with relatively sharper tip geometries as compared to wedge heads.

The specific conclusions of this study are listed as follows:

¢ Si-molds with etch-pits result in yield loss since the probes move to the bottom surface of
the molded CMC during the centrifugal spin-casting process.

e Process yield can be improved by creating 2 pm undercuts using isotropic etchin.
However, this results in poor insulation which requires annealing of the Px-Pt probe
which increases its adhesion to Si-substrate.

e Molding of CMC over sacrificial BGL layer results in defects on the Px-Pt probe, which
leads to poor insulation.

e The direct assembly method integrates the probes with the CMC delivery vehicles while

ensuring the integrity of the Px insulation layer.

The direct assembly of the probes with the delivery vehicles shows great promise to expand
the design space and explore different delivery vehicle geometries. One of the key considerations
during the design process is the impact of geometric parameters and insertion velocity on tissue-

needle interaction forces.
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Chapter 4

Insertion Force Analysis

A fundamental understanding of the mechanical interaction between delivery vehicles of the
subcellular-sized neural probes and brain tissue is critical for successful insertion of those neural
probes. Specifically, the delivery vehicle-brain tissue interaction forces must be probed for
different designs and insertion conditions to enable optimal design of delivery vehicles and to
identify favorable insertion parameters for failure-free application. Furthermore, it could be
possible to correlate these interaction forces with ensuing tissue damage [81]. As such, it is
necessary to conduct a comprehensive study to understand the effects of delivery vehicle design
(i.e., geometry and material) and insertion (i.e., speed) parameters on insertion forces.

This chapter presents a systemic study to provide insight into delivery vehicle-brain tissue
interaction mechanics. Specifically, an experimental study is conducted to evaluate the effects of
geometric parameters and materials of the delivery vehicles, as well as of the insertion speed on
the insertion forces during interaction with an established brain tissue phantom (0.6 w/w%
agarose) and with freshly excised rat brain tissues. To accurately and reproducibly measure the
insertion forces, a custom-made force measurement system is developed. First, non-dissolvable
delivery vehicles (i.e., needles) are used on the established brain phantom to investigate the effect
of geometric parameters and insertion speeds. Subsequently, favorable geometries are identified

based on the results obtained with the non-dissolvable needles to perform insertion studies with
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dissolvable needles. The same subset of designs is then used to conduct insertion experiments on
the rat brain tissues. The findings presented in this chapter could help identify favorable designs

and insertion speeds for delivery vehicles of ultra-miniature neural probes.

4.1 Experimental Methods
4.1.1 Experimental setup

Accurate and reproducible measurement of delivery vehicle-brain tissue interaction forces
poses certain challenges due to relatively low force magnitudes (<100 mN). Specifically, the
existing force measurement systems fail to provide sufficient space, resolution, and sensitivity for
reliable insertion studies on brain tissue [86].

To enable reliable measurement of the axial component of external forces acting on neural
probe delivery vehicles, a custom-made force measurement system is developed. First, a flexure-
based sensor with a symmetric cross-beam structure is designed using COMSOL multiphysics
modeling software to achieve sufficient sensitivity and high natural frequency. Aluminum 6061
is chosen as the sensor material since there are commercially-available thin aluminum shims (<1
mm thickness). The geometric parameters of the sensor are determined based on the COMSOL
simulations and are shown in Figure 4.1. Specifically, the width, length, and thickness of each
beam are identified to be 1 mm, 37.5 mm, and 0.625 mm, respectively, Furthermore, a 10 mm x
10 mm platform is also included in the design to enable attachment of the delivery vehicle or
brain tissue. Ultimately, the compliance of 0.5 um/mN and natural frequency of 370 Hz are
achieved with this particular beam design. The designed sensor is then accurately fabricated
through mechanical milling technique and calibrated using predetermined weights and its

stiffness was determined to be 2.18 mN/um.
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Figure 4.1: Flexural beam design for force measurement. Beam thickness is 0.625 mm.

Next, the custom-made insertion force measurement system is constructed to accurately and
reproducibly measure forces during application of the delivery vehicles in the brain tissue or
brain tissue-mimetic phantom. As shown in Figure 4.2, the set-up consists of three major
components: 1. A flexure-based sensor, 2. A non-contact displacement sensor (i.e., laser

interferometer), and 3. A three-axis precision motion stage.

Cast Iron Fixture

Sensing Beam

Aluminum

Goniometer (GN1) Fixture

Beam Si-Chip
Platform VeroWhite Needle

Goniometer (GN2)

| Linear Slide (LS1)

Granite Block
| Laser

Agarose Gel
Containe

3. Motion Stages (MS)

2. Laser Doppler Vibrometer

Figure 4.2: Experimental setup for the insertion force measurements.
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(i) A flexure-based sensor: The fabricated flexure-based sensor is fixed between two

aluminum frames with a thickness of 6.25 mm through its mounting pad, thereby
making only the beams to deflect when a force is applied to the center of the platform.
The fixed sensor is mounted to two cast iron blocks in a vertical position. The
delivery vehicle (i.e., the needle) is attached to a silicon (Si) chip or wafer that enables
the alignment and then the needle-Si-chip assembly is mounted onto the platform
face. To ensure reliable displacement measurements, a reflective tape is attached to

the other side of the platform.

(ii) A non-contact displacement sensor: A laser interferometer (SIOS Melitechnik GmbH)

(iii)

is used to measure the deflection of the calibrated flexure-based sensor during
insertion studies. To enable the alignment and focus of the laser, the displacement
sensor is mounted on a goniometer which is attached to a linear slide. The entire setup
is mounted onto a granite block to dampen out external vibrations.

A three-axis precision motion stages: A three-axis precision slides is used to
provide brain tissue phantom or brain tissue with a constant linear velocity during
insertion experiments. The tissue model is mounted on an aluminum frame. The
aluminum frame is mounted onto a goniometer, and a Si-chip is attached to the

aluminum frame for the alignment purpose.

4.1.2 Experimental design

To study the effects of geometric parameters and materials of the delivery vehicles, as well as

of the insertion speed on the insertion forces, the experiments are performed with both non-
dissolvable and dissolvable needles on both the brain tissue phantom (0.6 w/w% agarose) and

excised rat brain tissues. First, an extensive study is performed with non-dissolvable needles on
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the brain tissue phantom to provide a basis for experimentation and to investigate the effect of a
wide range of geometric parameters. Next, a subset of design parameters is identified to conduct
the insertion experiments with dissolvable needles on the brain tissue phantom. Finally, the same
set of design parameters is used for the insertion studies with both non-dissolvable and

dissolvable needles on excised rat brain tissues.

Insertion experiments with non-dissolvable needles on the brain tissue phantom

To conduct the insertion experiments with non-dissolvable needles, high-aspect ratio needles
are fabricated from an ultra-violet(UV) light curable resin (VeroWhite) using a hybrid
manufacturing technique that combines micromilling with a two-stage molding method (Figure
4.3). Briefly, Poly (methyl methacrylate) PMMA mastermolds with a single needle are created
using mechanical micromilling technique. The micromilled PMMA needles are then utilized in a
two-stage molding process to first fabricate the negative PDMS molds which are then utilized to
produce the final VeroWhite needles that are used for the insertion tests.

To fabricate PMMA mastermolds, two different cutting tools (i.e., tapered and straight end-
mills) are used during micromilling process. The tip region of the needles is created using
tapered single crystal diamond milling tools, where the angle of the needles is dictated by the
angle of the diamond tool (i.e., 15° and 22.5° half angle). After creating the tips, a tungsten-
carbide square end-mill with a diameter of 1 mm is used to manufacture the needle shanks. The
total length of the needle is 4.5 mm.

The fabricated PMMA mastermolds are then used to create the Polydimethylsiloxane (PDMS)
production molds through elastomer micromolding. The PMMA mastermolds are mounted in a
petri-dish and a 10:1 PDMS mixture (base: curing agent) is poured on top of them, degassed, and

cured for 1 hour at 80°C. The molds are cooled down and the cured PDMS molds are demolded
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from the PMMA mastermolds to obtain the production molds which are essentially negatives of

the mastermolds with needle-shaped wells.

Pour PDMS Demold Pour
- VeroWhite
80°C,1hr
uv
PMMA Mastermold PDMS Molding PDMS Production Mold Cure(365nm)
Pour more
Demold VeroWhite
Place glass
slide on top
Molded VeroWhite and cure
Needle VeroWhite Needle with VeroWhite Needle with
Flat Base Meniscus
B VeroWhite PDMS Glass H PMMA

Figure 4.3: A two-stage molding approach for fabrication of VeroWhite needles.

The manufactured PDMS production molds are then used to fabricate the positive VeroWhite
needles. To this end, 0.2g of uncured UV-curable resin VeroWhite is poured into the PDMS
molds and centrifuged at 2000 rpm for 5 mins to ensure the uncured resin flows into the narrow
region of the mold including the tip region. The resin is cured under the UV light with a
wavelength of 365 nm to form the needle shape. Next, additional 0.1g of UV-curable resin is
poured into the PDMS molds and a glass slide is placed on top of the mold to create a uniform
flat surface at the base. The resin is further cured from the top side for 10 mins and cooled down
at room temperature for 10 mins before demolding the final VeroWhite needles. The fabricated
VeroWhite needles are characterized using an optical microscope and their geometric parameters

were measured to verify the targeted dimensions before the insertion experiments.
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Figure 4.4: A procedure for repeatable preparation of agarose gel.

To reproducibly prepare the brain tissue phantom, a procedure shown in Figure 4.4 is
followed. First, 0.18g of agarose powder is mixed with 29.82g of deionized (DI) water to prepare
a 0.6% (w/w) concentration agarose solution. The prepared agarose solution is poured into an
ABS container with the intended floating (Figure 4.4). The top surface of the ABS container with
the excessive agarose solution is covered with a glass slide to squeeze out the additional agarose
solution and to prevent any further evaporation from the surfaces, as well as to dictate a smooth
and flat surface. Next, the glass slide is removed, and the ABS container is attached to the 3-axis
slides to perform the insertion tests. This method leads to uniform and reproducible preparation
of agarose gels for conducting a large set of insertion experiments with brain tissue phantoms.

Subsequently, a comprehensive study is performed using non-dissolvable VeroWhite needles
on a brain tissue phantom (0.6%) to investigate the effects of different design parameters and
insertion conditions on axial components of the insertion forces. Specifically, the following
experiments are designed to gain a complete and through understanding of different geometric
parameters and insertion speeds on the delivery vehicle-brain tissue interaction forces:

Effect of geometric parameters: The effects of cross-section area and type, apex angle,
and tip type and radius are probed through the insertion experiments. To understand the effect of

cross-section area, the experiments were performed with pyramid tip needles (30° apex angle

and 6 pm tip radius) with varying square cross-sections (160 ym x 160 um, 210 pm x 210 um,
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260 pm x 260 pum, and 310 um x 310 um). To study the effect of cross-section type, three

different shaft cross-sections (square, rectangular, and circular) with pyramid or conical tips (30°
apex angle and 6 um tip radius) while keeping the needle cross-section area (or shank volume)
constant are included for the insertion experiments. To demonstrate the impact of tip type,
pyramid and wedge tips with (30° apex angle and 6 um tip radius), as well as flat tips (a punch
geometry) are used, and the cross-section area of the needles is chosen to be square 210 pm
width. To investigate the effect of apex angle, two different apex angles (30° and 45°) are used
with pyramid needles with 6 um tip radius and 210 um x 210 um square cross-section shaft. To
evaluate the effect of tip radius, two different tip radii (6 um and 15 pum) are used with pyramid
(30° apex angle) and square cross-section (210 um x 210 um) needles.

Effect of insertion speed: The effects of insertion velocity are studied for varying insertion

speeds (i.e., 0.3 mm/s, 1 mm/s, 5 mm/s, 15 mm/s, and 25 mm/s). These insertion speeds
parameters are used for all the experiments with non-dissolvable and dissolvable needles on both
the brain tissue phantom and excised rat brain tissues.

The design of experiments matrix for the insertion studies are listed in Table 4.1.

Table 4.1: Design of experiments matrix for the insertion studies with non-dissolvable needles.

Experiment Design ( Repetition: N=3)
Tip Type Tip Apex Angle | Tip Radius |Cross-SectionArea| Cross-Section Insertion Speed
) (um) (um?) Type (mm/s)
160um*160um
i . 210pum*210um
Cross-Section Area Pyramid 30° 6 Square
260um*260um
310um*310um 0.3 mm/s,
Pyramid 30° 6 1 mm/s,
Tip Type Wedge 30° N/A 210um*210um Square 5 mm/s,
Flat N/A N/A 15mm/s,
30° . 25mm/s
Apex Angle Pyramid - 210um*210um Square
45 6 All five insertion
Tip Radi p i 300 6 210um*210 S velocities are tested in
ip Radius yrami s um um quare each case
Pyramid 6 210um*210um=C Square
Cross-Section Type Conical 30° 6 n*235um*=C Circular
Pyramid 6 165um*265um=C_ Rectangular
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To evaluate the reproducibility of agarose gel formed and repeatability of the insertion force
measurements, 30 different insertion experiments are conducted using a single needle design and
insertion speed. Specifically, square cross-section VeroWhite needles with a width of 210 um
and with sharp pyramid tips (30° apex angle and 6 um tip radius) are inserted into 0.6 w/w%
agarose gel at the speed of 15 mm/s. These 30 experiments are divided into 6 different sets of
experiments so that only 5 experiments are conducted on a single sample of agarose gel. The

other experiments are repeated 3 times to evaluate the reproducibility of the results.

Insertion experiments with dissolvable needles on the brain tissue phantom

To perform the insertion experiments with dissolvable needles, high-aspect ratio needles are
fabricated from a biodissolvable material composition (85%CMC and 15%Glucose) using the
hybrid manufacturing technique described in Figure 4.3. Briefly, the PDMS production molds are
manufactured as outlined in the previous section. Hydrogel form of the dissolvable material with
the concentration of 15 w/w% is prepared by dissolving the powder form of dissolvable materials
into DI water and 0.3g of the prepared hydrogel is dispensed into each PDMS mold. PDMS
molds are spun using a centrifuge at 15°C, 3000 rpm for 10 minutes and then placed in an oven
at 80°C for 1 hour, to form the CMC/Gluc needles.

Subsequently, an insertion study with a subset of geometric parameters used with non-
dissolvable needles is performed to evaluate the effect of dissolvable material on insertion forces
at varying insertion velocities (i.e., 0.3 mm/s, 1 mm/s, 5 mm/s, 15 mm/s, and 25 mm/s).
Specifically, the dissolvable needles with wedge and pyramid tips, with 30° apex angle, 6 pm tip
radius, and 210 um x 210 um square cross-section area are used. The design of experiments

matrix for this insertion studies is listed in Table 4.2.
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Table 4.2: Design of experiments matrix for the insertion studies with dissolvable needles.

Experiment Design ( Repetition: N=3)
Needle Material Tip Type Tip Ap;ao);Angle T|p‘::1d)|us Cross S(:i;:g;n Area Cros:vit:ctmn Insertion Speed (mm/s)
) 0.3mm/s, 1mm/s,
Pyramid 30° 6 5 mm/s, 15mm/s,
CMC/Glu (85/15) 210pum*210um Square 25 mm/s
Wedge 30° N/A Al five insertion velocities
are tested in each case

Insertion experiments with both non-dissolvable and dissolvable needles on the brain tissue

The same subset of parameters used with dissolvable needles on brain tissue phantom is
used with both non-dissolvable and dissolvable needles on the rat brain tissue. Specifically,
insertion experiments with the brain tissue are conducted using only two different needle designs.

The design of experiments matrix for the brain insertion studies are listed in Table 4.3.

Table 4.3: Design of experiments matrix for the insertion studies with brain tissue

Experiment Design ( Repetition: N=3 )
. ) Tip ApexAngle | Tip Radius |Cross-Section Area |[Cross-Section -
Needle Material Tip Type . Insertion Speed (mm/s)
) (um) (um?) Type
Pyramid 6 0.3 mm/s,
VeroWhite 30° 1 mm/s,
Wedge N/A 5mm/s,
210um*210pm Square 15mm/s,
Pyramid 6 25mm/s
CMC/Glu (85/15) 30° All five insertion velocities
Wedge N/A are tested in each case

Of all the structures of the brain, the cerebral cortex has a relatively large volume and a
homogenous texture [83]. Regardless of the insertion depth and the electrode type, most of the
neural electrodes or needles that are reported in the literature are inserted in the brain through the
cerebral cortex[86] . For these reasons, the cerebral cortex is chosen as the target insertion area in
this study. Specifically, six insertion sites, 2 mm away from the vertical center line (i.e., the
location of the M1 cortex), are chosen as the target insertion sites (Figure 4.5a). Since our

preliminary experiments showed different force behaviors in the brain tissues extracted from the
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skull from those obtained in the brain tissues with the skull, the experiments are conducted on the

brain tissues remain in the skull to better represent the in vivo insertion conditions (Figure 4.5b).

Brain tissue

Sensing Beam

Figure 4.5: Preparation of the rat brain tissue.

4.1.3 Alignment of the needle

The alignment of the needle with respect to the insertion velocity direction is of utmost
importance to accurately measure the axial component of the insertion forces, as well to ensure
successful insertion of the delivery vehicle. To elaborate, a small misalignment of 1 degree will
result in an additional 62 pum kill zone in the tissue, which is about 30% width of the delivery
vehicle with a width of 210 um. As such, it is critical to align the needle axis with respect to
insertion velocity direction using precision engineering techniques. The precision alignment
procedure developed in this study includes three steps:

a. Measurement of the needle orientation with respect to the Si-wafer: The
misalignment characterization of needle orientation with respect to the Si-chip is
performed using an optical microscopy (Alicona InfiniteFocus G4, 20x optical objective
piece with a 100nm vertical resolution), which is equipped with a rotational stage with an
angular resolution of 0.001°. Prior to the alignment procedure, the needle is coated with
Pt (10 nm thick) to improve the quality of the images, and then attached to the Si-chip (9

mm x 13 mm) using an adhesive tape. The samples with the silicon base (to which the
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needle is mounted) is clamped to rotational stage with 30° tilt angle to visualize both the
Si surface and the needle face simultaneously. 3D optical measurements are then obtained
for two orientations with 90° angular difference, while rotating along the needle axis.
These measurements capture two adjacent side surfaces of the needle and enable
measurement of angles between the Si wafer and needle surface in two orthogonal
directions, which are used for compensation in the subsequent alignment steps (Figure

4.6).
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Figure 4.6: Measurement of the angular misalignment between the needle and Si-wafer using a
focus variation optical microscopy.

b. Alignment of laser interferometer to the Si-chip: The Si-chip with the needle is
mounted onto the sensing beam using a reference edge on the Si-wafer such that the
angles measured in the previous step can be used in the subsequent alignment procedure.
The smooth surface of the Si-wafer enables the alignment of the interferometer using the
linear slide and goniometer. The alignment method involves changing the yaw and pitch
of the goniometer to focus the laser to the surface of the Si-wafer (i.e., a maximum signal
to noise ratio). The alignment is verified by moving the laser beam laterally using the

linear slide to observe that the signal strength is maintained, thereby assuring that the
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laser beam is perpendicular to the surface of the Si-chip. After completing the alignment,
the goniometer position for the laser interferometer is retained for the last step of the
alignment procedure (Figure 4.7).

Si Chip on Motion Stage (MS)

Si Chip with Needle oh-!
Sensing Beam (SB)

Figure 4.7: Si-chip with a pre-mounted needle on the sensing beam and another Si-chip on stage
for alignment of laser.

C.

Measurement of misalignment between the laser beam and z-axis motion of stage:
Another Si-chip is mounted onto the goniometer of the needle to provide for the
alignment purpose. The motion stages are moved in x and y direction such that the laser is
focused on the on the Si-chip. A similar procedure explained in the previous step is
executed by varying the yaw and pitch of the goniometer of the needle such that the
strength of the signal obtained from the interferometer is maximized. The alignment is
again confirmed by moving the linear slide of the interferometer laterally.

To measure the angle between the laser beam and the z-axis motion, the stage is moved in
x and y directions separately to determine two orthogonal angles between the laser beam
and the z-axis motion. The process is repeated until the angular misalignment is within
0.005°. The two angles are noted and along with the misalignment calculated in Step 1,
both are which are used in the following steps to compensate for the overall

misalignment.
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d. Misalignment correction using 3-axis motion stage: The overall misalignment between
the needle shaft and the z-axis motion of the stages is calculated from the previous steps.
These final angles are used to obtain the orientation of a composite motion to the motion
stages in x, y and z directions as explained in step 3 to ensure that motion is along the

direction of needle as shown in Figure 4.8.

Needle Misalighment

MS Misalighment

Laser Axis

Insertion Velocity
Post Compensation

Figure 4.8: Misalignment correction using composite velocity motion of motion stages.

4.1.4 A typical insertion force profile

To describe the physical events that occur during the insertion process, a typical insertion
force profile is shown in Figure 4.9. The overall force can be divided into three domains:

Dimpling: This is an initial event of the insertion force signature, where the forces increase
before penetrating the tissue/phantom model. The dimpling force is due to the elastic properties
of the tissue model and can be identified from pre-puncture forces in the insertion data. There are
two main parameters associated with this domain: Dimpling (PD) and puncture force (PF). This
initial event ends with the strain release in the tissue, which is characterized by the drop in the
insertion force ERp. The rate of increase in the insertion force in this domain is characterized by
Kp. These parameters in the pre-puncture phase are mainly controlled by the tip geometry as well
as by the elasticity of the tissue.
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Figure 4.9: A typical insertion force profile during the interaction of the delivery vehicle with
the brain tissue model.

Tip insertion: In this phase, the force increases as the needle tip penetrates the tissue. The tip
displaces the tissue along its track and the rate of increase in cross section is proportional to the
insertion depth. Hence, similar tip geometries with different shaft sizes are expected to follow the
force profiles until the entire tip in within the tissue. Parameter Ky indicates the rate of increase
of force in this domain of the force profile. TIF and TIL represent the force and displacement
levels when the entire tip is completely immersed into the tissue. Tip insertion length is required
to calculate the secondary dimpling (SD), which is calculated by subtracting the tip head length
from from TIL. The SD observed in the case of sharp needle designs (pyramid and conical tip

types), is larger than PD. Similar to PD, SD causes elastic deformation of the tissue during tip
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insertion, and is an important parameter. In the case of wedge and flat tip types, SD is absent due
to relatively high PD and elastic recovery (ERp)

Shaft insertion: This is the region where the shaft enters the tissue and the forces increase
linearly primarily due to the increase in friction force along the needle shaft length. Before this
phase, a second drop in the force could be observed, which is shown in the Figure 4.8 as ER. This
represents a secondary release in strains immediately after the entire tip enters the tissue.

The total tip force is characterized by TF and represents the total force acting on the tip
region. This includes the shearing force required penetrate the underlying tissue as well as the
friction and normal forces acting on the surfaces of the tip. The last parameter in this domain is

the friction force which is characterized by the slope K as friction per unit length.

4.2 Results and Discussion
4.2.1 Non-dissolvable and dissolvable needles

Accurate fabrication of delivery vehicles is paramount to conducting reliable insertion
experiments. Non-dissolvable VeroWhite and dissolvable CMC/Gluc needles with accurate
dimensions are fabricated using the hybrid manufacturing technique described in Section 4.1.2.
Figures 4.10 and 4.11 show the produced non-dissolvable and dissolvable needles, respectively.
The geometric characterization of the produced non-dissolvable needles resulted in less than 2%
and 3%, from the targeted dimensions of the measured width and apex angle (40 samples). The
mean tip radius is 6.96 um and has 21% variation (st. dev: 1.45 um, see Figure 4.10b). Due to
relatively higher mean than the targeted value (i.e. 6 um), only needles within 1 um of the
targeted value (5 um — 7 um) were chosen for the insertion experiments. The overall acceptance
rate based on these criteria is 62.5% while the remaining needles are discarded due to relatively

blunt tips. The shrinkage for the dissolvable CMC/Glu needles is found to be less than 10%.
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Figure 4.10: (a) Fabricated VeroWhite needles using a two-stage molding approach: Wedge,
pyramid 30°, pyramid 45° and a 30° circular needle with conical tip. (Scale bars correspond to
250 um). (b) Statistical distribution of tip radius for the fabricated VeroWhite needles

The relatively large variation in tip radius is attributed to the UV-curing and wear of
production mold after demolding process. Variations in other parameters are mainly caused by
shrinkage during the curing/spin-casting process. The shrinkage is minimal during UV-curing of
the VeroWhite needles, since there is negligible evaporation (i.e., volume loss) during the UV-
mediated cross-linking process. Conversely, there is relatively large shrinkage during fabrication
of the dissolvable CMC/Gluc needles due to the evaporation of the water during the spin casting
process. This shrinkage is found to be repeatable and consistent with the results reported in the

literature [85-88].

Sharp - Wedge
Figure 4.11: The fabricated CMC/Gluc needles. Scale bars correspond to 200 um. (a) Sharp
needles, (b) Front view and (c) Side view of wedge needles.
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4.2.2 Repeatability analysis

To evaluate the reproducibility of the insertion force measurements, the experiments are
performed using a non-dissolvable VeroWhite needle (210 pm width, 30° angle, 6 um tip radius)
on the brain tissue phantom agarose gel at 5 mm/s insertion speed. Figure 4.12a shows a sample
force profile. The parameters associated with the pre-penetration event is shown in Figure 4.12b.
The initial penetration force and dimpling are found to be 0.28 mN and 120 um, respectively.
The rate of force incease Kp (stiffness of the tissue) is determined to be 2.39 N/m. The elastic
recovery ERp is determined to be 0.035 mN. These results suggest that the developed sensor is
capable of detecting pre-penetration events with relatively low force magnitudes and can be

effectively used to identify the parameters associated with the dimpling phase of the insertion.
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Figure 4.12: An experimentally obtained insertion force profile in agarose gel at 5mm/s. (a) The
entire insertion force profile and (b) The force signature during up to the penetration.

The next phase is the tip insertion into the tissue model. In this phase, the rate of force
increase is defined by Ky which is determined to be 5.48 N/m and the complete tip immerison
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(TIL) is observed at 621 um, where the corresponding force TIF is 2.9 mN., The TIL parameter is
used to calculate the secondary dimpling by subtracting it from tip length ,which is found to be
239 pum.

After the tip is completely immersed into the tissue, the force drop ER is measured to be 0.25
mN which is higher than ERp. The final phase is the steady-state tip cutting in which the total tip
force TF is obtained to be 2.68 mN, and the friction force per unit length Kg is found to be 1.21

N/m.

Force (mN)
H

0 1 2 3
Distance (mm)

Figure 4.13: Repeatability analysis with 30 different insertion experiments.

The insertion force profiles obtained for all the 30 experiments are shown in Figure 4.13. The
important parameters are extracted for all the experiments to evaluate the reproducibility of the
insertion force measurements. The mean and standard deviation of each parameter are listed in
Table 4.4. 1t is seen that the maximum percentage standard deviation (deviation/mean) of 30.1%
is observed for ER. The other parameters with relatively high standard deviations (>5%) are Kg
(8.9%) and Kp (5.9%). Based on these experiments, it is determined that sufficient levels of

repeatability are observed for most of the parameters to reliably conduct insertion experiments.
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Table 4.4: Reproducibility analysis of parameters with non-dissolvable needles on agarose.

PF (mN) PD (um) Ko(N/m) K; (N/m) TIF (mN) | TIL (um) ER (mN) TF (mN) K:(N/m)
Average 0.32 108 2.87 10.27 5.41 0.69 0.97 4.45 1.36
St. Dev 0.016 5 0.17 0.29 0.21 0.016 0.29 0.20 0.12
St. Dev (%) 5 46 5.9 2.8 3.9 2.4 299 46 8.9

4.2.3 Force analysis associated with the VeroWhite needles into agarose gel

Effect of insertion speed
To study the effect of insertion velocity, the experiments are performed using a VeroWhite

needle with a specific design (210 um width, 30° angle, 6 um tip radius) on the brain tissue
phantom agarose gel at varying insertion speeds (0.3 mm/s, 1 mm/s, 5 mm/s, 15 mm/s, and 25
mm/s) with three repetitions and the insertion forces are measured. The results are plotted in
Figure 4.14. In general, the overall forces increase with increase with increasing insertion
velocity, which is consistent with the viscoelastic strain hardening behavior of the agarose gel
reported in the literature [82]
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Figure 4.14: The effect of insertion speed on the insertion forces.
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Effect of cross-section size
To study the effect of cross-section, the experiments are performed using square cross-section

VeroWhite needles (30° angle, 6 um tip radius) with varying widths (160 um, 210 um, 260 pm,
and 310 um) on the brain tissue phantom agarose gel at varying insertion speeds (0.3 mm/s, 1
mm/s, 5 mm/s, 15 mm/s, and 25 mm/s) with three repetitions and the insertion forces are
measured.

Figure 4.15 shows a sample insertion force plot with varying cross-sections at the speed of
5mm/s to show the effect of size on the overall force profile. As expected, the force profiles

follow one another until the tip is fully immersed into the tissue.
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Figure 4.15: The effect of cross-section size on the insertion forces at different insertion
velocities for the square cross-section needles.

A comprehensive analysis of the effect of cross-section size and insertion speed on different
parameters of the insertion forces is performed and the results are shown in Figure 4.16.

Domain_1-Analysis of dimpling: Figures 4.16a, 4.16b, 4.16c show the results of analysis

associated with the Domain 1. The dimpling decreases as the insertion speed is increased.
Specifically, there is 33% reduction in dimpling when the insertion speed is increased from

0.3mm/s to 25 mm/s, which corresponds to about 60 pum reduction. The stiffness parameter
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represented by Kp in this domain also increases with increasing speed because of viscoelastic
strain hardening behavior of the tissue, which also increases the puncture/penetration force PF.
Furthermore, there is a negligible change in dimpling with different cross-section area, which is
expected since the dimpling is controlled by the tip geometry, which is same for all the designs

considered in this study.
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Figure 4.16: The effect of cross-section size and insertion speed on different parameters of the
insertion forces with the square cross-section needles. (a) Penetration dimpling (PD), (b)
Penetration force (PF), (c) Kp (stiffness), (d) Secondary dimpling and comparison with PD (PDs
are the dashed lines), (e) Tip immersion force (TIF), (f) K (rate of force increase during tip
insertion), (g) Elastic recovery (ER), (h) Total tip force (TF), (i) Kg (friction force/length).

83



Domain 2-Analysis of tip insertion: Figures 4.16d, 4.16e, 4.16f show the results of analysis

associated with the Domain 2. As expected, the tip cutting forces are proportional to the cross-
section area and have an increasing trend, and in turn, the TIF increases with increasing cross-
section area. The other two parameters SD (Figure 4.16d) and Ky (Figure 4.16f) also show mainly
increasing trends with increasing speed and cross-section area. The observed increasing trends of
the insertion force parameters in this phase are expected due to the increasing displaced area with
relatively larger tips and strain hardening of the tissue. It is noted that SD is found to be larger

than PD, which is shown with the dashed lines in Figure 4.16d.

Domain_3-Steady-state shaft insertion: Figures 4.16g, 4.16h, 4.16i show the results of

analysis associated with the Domain 3. As indicated by the repeatability analysis in Section
4.3.2., elastic recovery (ER, Figure 4.169) shows relatively large variation with respect to other
parameters. In general, ER increases with increasing speed, whereas there is no clear trend in the
change of ER with varying cross-section area. Tip forces (TFs, Figure 4.16h) are proportional to
the speed and shows an increasing trend due to the strain hardening of tissue. Furthermore, while
TFs are comparable to friction forces when relatively smaller size needles (< 250 um) are used,
they are relatively larger than friction forces, especially when relatively larger needles (> 250 pum)
are used at high velocities (>5 mm/s). Kg, which is an indicator of the friction force, is found to
increase when the cross-section size is increased from 160 pum to 260 pum. However, the further
increase in the cross-section area (e.g., 310 pum) results in negligible changes in Kg. It is also seen
that, when the friction force increases up to the insertion speed of 15 mm/s, whereas it decreases
when the speed is increased from 15 mm/s to 25 mm/s for the all the cross-section sizes

considered in this study.
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Effect of tip radius

To study the effect of tip radius, the experiments are performed using square cross-section
VeroWhite needles (30° angle, 210 pm width) with varying tip radii (6 pm and 15 pm) on the
brain tissue phantom agarose gel at varying insertion speeds (0.3 mm/s, 1 mm/s, 5 mm/s, 15
mm/s, and 25 mm/s) with three repetitions and the insertion forces are measured. Figure 4.17 (a)
shows the insertion forces obtained when using the needles with 15 pm tip radius at varying
insertion velocities. At relatively low velocities (0.3mm/s and 1mm/s), tissue dragging is
observed due to the blunt nature of the needles. The favorable insertion conditions should be
identified to avoid the tissue dragging. Figure 4.17 (b) shows the insertion forces obtained with
the needles with both 6 pm and 15 pum tip radii. As expected, there is a larger dimpling with

increasing tip radius.
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Figure 4.17: Insertion forces at different velocities with 15 um diameter needle tip. (a) Insertion
force profile for VeroWhite (210 um, pyramid tip, 30° angle and 15 um tip radius) needle into
agarose gel all insertion velocities, (b) Insertion force comparison between 15 um and 6 pum tip
radius at insertion speeds of 5 mm/s, (c) An image showing tissue dragging at insertion speed of
0.3 mm/s (The needle was retracted from agarose).
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A comprehensive analysis of the effect of tip radius on different parameters of the insertion
forces is performed and the results are shown in Figure 4.17.

The tip radius mainly controls the dimpling phases. Both the primary and secondary dimpling
amounts increase with increasing tip radius (Figure 4.18a). Specifically, the PD and SD amounts
with the relatively blunt needles are approximately 2 times higher than that with the sharper
needles. Similarly, Kp increases when the relatively blunt needles are used due to the increased
strain hardening effect at relatively larger surface of the blunt tips (Figure 4.18b).

The tip radius significantly affects the elastic recovery post penetration (ERp, Figure 4.18c).
The difference between sharp and blunt tips could be as large as 12-fold increase with relatively
blunt needles at higher speeds.

The tip radius also affects the tip forces (TF), especially at relatively low speeds (Figure
4.18d). While the difference is as large as 80% between the forces obtained with sharp and blunt
tips at low speeds, this difference is negligible at relatively high insertion velocities (>1mm/s),
which is attributed to the difference in the cutting mechanisms at low and high velocities for the
blunt needles.

The penetration forces (PF) are directly affected by the tip radius (Figure 4.18d). Specifically,
PF with the blunt needles are approximately about 3 times higher than those with the sharp

needles. PF is still significantly (i.e., 4.2 times) lower than total TF.
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Figure 4.18: The effect of tip radius on different parameters of the insertion forces. (a) Primary
dimpling (PD) and secondary dimpling (SD) (PDs are the dashed lines), (b) Kp (stiffness), (c)
Elastic recovery (ER), (d) Penetration force (PF) and tip forces (TF) (PFs are in dashed lines).

Effect of apex angle

To study the effect of apex angle, the experiments are performed using square cross-section
VeroWhite needles (210 um width, 6 pm tip radius) with varying tip angle (30 ° and 45°) on the
brain tissue phantom agarose gel at varying insertion speeds (0.3 mm/s, 1 mm/s, 5 mm/s, 15
mm/s, and 25 mm/s) with three repetitions and the insertion forces are measured. Figure 4.19a
shows the insertion forces obtained when using 45° needles at varying insertion velocities. The
tissue dragging is observed at velocities lower than 1 mm/s. Figure 4.19b shows the insertion
forces obtained with the needles with both 30° and 45° apex angle. As expected, the penetration

and tip cutting forces are largely affected by the apex angle.
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Figure 4.19: The effect of apex angle on different parameters of the insertion forces. (a) Insertion
force profile for Verowhite (210 um, pyramid tip, 45° angle and 6 um tip radius) needle into
agarose gel all insertion velocities, (b) Insertion force comparison between 45° and 30° tip angle
at insertion speeds of 5 mm/s.
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Figure 4.20: The effect of apex angle on different parameters of the insertion forces. (a)
Penetration dimpling (PD) and secondary dimpling (SD) (PDs are dashed lines), (b) Penetration
force (PF), (c) Elastic recovery (ER), (d) Total tip force (TF), (e) K (friction force/length).
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A comprehensive analysis of the effect of apex angle on different parameters of the insertion
forces is performed and the results are shown in Figure 4.20. The apex angle significantly affects
the first and secondary dimpling amounts. Both PD and SD increase with increasing apex angle
(Figure 4.20a), and the increase in PD is relatively larger.

The penetration forces (PF) increase with increasing apex angle (Figure 4.20b). Specifically,
the PF obtained with the 45° needles is approximately 2.5 times higher than those obtained with
the 30° needles. Furthermore, the rate of increase in PF with increasing speed is larger with the
45° needles, thereby indicating the dependence of strain hardening on the apex angle. The
increased strain hardening effect with increasing apex angle was reported in the literature as
strain rate being directly proportional to tangent of the tip angle (tan(a)), as well as insertion
speed [49]. That would result in higher strain rates for higher tip angle at the same velocity. This
also increases the ER with increasing apex angle (Figure 4.20c).

The tip forces (TF) are also affected by the apex angle. There is more than 30% increase in
TF when the apex angle is changed from 30° and 45° (Figure 4.20d) due to the strain hardening
effect.

The change in friction force with varying apex angle is negligible (Figure 4.20e). This is

expected since the shanks of the used needles have the same surface area.

Effect of tip type

To study the effect of tip type, the experiments are performed using square cross-section
VeroWhite needles (210 pum width) with varying tip types (pyramid with 30° apex angle and 6
um tip radius, wedge with 30° angle and 6 um tip radius, and flat) on the brain tissue phantom
agarose gel at varying insertion speeds (0.3 mm/s, 1 mm/s, 5 mm/s, 15 mm/s, and 25 mm/s) with

three repetitions and the insertion forces are measured.
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Figure 4.21: The effect of tip type on the insertion forces at varying insertion speeds. (a)
Insertion force profile for VeroWhite (210 um and flat tip) needle into agarose gel all insertion
velocities, (b) Zoomed in forces for flat needles at 5, 15 and 25 mm/s (c) Insertion force profile
for VeroWhite (210 um, wedge tip and 30° angle) needle into agarose gel all insertion velocities,
(d) Zoomed in forces for flat needles at 5, 15 and 25 mm/s. Tissue dragging and subsequent
release is represented by cyclic oscillations.

Figure 4.21a and 4.21b show the insertion forces with the flat needles at different insertion
speeds. The insertion forces are relatively lower at higher speeds despite the higher strain
hardening effect (Figure 4.21a). The frequency of cyclic oscillation observed in the forces
decreases with increasing speed (Figure 4.21b). These oscillations represent the repeated
dragging event and resulting release of the tissue model. Similar conclusions can be drawn for
the wedge type needle (Figures 4.21c and 4.21d).

A comprehensive analysis of the effect of tip type on different parameters of the insertion

forces is performed and the results are shown in Figure 4.22.
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Figure 4.22: The effect of tip type on different parameters of the insertion forces. (a) Insertion
force comparison between sharp, wedge and flat tips at insertion speeds of 5 mm/s (b)
Penetration dimpling (PD), (c) Penetration force (PF), (d) Kp (stiffness).

The tip type affects the dimpling and penetration forces and the blunt tips (i.e., the wedge and
flat tips) result in relatively higher dimpling and penetration forces due to increase in surface area
at the tips (Figures 4.22a, 4.22b, and 4.22c).

The stiffness parameter Kp also increases with tip bluntness (Figure 4.22d). Furthermore, the
increase in Kp with increasing speed is 69%, 217% and 151% for the sharp, wedge and flat tips,
respectively. Unlike the sharp tip design, flat and wedge tips have unsteady tip and friction forces

caused by tissue dragging (and subsequent release), and are not compared to TF and Kg obtained

from the sharp tip insertion experiment.

Effect of cross-section shape

To study the effect of cross-section shape, the experiments are performed using VeroWhite
needles (constant cross-section area (or shank volume), 30° apex angle, 6 um tip radius) with
varying cross-section type (square (210 pm), circular (235 um diameter) and rectangular (160 pm
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X 240 pm)) on the brain tissue phantom agarose gel at varying insertion speeds (0.3 mm/s, 1
mm/s, 5 mm/s, 15 mm/s, and 25 mm/s) with three repetitions and the insertion forces are
measured.

An analysis of the effect of cross-section shape on different parameters of the insertion forces
is performed and the results are shown in Figure 4.23.

The secondary dimpling SD is affected by the cross-section shape. Specifically, SD with the
circular shape is 27% and 6.5% lower than the SD with the square shape at 5 mm/s and 25 mm/s,

respectively (Figure 4.23a).

(b)

—_—
o)
—

300 >
= = % =
o O 200 ]
) g E
S w e 0.5
o] = .
¢ = 100 =
wn 2 @
E w
[a] 0 0
0 10 20 30 0 10 20 30
c d
(@ , (d),
4 __ 15
QU -~
0o =z3 E
o £ Z 1
Suw2 -
i% = x
1 0.5
0 0
0 10 20 30 0 10 20 30
Velocity (mm/s) Velocity (mm/s)
— Square e CIFCUIAr e Rectangular

Figure 4.23: The effect of cross-section shape on different parameters of the insertion forces.
(a) Secondary dimpling (SD), (b) Elastic recovery (ER), (c) Total tip force (TF), (d) Kg (friction
force/length).

The elastic recovery is also a function of cross-section type (Figure 4.23b). The square
needles exhibit larger ER than circular- (38 times higher at 15mm/s) and rectangular (2.3 times
higher at 15 mm/s) needles. This suggests that the circular and rectangular cross-sections have

smoother transition from tip region to the shank of the needle as compared to the square-shaped

needles
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The the tip and friction forces are not strongly affected by the cross-section type, especially at
lower speeds. For instance, circular and rectangular designs have lower tip forces as compared to
the square needles at higher velocities, whereas there is negligible difference at lower velocities
(Figure 4.23c). In the case of friction forces, circular design has higher friction forces at higher

velocity and neglibile difference at lower velocity(Figure 4.23d).

4.2.4 Force analysis associated with the CMC/Glu needles into agarose gel

To study the effect of dissolvable material, the experiments are performed using square cross-
section CMC/Glu needles (30° apex angle, 210 um width, 6 pm tip radius) on the brain tissue
phantom agarose gel at varying insertion speeds (0.3 mm/s, 1 mm/s, 5 mm/s, 15 mm/s, and 25
mm/s) with three repetitions and the insertion forces are measured. Both the sharp and wedge
needles are used for these experiments. The insertion forces obtained with the dissolvable

needles compared with those with the non-dissolvable needles from the previous section.

Sharp Needles

Figure 4.24a shows the effect of insertion velocity on insertion forces for dissolvable pyramid
tip needles. The obtained insertion force profiles are similar to those with the non-dissolvable
needles at relatively high velocities (>5 mm/s), whereas they significantly vary at low speeds
(Figures 4.24b and 4.24c). For instance, at the insertion speeds of 0.3 mm/s and 1 mm/s, the
dimpling and puncture forces are significantly higher than those obtained with the non-
dissolvable VeroWhite needles. Furthermore, unlike non-dissolvable needles, when the
dissolvable needles are used at relatively low speeds (<5 mm/s), there is large elastic release.
This is attributed to the blunting of the dissolvable needles as they penetrate to the aqueous
environment at low speeds, thereby increasing the surface area of the tips. The blunt tips result in

relatively higher puncture forces and dimpling at low insertion velocities (Figure 4.24). On the
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other hand, at higher velocities, the entire insertion event is so fast that the needle absorbs
negligible moisture, thereby behaving similar to the non-dissolvable needles. These findings
should be considered to mitigate the drawbacks of high dimpling and puncture force due to the
blunting of tip sharpness. For example, based on these results, a minimum insertion velocity of
5mm/s can be used with the dissolvable needles with 6 pm tip radius to avoid blunting of the

needle tips.
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Figure 4.24: The effect of needle material on the insertion forces at varying insertion speeds.
(@) Insertion force profile for CMC/Glu (210 pum, 30° angle, pyramid tip and 6 pm radius) needle
into agarose gel all insertion velocities, (b) Insertion force comparison between CMC/Glu and
VeroWhite at insertion speeds of 0.3 mm/s and, (c) 25 mm/s (Penetrations points are marked
with a circle).
Wedge needles

Figure 4.25a shows the effect of insertion velocity on insertion forces for dissolvable wedge
tip needles. Similar to the sharp tip needles, the obtained insertion force profiles are similar to

those with the non-dissolvable needles at relatively high velocities, whereas they significantly

vary at low speeds (Figures 4.25b and 4.25c¢). However, as compared to sharp pyramid tip shape,
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the wedge tip needle has a minimum insertion velocity of 15mm/s to avoid blunting of the needle

tips, thereby resulting in force profiles similar to those with the non-dissolvable needles.
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Figure 4.25: The effect of needle material on the insertion forces at varying insertion speeds.
(a) Insertion force profile for CMC/Glu (210 um, 30° angle, wedge tip) needle into agarose gel
all insertion velocities, (b) Insertion force comparison between CMC/Glu and VeroWhite at
insertion speeds of 0.3 mm/s and, (c) 25 mm/s (Penetrations points are marked with a circle).

4.2.5 Force analysis associated with the non-dissolvable needles into brain
tissue

To study the force signature in actual brain tissue with non-dissolvable needles, the
experiments are performed using square cross-section VeroWhite needles (30° apex angle, 210
um width, 6 pm tip radius) on the rat brain tissue at varying insertion speeds (0.3 mm/s, 1 mm/s,
5 mm/s, 15 mm/s, and 25 mm/s) with three repetitions and the insertion forces are measured.
Both the sharp and wedge needles are used for these experiments. The insertion forces obtained
on the brain tissue are compared with those obtained on the brain tissue phantom model agarose

gel.
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Sharp needles

Figure 4.26a shows the effect of insertion velocity on insertion forces for non-dissolvable
pyramid tip needles in the brain tissue. Figure 4.26b shows the comparison of the insertion forces
obtained in the brain tissue with those obtained in the brain tissue model agarose when inserted at
5 mm/s. As seen in the agarose gel, the forces increase with increasing speed due to the strain
hardening effect (Figure 4.26a). However, there are significant differences between the insertion
forces obtained in brain tissue and those obtained in the agarose phantom model (Figure 4.26b).
The decrease in force around observed after 2.5 mm of penetration depth is due to the difference
in mechanical property of grey and white matter. The transition from grey to white matter in rat
brain occurs around 2.5 mm to 3mm from the surface and a similar decrease in force due to such

transition has been reported in literature [52].
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Figure 4.26: Insertion forces when non-dissolvable sharp needles are inserted into the brain
tissue: (a) Insertion force profile for Verowhite (210 pm, 30° angle, pyramid tip and 6 pm
radius) needle into brain tissue all insertion velocities, (b) Insertion force comparison between
Brain and Agarose at insertion speeds of 5 mm/s. (Circle represent the penetrations points)
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An analysis of the effect of insertion speed on the insertion forces with non-dissolvable

needles is performed and the results are shown in Figure 4.27.
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Figure 4.27: Effect of velocity on different insertion force parameters for VeroWhite (210 um,
30° angle, pyramid tip and 6 pm radius) needle insertion into brain tissue. These parameters are
also compared with corresponding parameters obtained from insertion into agarose. (a)
Penetration dimpling (PD), (b) Penetration force (PF), (c) Secondary dimpling (SD), (d) Ky (rate
of force increase during tip insertion), (e) Elastic recovery (ER), (f) Total tip force (TF), (g) K¢
(friction force/length).

The magnitudes of individual parameters are much higher in brain than in agarose.

Furthermore, there is a relatively large deviation in individual parameters of insertion force
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profiles obtained in the actual brain tissue as compared to those obtained in the agarose gel
(comparison of Figure 4.16 and Figure 4.27). These differences between the insertion forces
obtained in brain tissue and those obtained in agarose gel could be attributed to the differences in
physical properties of brain tissue and agarose gel. For instance, relatively larger deformation of
the brain tissue in pre-penetration and full tip insertion events (i.e., relatively higher primary and
secondary dimpling amounts, Figures 27a and c¢) occurs due to the elastic arachnoid layer which
is composed of collagen and elastic fibers, and much more elastic than agarose gel [91]. Despite
the differences in magnitudes of all the insertion force parameters obtained in brain tissue and
agarose gel, the trends with increasing speed are similar in both brain tissue and agarose gel,

except the initial pre-penetration domain.

Wedge needles

Figure 4.28a shows the effect of insertion velocity on insertion forces for non-dissolvable
wedge tip needles in the brain tissue. Figure 4.28b shows the comparison of the insertion forces
obtained in the brain tissue with those obtained in the brain tissue model agarose when inserted at
5 mm/s. As seen in the agarose gel, the forces increase with increasing speed due to the strain
hardening effect (Figure 4.28a). However, there are significant differences between the insertion

forces obtained in brain tissue and those obtained in the agarose phantom model (Figure 4.28b).
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Figure 4.28: Insertion forces when non-dissolvable wedge needles are inserted into the brain
tissue:(a) Insertion force profile for VeroWhite (210 um, 30° angle, pyramid tip and 6 pm radius)
needle into brain tissue all insertion velocities, (b) Insertion force comparison between Brain and
Agarose at insertion speeds of 5 mm/s. (Oscillations observed at 25 mm/s is due to sensor
ringing effect; Penetrations points are marked with a circle).

As seen in sharp non-dissolvable needles, the magnitudes of individual parameters are much
higher in brain tissue than in agarose gel. Furthermore, the individual parameters of the insertion
forces increase with increasing speed, except the pre-penetration dimpling amount (PD) (Figure
29a). Interestingly, the pre-penetration dimpling amount is constant with increasing speed. Based

on these results, a velocity of 5mm/s is suggested to lower the insertion forces while avoiding

any tissue dragging.
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Figure 4.29: Effect of velocity on different insertion force parameters for VeroWhite (210 pum
width, 30° angle, wedge tip) needle insertion into brain tissue. These parameters are also
compared with corresponding parameters obtained from insertion into agarose gel. (a)
Penetration dimpling (PD), (b) Penetration force (PF), (c) Kp (stiffness), (d) Elastic recovery
(ER), (e) Total tip force (TF), (f) Kg (friction force/length).

Figure 4.30 compares the major parameters of the insertion forces obtained with the sharp
and wedge designs in the rat brain tissue. The penetration and friction forces (Figures 4.30a and
b) are relatively larger with sharp designs, whereas elastic recovery (Figure 4.30c) post complete

tip immersion is higher with the wedge design, especially at high speeds.
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Figure 4.30: Effect of sharp (6 um tip radius) and wedge tip-type on different insertion force
parameters for VeroWhite (210 um, 30° angle) needle insertion into brain tissue. (a) Penetration
force (PF), (b) Kg (friction force/length), (c) Elastic recovery (ERp from wedge and ER from
sharp needle designs are compared).
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4.2.6 Force analysis associated with the dissolvable needles into brain tissue

To study the force signature in actual brain tissue with dissolvable needles, the experiments
are performed using square cross-section CMC/Gluc needles (30° apex angle, 210 um width, 6
um tip radius) on the rat brain tissue at varying insertion speeds (0.3 mm/s, 1 mm/s, 5 mm/s, 15
mm/s, and 25 mm/s) with three repetitions and the insertion forces are measured. Both the sharp
and wedge needles are used for these experiments. The insertion forces obtained on the brain

tissue are compared with those obtained on the brain tissue phantom model agarose gel.

Wedge needles

Figure 4.31 shows the effect of insertion velocity on insertion forces for dissolvable wedge
tip needles in the brain tissue. Both the penetration and overall forces are higher at lower
velocities.

Analysis of different parameters (Figures 4.32a and b) shows that both dimpling, and
penetration forces are higher at low velocities as compared to those obtained with non-
dissolvable needles. Furthermore, as seen in brain tissue phantom agarose gel, the individual
parameters of the insertion forces obtained with the dissolvable needles converge to those
obtained with the non-dissolvable needles at high speeds. Interestingly, different from the
agarose gel, in the brain tissue, even the friction force, which increases significantly at low

velocity, converges at high insertion speeds.
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Figure 4.31: Insertion force profile for CMC/Glu (210 um, 30° angle, wedge tip) needle into
brain at all insertion velocities. (Oscillations at 25 mm/s is due to sensor ringing effect).
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Figure 4.33 shows the effect of insertion velocity on insertion forces for dissolvable pyramid tip

needles in the brain tissue. It is observed that at lower speeds, penetration dimpling is

significantly higher (i.e., 3times, Figure 4.34a) and there is no tip insertion region observed.
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Figure 4.33: Insertion force profile for CMC/Glu (210 pm, 30° angle, pyramid tip and 6 pum
radius) needle into brain tissue at all insertion velocities. (Penetrations points are marked with a
circle).
Analysis of different parameters (Figure 4.34) shows that the blunting of the tip causes higher
dimpling and behaves similar to wedge needle designs. Penetrations forces (Figure 4.34b) are 4
times higher at low speeds. Similar findings are observed for the friction forces (Figure 4.34c)

due to absorption of water by the needle from the tissue. At high speeds, these parameters (PD,

PF and Kg) converge to the ones obtained for VeroWhite needles.
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Figure 4.34: Effect of velocity on insertion force parameters for the insertion of sharp
dissolvable needles into brain tissue and comparison with the non-dissolvable VeroWhite
needles. (a) Penetration dimpling (PD), (b) Penetration force (PF), (c) Kg (friction force/length).

4.3 Summary and Conclusions
This chapter provided a fundamental understanding on the interaction between brain

tissue/brain tissue phantom and dissolvable delivery vehicles through insertion studies performed
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using a custom-made insertion setup. The following specific conclusions are drawn from this

study:

The designed and developed tailor-made sensor is capable of measuring mN level forces
during the insertion of delivery vehicles into brain tissue phantom agarose gel and rat
brain tissue accurately.

Agarose gel, which has been extensively used in the literature, has substantially lower
insertion forces than brain tissue. This difference is mainly due to the presence of
arachnoid and pia layers at the brain surface. Dimpling amounts, penetration and friction
forces, and elastic recovery are much larger in brain than those in agarose gel.

Insertion speed critically affects the insertion forces in both brain tissue phantom agarose
and actual brain tissue. In general, the insertion forces increase with the increasing
insertion speed due to the strain hardening of the tissue. Furthermore, the tissue cutting
mechanism changes at lower speeds (<1mm/s) from tissue shearing to tissue dragging. As
such, the insertion speed needs to be optimized to avoid tissue dragging and to minimize
the insertion forces.

Tip geometry (tip radius and tip angle) plays a critical role in the interaction of delivery
vehicle with the phantom brain tissue. While the tip radius controls the penetration event
(i.e., penetration dimpling and force), the tip angle controls the tip force and secondary
dimpling. As expected, the larger the tip radius and the tip angle of the delivery vehicles
are, the higher the associated forces and dimpling amounts are. Therefore, it is important

to have sharp needles with optimized apex angle to minimize the insertion forces.
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The tip type significantly affects the insertion forces. Fully 3D pyramid head needles
with sharp tips have significantly lower penetration dimpling amounts and forces as
compared to wedge and flat needles due to the reduced surface area at the tip.

The cross-section area of the delivery needles is correlated with the friction forces. As
expected, the insertion forces have an increasing trend with the increasing needle size.
Furthermore, friction forces dominate the entire insertion force profile at higher speeds
(>5 mm/s) as compared to the more significant tip forces at low speeds for brain tissue.
The cross-section shape has negligible effect on the penetration dimpling amount and
forces. The transition from the head to the stem portion of the needle affects the
secondary dimpling. Specifically, secondary dimpling and elastic recovery are much
lower with smooth transitions (i.e., circular designs).

Non-dissolvable and dissolvable needles result in the similar mechanical interaction with
the tissue at higher speeds. However, at lower speeds (<5 mm/s), biodissolvable needles
become blunt due to the absorption of water from surrounding material, which leads to
higher penetration forces and dimpling amount. Therefore, it is necessary to determine the
minimum insertion velocity for the dissolvable probes to avoid the dissolution of the tip
before the complete insertion.

Insertion of biodissolvable needles results in higher forces at lower (<5 mm/s) speeds.
Specifically, both the penetration and friction forces increase at lower velocities due to
the blunting of the tip and increased surface area. On the other hand, at higher velocities
the force parameters for biodissolvable needles converge to those obtained with the non-

dissolvable needles.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

This thesis introduced dissolvable delivery vehicles for ultra-miniature neural probes towards
improving the functionality of the Brain Machine Interfaces. The mechanical mismatch between
the brain tissue and traditional probes (e.g., silicon probes) is a major challenge for clinical
applications of such neural interfaces: there is a considerable data in the literature that indicates
that this mechanical mismatch is primarily responsible for the chronic damage (e.g., glial scar
formation) that undermines the fidelity of action potentials measured from the brain.

Towards addressing this challenge, in this thesis, a novel manufacturing method was
developed to integrate the sub-cellular sized probes (e.g., Px-Pt probe, 2.7 um x 10 um) with
biodissolvable needles for reliable delivery of the probes to the targeted locations in the brain.
Geometric characterization of the fabricated biodissolvable needles was performed to evaluate
accuracy and reproducibility of the fabrication approach. Mechanical characterization of the
fabricated needles demonstrated that the dissolvable delivery needles can successfully deliver the
probes to the targeted location in both brain tissue phantoms and in actual brain tissue.
Furthermore, it was shown that the direct bonding method ensures the insulation integrity of the
probes and a broader design flexibility for the delivery vehicles. Based upon the work presented

in this thesis, the following conclusions were drawn:
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The spin-casting process is a viable technique for accurate and reproducible fabrication of
dissolvable delivery vehicles from a broad range of biodissolvable materials (e.g.,
glucose, maltodextrin and sucrose). The sugar-based materials have sufficient toughness
for mechanical failure-free insertion into brain tissue. Such delivery vehicles can also co-
deliver drugs along with ultra-miniature probes to mitigate the acute inflammatory
response.

Upon insertion into the brain, the biodissolvable needles absorb the water from the
surrounding tissue and dissolve away over a period of time, thereby significantly reducing
the chronic strains arising due to micromotion between the brain and skull.

The direct assembly method, which integrates a separately spin-casted biodissolvable
needle with a compliant probe, significantly increases the process yield with respect to
co-manufacturing of the probe and the microneedles. Furthermore, this approach also
enables utilizing more optimized delivery needles, such as those with sharp, pyramidal
tips for reduced forces.

The flexural based force measurement approach developed in this work is capable of
measuring milli-Newton level forces accurately. The sensitivity of the load cell can be
adjusted by changing the beam thickness.

The insertion forces obtained from agarose and from freshly excised brain tissue are
significantly different. This may be attributed to the presence of arachnoid and pia layers
on the brain surface, resulting in large penetration/puncture forces and high dimpling;
however, future research is needed to directly conclude this hypothesis. The force
magnitudes, dimpling, and friction are all considerably larger in brain then in agarose.

Notwithstanding, in many cases, the data in agarose shows the same trends as that in
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brain, such as for the effect of insertion speed, tip sharpness, and other needle-geometry
parameters.

Strain hardening effect is also a major factor while choosing appropriate insertion
velocity. Both the tip and friction forces increase with increased insertion velocity for the
brain tissue.

Tip geometry such as tip radius, tip angle and tip shapes (wedge and sharp) affect the
forces at the tips significantly. At low velocities, the tissue interaction at tip changes from
shearing to dragging, resulting in higher forces and visible damage to the surrounding
phantom tissue. Increasing the insertion velocity compensates for the poor tip design to
some extent. Although forces decrease due to mitigation of dragging effect when
insertion velocity is increased, further increase in velocity leads to increase in insertion
forces again due to strain hardening. Based on this knowledge, an optimal insertion
velocity should be obtained for such designs.

The biodissovable needles must be inserted at high speeds since the water from the tissue
dissolves the needle tips, increasing its bluntness. Thus, at slower speeds (where the
extent of blunting is larger), the penetration forces and the associated tissue damage
increases considerably. Above a critical insertion speed, this blunting effect becomes
negligible, and the data from the dissolvable needle converges with that from the non-

dissolvable needle.
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5.2 Future Work

5.2.1 Assessment of tissue damage for different needle designs and insertion
speeds

Implantation of the neural probes using the delivery vehicles (i.e., biocompatible needles) to
targeted brain regions is an invasive process, thereby resulting in brain tissue damage. The needle
design parameters i.e., different material combinations (silk fibroin, polyethylene glycol (PEG),
maltose, gelatin etc.) and geometries (fabricating and testing smaller cross sections than 100 um
x 100 um), as well as insertion conditions affect the ensuing tissue damage. Therefore, it is
necessary to probe the effect of delivery vehicle design and insertion parameters on the tissue
damage. Most importantly, the correlation between the insertion mechanisms/forces and tissue
damage should be studied for successful and minimally-invasive implantation of neural probes.
To this end, a design of experiments matrix shown in Table 4.4 can be used. The insertion forces
associated with these parameters can be measured and analyzed. The treated tissue samples can
be frozen and sectioned to investigate the mechanical tissue damage occurring during the
insertion. The relationship between the tissue damage and insertion forces can be evaluated to
identify favorable delivery vehicle designs and insertion speeds. Glial scar formation due to
different delivery vehicle designs (i.e., materials and geometries) and insertion speeds should

also be evaluated, since it would directly affect the fidelity of recorded signals.

5.2.2 Vibration assisted insertion to reduce insertion force and tissue damage

Vibration assistance has the potential to reduce the insertion forces during the interaction of
the delivery vehicles with the brain tissue [92]. The custom-made setup constructed in this thesis
can be used for the vibration-assisted insertion experiments. However, these experiments will

require an additional system to provide the vibration-assistance. Specifically, a piezoelectric
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actuator can be used to provide the vibration assistance to the neural probe delivery vehicle at
different frequencies and vibration amplitudes. To design the vibration assistance system, finite
element simulations can be used to optimize the dynamic response of the piezoelectric actuator.
Furthermore, since these experiments will be dynamic in nature as opposed to the static insertion
forces measured in this thesis, they will require dynamic calibration of the load cell up to high
frequencies through experimental modal analysis, where an impact excitation system with an
embedded dynamic force sensor can be used to excite the load cell, while measuring the
displacement output using a non-contact displacement sensor. Ultimately, a custom-made
insertion setup for effective vibration-assisted insertion experiments can be constructed.
Subsequently, the effect of insertion speed, vibration frequency, and vibration amplitude on
insertion forces can be studied for different needle designs, and the effect of vibration frequency
and amplitude on the insertion forces can be revealed. Finally, the favorable insertion speeds in

the presence of vibration assistance can be determined to minimize the insertion forces.
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