wo 20247249934 A1 |0 00000 KOO0 00 0 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
05 December 2024 (05.12.2024)

(10) International Publication Number

WO 2024/249934 Al

WIPO I PCT

(51) International Patent Classification:

AG6IN 1/372 (2006.01) A61B 34/20 (2016.01)
AG6IN 1/375 (2006.01) A61B 90/00 (2016.01)
AG6IN 1/05 (2006.01) B25J 9/00 (2006.01)

A61B 34/00 (2016.01) B25J 11/00 (2006.01)

(21) International Application Number:
PCT/US2024/032106

(22) International Filing Date:
31 May 2024 (31.05.2024)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:

63/505,548 01 June 2023 (01.06.2023) UsS

(71) Applicant: WILLTAM MARSH RICE UNIVERSITY
[US/US], 6100 Main Street, Houston, TX 77005-1827
(US).

Inventors: LUAN, Lan, c/o Rice University, 6100 Main
St., Houston, TX 77005-1892 (US). XIE, Chong; c/o Rice
University, 6100 Main St., Houston, TX 77005-1892 (US).
WU, Yu; c/o Rice University, 6100 Main St., Houston, TX
77005-1892 (US). ALBOUY, Romain; c/o Rice Universi-
ty, 6100 Main St., Houston, TX 77005-1892 (US). WANG,
Weinan; c¢/o Rice University, 6100 Main St., Houston, TX
77005-1892 (US).

Agent: BITTNER, Sarah, S. et al.; Osha Bergman Watan-
abe & Burton LLP, 1100 Louisiana Street, Suite 4900, Hous-
ton, TX 77002 (US).

(72)

(74)

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

(54) Title: SYSTEMS AND METHODS FOR IMPLANTING NEURAL ELECTRODES

*—**;"““‘" e

O

FIG. 2A

(57) Abstract: A system for implanting flexible neural electrodes includes an insertion robot and a controller. The insertion robot
includes a base and a plurality of manipulator arms each configured to support a micro needle. The insertion robot further includes a
plurality of actuators supported by the base where each manipulator arm is translatable in three orthogonal directions by a corresponding
actuator of the plurality of actuators. The plurality of manipulator arms is configured to reduce an area spanned by its distal ends relative
to an area, spanned by the plurality of actuators. The controller includes one or more processors and is in electrical communication with
the insertion robot. The controller is configured to control each manipulator arm in the plurality of manipulator arms to implant, with
the micro needle, a flexible neural electrode into neural tissue, with at least some insertions being performed in parallel.

[Continued on next page]



WO 2024/249934 A | [IN 1000000000 A 0

AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CV, CZ, DE, DJ, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IQ, IR, IS, IT, JM, JO, JP, KE, KG,
KH, KN, KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY,
MA, MD, MG, MK, MN, MU, MW, MX, MY, MZ, NA,
NG, NI, NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO,
RS, RU,RW, SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH,
TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, WS,
ZA,ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, CV,
GH, GM, KE,LR,LS, MW, MZ NA,RW, SC, SD, SL, ST,
SZ, TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ,
RU, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ,
DE, DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT,
LU, LV, MC, ME, MK, MT, NL, NO, PL, PT, RO, RS, SE,
SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN,
GQ, GW, KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:
— as to applicant's entitlement to apply for and be granted a
patent (Rule 4.17(ii))

Published:
—  with international search report (Art. 21(3))



WO 2024/249934 PCT/US2024/032106

SYSTEMS AND METHODS FOR IMPLANTING NEURAL
ELECTRODES

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

1800611 This invention was made with government support under Grant No.
UOINSTISS88 and Grant No. ROINS102917 awarded by the National Institute of

Health. The government has certain rights in the tnvention.

BACKGROUND

16002} Electrodes may be used to establish an electrical interface with neural tissue.
Such electrodes have various applications, and may be used for brain-computer
interfaces, diagnosis and/or treatment of neurological disorders, neurcscience research,
etc. Freguently, it may be desirable to simultaneously use multiple or even many
electrodes, e.g., 10s, 100s, 1000s of electrodes, when recording from neural tissue
and/or stimulating the neural tissue. The implantation of multiple electrodes can be

tedious, time-consuming, and risky.

SUMMARY

16003} This summary is provided to introduce a selection of concepts that are further
described below in the detailed description. This summary 18 not intended to identify
key or essential features of the claimed subject matter, nor is it intended to be used as

an aid wn limiting the scope of the claimed subject matier.

10004} In one aspect, embodiments disclosed herein relate to a system for implanting
flexible neural electrodes (e g., nanoelectronic threads (NETs)) including an insertion
robot and a controller. The insertion robot includes a base and a plurality of manipulator
arms each configured to support a micro needle. The insertion robot further includes a
plurality of actuators supported by the base where each manipulator arm 15 transiatable
inn three orthogonal directions by a corresponding actuator of the plurality of actuators.
The plurality of roanipulator arms is configured to reduce an area spanved by its distal
ends relative to an area spanned by the plurality of actuators. The controller includes

one or more processors and is in electrical communication with the insertion robot. The
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controller 1s configured to coutrol each mavipulator arm 1o the plurality of manipulator
arms to implant, with the micro needle, a tlexible neural electrode into neural tissue,

with at least some insettions being performued in parailel.

10005] Inn one aspect, embodiments disclosed herein relate to a method for implanting
flexible neural electrodes (e.g., nanoelectronic threads (NETs}). The method includes
scanning, with a laser scanper, a craniotomy site with exposed neural fissue and
proximate micro needles, forming a laser scan and determining, based on the laser scan,
coordinates of the micro needles with respect to a surface of the craniotomy stte. The
method further includes capturing an overlay image of the cranictomy site and the
micro needles wsing a beamsplitter and an imaging microscope or camera and
performing a registration of the overlay image and the craniotomy site based on the
coordinates of the micro needles. The method further includes determining
implantation sites with the overlay image. The method further includes executing an
insertion process of the micro needles, each releasably connected to a flexible neural
electrode, into the neural tissue according to an insertion sequence and retracting the
micro needies from the neural tissue leaving, for each micro needie, an implanted
flexible neural elecirode 1o the neural tissue at a corresponding implantation site of the

micro needle.

16006] In one aspect, embodiments disclosed herein relate to a non-transitory machine-
readable medium storing a plurality of machine-readable instructions that can be
executed by one or more processors associated with a computer-assisted system. The
plurality of machine-readable instructions, when executed, cause the one or more
processors to perform the following steps. The steps include scanning, with a laser
scanuer, a craniotoruy site with exposed neural tissue and proximate micro needles,
forming a laser scan and determining, based on the laser scan, coordinates of the micro
needles with respect to a surface of the craniotomy site.  The steps further include
capturing an overlay image of the craniotomy site and the micro needles using a
beamsplitter and an imaging microscope or camera and performing a registration of the
overlay image and the craniotomy site based on the coordinates of the micro needles.
The steps turther include determining implantation sites with the overlay image. The
steps further includes executing an insertion process of the micro needles, each

releasably connected to a flexible neural electrode, into the neural tissue according to

)
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an insertion sequence and tetracting the micro needies from the neural tissue leaving,
for each micro needle, an implanted flexible neural electrode in the neural tissue at a

corresponding iraplantation site of the micro needle.

{6007} Inn one aspect, embodiments disclosed herein relate to a method for fabricating
a micro needle and flexible neural electrode assembly. The method includes
temporarily disposing a flexible peural electrode probe including flexible neural
electrodes on a jig where the flexible neural electrodes are aligned and held by a
substrate. The method further includes aligning micro needles, the roicro needles being
interconnected or pre-mounted on a needle rack, with distal ends of the flexible neural
electrodes of the flexible veural electrode probe. The micro needles whether pre-
mounted or interconnected have a defined inter-needle spacing. The method further
includes engaging tips of the micro needies in holes at the distal ends of the tlexible

neural electrodes and picking up the flexible neural electrodes from the substrate.

160081 Other aspects and advantages of the claimed subject matter will be apparent

trom the following description and the appended claiws,

BRIEF DESCRIPTION OF DRAWINGS

16009} FiGs. 1A and 1B depict a system in accordance with one or more embodiments.

18010} FIG. 2ZA depicts an insertion robot in accordance with one or more
embodiments.

1001 1] FiGs. 2B and 2C depict a distal portion of an insertion robot in accordance with

one or more embodiments.
100121 FIG 2D depicts a base of an insertion robot in accordance with one or more
embodiments.

16013} FIG 2F depicts an actuator of an insertion robot in accordance with one or more

embodiments.

16014} FiGs. 2F-2H depict orthogonal views of holders of an insertion robot in

accordance with one or more embodiments,

1601 5] FIG. 21 depicts manipulator arms of an insertion robot in accordance with one

or more embodiments.

G2
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{0016] FIG. 21 depicts bent tubing 1n accordance with one or more embodiments.

{6017} FiGs. 2K and 2L depict a8 micro needle in accordance with one or more
embodiments.

16018} FIG. 3A depicis beamsplitter and camera systemn for generating an overlay

image of an object such as neural tissue and micro needles in accordance with one or

more embodiments.

{60191 FIG. 3B an example overlay image in accordance with one or more
embodiments.

16026] FIG. 4 depicts a tflowchart in accordance with one or more embodiments.

{0021 FIG. SA depicts an example image of a craniotorny site.

160221 FIG. 5B depicts a pattern of micro needles proximate a craniotomy stte in

accordance with one or more embodiments,

16023} FIG 5C depicts an example image of a craniotory site.
16024} FIG. SD depicts a pattern of micro needles proximate a crapniotomy site in

accordance with one or more embodiments.

{00251 FIG. 6 depicts a flowchart o accordance with one or more embodiments.
10026] FiG. 7A depicts faser-machined micro needles according to a given geometry

in accordance with one or more embodiments.

16027} FIG. 7B depicts a nanoelectronic thread (NET) probe in accordance with one or
more embodiments,

160281 FiGs 7C, 7D, and 7E depict a front view, side view, and top view of a needle
fixture and needle rack with micro needles in accordance with one or more
embaodiments.

16029] FiGs. 7F and 7G depict a jig for supporting and aligning a nanoelectronic thread
(NET) probe in accordance with one or more embodiments,

160306} FIG. 7H depicts a nanoelectronic thread and micro needle in accordance with

one or more embodiments.
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{00311 FIG. 71 depicts a micro peedle and navoelectronic thread assembly in

accordance with one or more embodiments.
180321 FIG. 8 depicts a flowchart in accordance with one or more embodiments.

{0033} FIG. 9A depicts a micro needle, nanoelectronic thread, and bent tubing

assembly in accordance with one or more embodiments.

16034] FIG. 9B depicts a micro needle, nanoelectronic thread, and bent tubing

assembly on a mounting platform in accordance with one or more embodiments.

16035] FIG. 9C depicts an enlarged view of a mounting cap, mounting base, micro
needles, and bent tubing tn accordance with one or more embodiments.
{0036] FIG. 9D depicts a NET probe connected to micro needies supported by a

mounting cap and mounting base in accordance with one or more embodiments.

180371 FIG. 9F depicts a mounting base in accordance with one or more embodiments.
{0038} FIG. 9F depicts a mounting cap o accordance with one or roore embodiments.
16039} FIG. 9G depiets micro grooves of a mousting cap or mounting base in

accordance with one or more embodiments.

180401 FiGs, OH and 91 depict a front and side view, respectively, of micro needles
supported by a mounting base and 3 mounting cap in accordance with ong or more

embodiments.
{00411 FiGs. 9) and 9K depict a threading procedure of micro needles supported by a
mounting cap and a mounting base to nanoelectronic threads of a nancelectronic thread

(NET) probe supported by a jig in accordance with one or more embodiments.

160421 FIG. 10 depicts a flowchart in accordance with one or more embodiments.

100431 FIG. 11 A depicts interconnected micro needles in accordance with one or more
ernbodiments.

10044} FIG. 118 depicts an enlarged view of interconnected micro needies

accordance with one or more embodiments.

16045] FIG. 11C depicts a post at the distal ends of interconnected micro needles in

accordance with one or more embodiments.
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180461 FIG. 11D depicts an terconnected micro needle and nanoelectronic thread
assembly in accordance with one or more embodiments.

180473 FiGs. 11E-11G depict nanoelectronic threads being picked up by interconnected

micro needles in accordance with one or more embodiments.

{6048} FIG. 12 depicts a system in accordance with one or more embodiments.
16049 FIG. 13 depicts a graphical user interface in accordance with one or more
embodiments.

DETAILED DESCRIPTION

16056] FIG 1A depicts a diagram of a surgical system (100} for implanting flexible
neural electrodes {150} such as nanoeigctronic threads (NET). FIG. 1B depicts aspects
of the surgical system (100). In general, a chronically implanted flexible neural
electrode (150) allows for the monitoring and, 1n some instances, the stimulation of
neuron elecirical activities in neural fissue (198). In accordance with one or more
embodiments, the surgical systermn (100) includes an insertion robot (110). As will be
described in greater detail later in the instant disclosure, the insertion robot (110} can
implant one or more flexible neural electrodes (150} wnto neural tissue (198) with high
spatial accuracy and control. Further, the insertion robot (110} can implant two or more
tlexible neural electrodes (150} into neural tissue (198) simultaneously, or within a
quick sequence, reducing implantation time and mitigating damage of the neural tissue
{198} The surgical systern (100) further includes micro needles (140) that can be

attached to manipulator arms of the insertion robot (110}

10051 i one or more embodiments, and as described below, the insertion robot (110}
includes 32 manipulator armos that can be operated independently, 1n parallel, and with
coordinated movements (e.g., to prevent collisions between the manipulator arms and
the attached micro needles (140)). Thus, in these embodiments, 32 micro needles (140)
can be attached to, and manipulated by, the insertion robot (110}, The surgical system
{100} further includes one or more flexible neural electrodes (150} A flexible neural
electrode allows for electrical communication between the flexible neural electrode and
its surrounding environment, e.g., neural tissue. Flexible neural electrodes typically

have a small footprint, for example, a nanoelectronic thread (NET) {e.g., that may be

)
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considered a type of flexible neural electrode) may bave a cross-sectional area or
diameter given in microns {e.g., luym x 10um, 1. 5um » SOum)}.  The reduction in
dimension and rigidity of flexible neural electrodes compared to conventional neural
probes reduces tissue response at the probe-tissue interface, in some instances, a
tlexible neural electrode (e.g, a NET) can interface with a single cell. Flexible neural
electrodes (150) are the recording/stimulation devices that are implanted in the neural
tissue (198} {e.g , brain). There are multiple (e.g., 32) flexible neural electrodes in one
flexible neural electrode probe/assembly, and multiple (e.g, 16} electrode channels
may be integrated on each flexible neural electrode. The flexible neural electrodes,
once implanted, may record bioelectric signals from the brain, and/or may deliver

electric stimuli to the brain, depending on the specific application requirements.

160521 Various methods for attaching or interfacing flexible neural electrodes (150)
with the micro needles {(140) are disclosed below. For example, in one or more
embodiments, an assembly of flexible neural electrodes (150} attached or adhered to
micro needles (140), where there is a one-to-one relationship between flexible neural
electrodes {150} and the micro needles (140), 1s produced according to an assembly
method. The flexible veural electrode/needles assembly 18 a stand-alone package that
can be conveniently handied and shipped. The insertion robot (110}, through
manipulation of micro needles (140) attached to s manipulator arms is used for
insertion (190} of the flexible neural electrodes (150) into the neural tissue {(198), as

depicted in FIG. 1A

{00531 fn one or more ervbodiments, the surgical systern (100} further ncludes a
controller (120) or control systern. The controller (120} has one or more computer
processors and is n electrical communication with, at least, the insertion robot (110},
In one or more embodiments, the controller (120) may be considered a component of
the insertion robot {110}, In one or more embodiments, the controller (120} includes a
non-transitory machine-readable medium for storing instructions (e.g., robot software)
that when executed by the one or more computer processors cause the insertion robot
to perform one or more methods described berein, such coupling, attaching, or adhering
the micro needles (140} and the flexible neural electrodes (150) and insertion {196} of
the flexible neural electrodes (150} into the ngural tissue (198). Thus, a non-transitory

machine-readable mediurn may include a plurality of machine-readable instructions
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executed by one or more processors associated with a computer-assisied system, the
plurality of machine-readable instructions causing the one or more processors o

perform the wethod.

10054} The surgical system (100) can further include a laser scanner (160} and an
imaging microscope {(170).  The laser scanner {160} detects the accurate position of
each micro needle before insertion. The imaging microscope (170) provides a live view
of the neural tissue (198) surface during insertion {(196). In one or more embodiments,
one or more laser scanuver {160) and the imaging microscope (170) are in electrical
communication with the controller (120}, As such, manipulation of the insertion robot
{110} can be wnforred by information received from the faser scanner (160} and/or the
imaging microscope {170) such as the position (i.e., location and onentation} of the
micro needles (140}, the position of the neural tissue (198) and the topology of s
surface, and the spatial relationship between the micro needles {140) and the neural
tissue {198} For example, information received from the laser scanner (160) can
include a scan of the neural tissue surface (194). Further, information received from
the imaging microscope {170} can include visual feedback (192) or a real-time {or near
real-time ot iraceable time) visual representation of the neural tissue (198) and us
environment {e.g., approaching micro needles {140), manipulator arms of the insertion
robot (110), etc ). More details surrounding individual coroponents of the surgical
system {100} such as the laser scanner (160) and imaging microscope (170) are
provided below. In summary, tn accordance with at least one roethod of the present
disclosure, the insertion robot engages flexible neural electrode {150} and inserts the

flexible neural electrode into neural tissue (198} such as a brain,

10055] FIG. 2A depicts the insertion robot (110) in accordance with one or more
embodiments. As shown, the insertion robot includes a base (202) that supports one or
more actuators (204). The base (202) may be affixed to a stationary or mobile structure
such as a work bench.  As such, the base (202} provides a fixed datum for distal
components of the insertion robot (110}, where “distal” refers to a direction away from
the base along a kinematic series of the insertion robot {110} toward an end effector
(208} ultimately manipulated using the 1nsertion robot (110). Simularly, a “proximal”
component is disposed nearer to the base (202}, In some embodiments, the base (202)

1s supported by a vertical stage (not depicted) such that the base (202) may be translated
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in a vertical direction, e.g., along an axis otthogonal to a horizontal plane formed by a
work bench. As discussed, the insertion robot {110} may be used to implant flexible

neural electrodes (150} into neural tissue (198}, e.g., a brain.

10056 The insertion robot (110} includes muitiple manipulator arms (206}, eg., 32
manipulator arms, each of which can be independently controlled. As depicted in FIG.
2A, a distal portion of each manipulator arm is coupled to an actuator (204} supported
by the base (202}, Specifically, there is an actuator {204} for each manipulator arm
{206}, Assuch, independent control of each manipulator arm (206) is effectuated using,
at least in part, its associated actuator (204}, In one or more embodiments, an actuator
(204} 15 composed of one or more hnear stages stacked in series to provide hnear
movement in multiple directions. Further, in some embodiments, each manipulator arm

206) 1s attached to an actuator (204) using an arm junction (290). More details
surrounding base (202), actuators (204) (or, at least a linear stage of the actuator), arm
junctions {290), manipulator arms {206}, and other items such a bent tubing and the

micro needles (140) are provided below with respect to FI1Gs. 2321

100571 in one or more embodiments, the actuators (204) are arranged on the base (202)
according 1o a specified arrangement. For exarople, FIG 2A depicts an instance where
the actuators (204) are arranged on the base (202} to form a 4 by 8 grid (i.e., 32 actuators
intotal). Thatis, in FIG. 2A the specified arrangement may be said tobe a 4 by § grid.
Specifically, the grid is given according to a grid spacing with respect 10 a plane
coplanar with a surface of the base {202} For example, FIG. 2A depicts a reference
coordinate system with three orthogonal axes, namely, an x axis, ay axis, and a z axis.
The x axis and the v axis form a so-called XY plane that is coplanar with g surface of
the base {2023, Thus, spacing between any pair of actuators, e.g., a first actuator and a
second actuator, in the x direction can be specified as Ax1,Z and spacing between that
pair of actuators in the y direction can be specified as Ay 1,2, where the subscripts 1 and
2 refer to the first and second actuators in the pair of actuators, respectively. In some
embodiments, such as that depicted in FIG. 2A, the spacing between adjacent actuators
along the ¥ axis is the same. That is, the actuators are equidistantly spaced 1n the x
direction. Similarly, the spacing between adjacent actuators along the v axis is the
same, however, the spacing between the adjacent actuators need not be the same in the
x and v directions. Further, the spacin

g, whether in the x or y directions, need not be
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equal for all pairs of adjacent actuators. That 1s, the actuators {204) can be arranged
non-uniformly. While FIG. 2A depicts the actuators (204} arranged to form a grid, this
need not be the case. Other arrangements of the actuators (204) on the base can be used
without departing from the scope of this disclosure. As an example, the actuators (204)
can be arranged on the base (202} as a linear array. Further, different grid arrangements
can be used without departing from the scope of this disclosure. For example, using 32
actuators {204), the actuators (204} can be arranged on the base (202} toform a2 by 16
grid. In general, the arrangement of the actuators (204) with respect to the base (202)
1s specified by one or more arrangement parameters, where the arrangement parameters
are said to contain all necessary information to describe the arrangement (¢.g., gnd

layout, grid spacing, coordinate locations of each actuator, etc.}).

16058] Given the arrangement of the actuators (204), and the size of each actuator, a
first area spanned by the actuators (204) can be determined. Further, in some
embodiments, the height {or length of an actuator in the vertical direction) is also

considered to determine a first volume spanned by the actuators (204).

100591 in one or more embodiments, manipulator arms (206) include one or more
bends. Further, a bend 1o a roanipulator arm (206) can partition the bend into vanious
portions or links. Portions or links of a manipulator arm (206) bounding a bend need
not have the same length or profile. In greater detail, in FIG. 2A, a manipulator arm
{206} ts depicted as having a first bend (207} that partitions the manipulator arm (206)
into a first portion (209) and a second portion (211). In general, a manipulator arm
(206} can have more than one bend {e.g., a first bend and a send bend) and any number
of portions or links between respective bends. Further, various manipulator arms {2006)
of the tusertion robot {(110) can have different lengths of first portions (209}, different
lengths of second portions {211), and different bend angles for their respective first
bends (207). In accordance with one ot more embodiments, the cross-sectional area of
a manipulator arm steadily decreases from the proximal end of the manipulator arm

(206} to 1ts distal end.

180601 This distal end of a manipulator arm (206) is configured with, or can interact
with, various end effectors (208). As will be described below, in some embodiments,

the end effectors (208} are micro needles (140} {e.g, laser-machined micro needles).

10
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In other embodiments, each of the end effectors (208) is a bent tubing where a micro
needle {e.g., laser machined tungsten wire) can be attached or otherwise affixed fo the

distal end of the end effector,

{6061} FiGs. 2B and 2C depict the distal ends of manipulator arms (206} of the
insertion robot (110} in greater detail, in accordance with one or more embodiments.
In the depiction of the FiGs. 2B and 2C, the end effector (208) supported by each
mantpulator arm (206} is a bent tubing. The bent tubing is further configured to connect
to, or otherwise bold, a micro needle (140) (e.g, laser-machined tungsien wire).
Further, each micro needle (140} threads or releasably attaches to one flexible neural

electrode (150}

16062} In some embodiments, the distal portion of the manipulator arm (206) or its end
effectors {208} can include an articulable portion such as a wrist assembly to provide

Further, in some

additional degrees of freedom (eg., pitch, vaw, and roll).
embodiments, the articulable portion facilitates the attachment of an end effector {e. g ,
micro needle).  For exarople, the articulable portion and/or a distal end of the
manipulator arms (206} can contain a magnet, be magnetized, or otherwise produce a
magnetic force for bounding or attaching the end effectors {e.g., micro needles).
Regardiess of the type(s) of micro needle (140) employed for use with the insertion
robot (110), each micro needle (140) 13 configured to thread or be releasably connected

to one flexible neural electrode (150} (e.g., one flexible electrode shank).

160631 in one or more embodiments, each actuator (204) actuates, or can provide a
displacerment over a given range of motion, in the x y, and z directions (i.¢., along the
X axis, y axis, and z axis of the reference coordinate system {203). That is, each actuator
{204} provides three translation degrees of freedom. Due to the rigid connection of a
micro needle (140) to an actuator (204} through a manipulator arm (206), each micro
needle (140} may move independently in, at least, the %, v, and z directions. That s,
the tnsertion robot (110) has a one-to-one-to-one relationship between actuators (204},
mantpulator arms (206) {and end effectors (208)), and micro needles (140} such that
each micro needie (140} can be driven in the X, v and z directions by its corresponding

actuator (204) supported by the base (202).



WO 2024/249934 PCT/US2024/032106

{8064 fn general, actuation of a roicro needle (140} by its corresponding actuator
204}, and thus a threaded or releasably connected flexible neural electrode (150} during
operation of the insertion robot (110}, in the x direction and the vy direction provide for
adjustment of insertion sites according to operator’s {e.g., surgeon) request. Further,
actuation of a micro needle (140} by its corresponding actuator {204) in the z direction
executes insertion and retraction operations. The actuators (204} may be piezoelectrical

motors or any other types of actuators with micrometer precision of movements.

{80651 In other embodiments, one or more actuators (204) provide additional degrees
of freedom, e g, rotation about one or more of the x, y and z axes or pitch, roll, and
yaw degrees of freedom with respect to the reference coordinate systern {203). In some
embodiments, these additional degrees of freedom are provided by the distal end or end
effector (208} of the manipulator arms (206), e.g . using an articulable wrist assembly.
A benefit of these additional degrees of freedom, whether provided by the actuator
{204} or the manipulator arm (206) (or end cffector (208)) is that a micro needle (140)
can be oriented relative to the neural tissue (198}, e.g., a longitudinal axis of the micro

needle (140} can be oriented locally orthogonal to the neural tissue (198).

10066] In accordance with one or more embodiments, the manipulator arms {206) of
the insertion robot {110} are configured to reduce the working area or volume of the
micro needles {140} As seen in FIGs. 2B and 2C, the micro needies (140} span a
second area or a second volume (if considering a length characterizing the micro
needles). By virtue of the manipulator arms (206), as described {(e.g., having a first
bend (207}, gradually decreasing cross-sectional area, etc.), the second area or second
volume is less than the first area or first volume spanned by the actuators (204). That
13, the insertion robot (110} is able to execute a task in a workspace with a smaller
spatial footprint than its actuators {204}, even with the actuators {204} providing the
movement or actuation associated with the executed task. Further, the manipulator
arms {200) of the insertion robot (110} are configured such that specified patterns, e.g.,
a first patiern, a second, pattern, etc., can be formed by the micro needles (140). Asan
example, a first pattern can be a grid {e.g., 4 by & gnid) of micro needies (140} and 3
second pattern can be a linear array of micro needles (140}, A pattern may be selected
or commanded by an operator and/or by the controller {120} based on a given task.

Further, one or more patterns can be realized regardless of the arrangement of the
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actuators {204} on the base (202). For example, in one or more embodiments, the
actuators (204) are arranged according to a grid and the micro needles (140), through
actuation of the actuators (204} and due to the design of the manipulator arms (206),
can be placed in either a grid (e.g., similar to the arrangement of actuators but at a
smualler scale) or in a linear array. That 1s, although the actuators (204) may be arranged
according to a grid the micro needles (140) can have a distinct pattern, relative to the

actuator arrangement, such as a linear array.

10067} FIG 2D depicts a side view and a top view of the base (202} of the 1wsertion
robot (110} in a first panel {212} and a second panel {213}, respectively. In one or more
embodiments, the base (202} 13 designed to bold 96 piezoelectric motors and enable
their maximum range of motion while preventing any collision of the motors between

themselves.

{80681 The piezoelectnc actuators respousibie for transiation on the hotizontal plane
are attached to the base plate. As seen in the second panel (213}, the base plate has
through holes (270} ratching motors’ threaded holes (M2 size) to tightly secure the
motors to the plate. Note, to avoid cluttering the figure only two through holes (270)
are labelled in FIG. 2D Each motor is spaced in the horizontal plane by the roaximum
travel range of the actuator plus Tram to aliow room for the cable, making it impossible
for two motors to collide in this direction. The same principle was applied to the
longiiudinal plane. Thus, the minimal spacing between the motors that prevents

collisions in those two directions was achieved.

16069 The base plate has square holes (280) next to each azimuth actuator to allow the
cables and plugs of the motors to be secured above the base plate, preventing cable
interferences with surgical arms motion. Again, to avoid cluttering the figure, only one

square hole (280} is fabelled.

160701 As seen in the first panel (212), the base (202} has a stepped cross section 1o
avoid collision of surgical arms along the vertical axis. The motors on the third row are
lowered compared to the motors of the first two rows, and the motors from the fourth

row are lowered compared to the motors of the third row.

{00711 n one or more embodiments, the base (202} is attached to a support pillar from

the back of the plate, behind the fourth row. As discussed above, the base (202)
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elevation or vertical height with respect to horizontal surface such as a work beoch can
be adjusted on the pillar to satisfy surgical procedure needs. In some embodiments, an
angle of the base (202) with respect to the support pillar {or work surface) can be
adjusted. For example, the attachment of the base (202) to the support pillar can include
an articulable portion allowing for rotations {e.g ., pitch, vaw, roll} of the base (202)

relative to the support pillar.

160721 in some embodiments, additional holes (285} on the edge of the base (202) have
been added to attach different devices necessary to surgical procedures (e.g., camera,

light, lasers, tubes, additional motors, etc.}

160731 The base (202) can be made of various metals that would not deform under the
weight of the manipulator arms (206} such as fitanium, stainless steel, and aluminum,

among other materials not listed.

10074} In one or more embodiments, compact size motors reaching high acceleration
and slow constant speed are used in the insertion robot. In one or more embodiments,
the motors are compact piezoelecirical motors. Piezoelectrical motors enable slow
speed insertion (Spumy/s) for scarless insertion of flexible neural electrodes attached to
rigid micro needles (this slow insertion speed significantly reduces tissue damages).
Fast insertions have been shown to create significant damage 1o neural tissues,
hindering recording and stimulation of nervous cells. Herein insertion speeds are

achieved that result in scarless insertion of flexible neural electrodes.

100751 To deliver the flexible neural electrodes into the neural tissue, the micro needles
need to be retracted with high acceleration to avoid also retracting the flexible neural
electrodes or creating tissue damage during upward movement (from undesired lateral
movements}. The piezo motors used here achieve higher accelerations than previously

used technology {(e.g., greater than 30 m/s2).

16076} Motors are mounted in bundles of three to allow for horizontal, longitudinal,
and vertical movements of the manipulator arms during all steps necessary to surgical
implantation of flexible neural electrodes. FIG. ZE depicts the stacking of motors to
form an actuator (204), in accordance with one or more embodiments.  As seen, the

actuator {204} consist of a first motor or first stage (252), a second motor or second
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stage (254), and a third motor or third stage (256) to provide movement of a supported
manipulator arm {206} in three orthogonal directions {e.g., along the ¥ axis, y axis, and
z axis}). To connect stages moving horizontally and longitudinally (connection of stages
252, 2543, existing holes threaded by the motors’ manufacturer were used. To connect
stages moving longitudinally and vertically {connection of stages 254, 256), a custom
L-bracket (255) matching the manufacturer's holes was invented and machined from

aluminum.

160771 In one or more embodiments, to translate movement of the actuators {204) to
surgical insertion site, the manipulator arms {206} are attached to the third stage (256)

using junctions referred to herein as “holders” or “arm junctions” {290},

{0078] In one or more embodiments employing an insertion robot that supports 32
manipulator arms, there are 16 unique holders that are mirrored to attach the 32
manipulator arms to the vertical stages (256} FHach holder has a very specific and
unique angle with the horizontal plane, so that the tips of the 32 manipulator arms form
a 4 by 8 array covering 21 by 49mm?® {spacing between each tip being Zrom in both the
horizontal and longitudinal planes). Offering a total coverage for surgical implantation
of 39 by 67mm? {considering each motor has an 18mm range of motion and applying it

to horizontal and longitudinal movements).

100791 Each holder has been designed to maximize the contact area at the interface with
the vertical motor as well as at the interface with the arm. By maximizing the contact
area, potential vibrations are reduced during movement of the manipulator arms that
could be at the origin of tissue damage. FIGs. 2F, 2G, and 2H depict a front, top, and
side view, respectively, of the 10 unique holders (290} including their mirrored

counterparts.

{0080] Holders {290} can be made using SLA or FDM 3D printing, injection molding,

or Dnrect Metal Laser Sintering or other standard manufacturing techniques.

16081} The angles of the holders (290} and length of the manipulator arms (206} can
be modified to enlarge or reduce the coverage of the manipulator arms {206} tip array
{i.e, the second area), for applications where the coverage needs to be ditferent than
the default 21by 49nun? coverage {e.g., surgeries in humans, non-human primates, or

pigs).
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{00821 The 32 holders (290} are attached to 32 wampulator arms (200) to trauvslate
actuator (204) movements to the insertion site. There are 10 unique manipulator arms
{206} that are produced twice for simultaneous nsertion of up to 32 flexibie neural
electrodes. FIG. 21 depicts various manipulator arms {206} in accordance with one or

more embodiments.

100831 The manipulator arms (206} are designed to bring as much verticality as
possible, which prevents collisions in the horizountal and longitudinal planes of arms
during preparation and insertion of flexible neural electrodes.  Additionally, the
mantpulator arms {206} are designed to not collide with the motor/holder of the row in

tfront of them during vertical movements.

{0084 In particular, and has seen in FIG. 21, each manipulator arm (206) has an
inflexion point that lowers {(in the vertical direction) as the distance between the
nsertion site {array formed by the arms’ tips or distal ends) and the motor on which the
arm is attached increases. In other words, the manipulator arm attached to the holder
#1 will have the lnghest inflexion point and the manipulator arro attached to the holder
#16 will have the lowest inflexion peint. In this way each manipulator arm {206} can
mote easily shide under the manipulator arros (206} closer to the 1nsertion site (imeaving
in front in the longitudinal direction or on s right on the horizontal direction} without
coilisions when moving manipulator arms {206} before insertion of flexible neural

electrodes.

{0085] i some embodiments, the manipulator arms {206} are ribbed, or otherwise have
material “carved out,” to reduce the weight of the manipulator arms (206} and enable
fast retraction of the manipulator arms {206} after implantation of the flexible neural
electrodes. As stated, 1t 18 important that the manipulator arms (206) retract with a high
acceleration to ensure they do not pull out the flexible neural electrodes or damage
tissue with lateral movements in the process. In one or more embodiments, the
manipulator arms (206) are designed using finite element analysis {FEA) to remove

matertal without sacrificing stiffness of the manipulator arm (206).

180861 The maripulator arms (206} can be made of any biocompatible material that is
stift enough for this application, examples include: titanium, stainless steel, aluminum

ot other biocompatible wetals, biocompatible 3D printed resins, and biocowpatible
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plastics. In one or more embodiments, the manipulator arms (206} are manufactured
using standard computer numerical control (CNC) machining tools (e.g., waterjet, laser
cutter, mill, etc.) as well as plastic injection molding or other conventional wachining

technique that would be appropriate.

100871 in one or more embodiments, the manipulator arms (200) support, or are
otherwise attached to, bent tubing (271). A representative bent tubing (271} is depicted
in FIGG. 2] The bent tubings (271} serve as connective structures between the micro
needles (140} and the manipulator arms (206). In one or wore embodiments, they are
fabricated trom hypodermic tubings. In one or more embodiments, they feature a 300-
pm outer diameter (OD) and a 150-pum inner diameter (D). The proximal or rear ends
of micro needles (140} are inserted into the bent tubing’s (271} inner wall and fixed by
superglue. The proximal or upper part of the bent tubing {271} is then fixed on the

manipulator arms (200) by superglue.

16088} The design of one micro needle is depicted in FIGs. 2K and 2L, in accordance
with one or more embodiments. Specifically, FIG. 2K is a side view of the micro needle
{140} and FIG. 2L is an enlarged view of the distal end of the micro needle (140}, As
depicted i FIGs. 2K and 21, the micro needle (140} has a cylindrical structure with
different diameters for different portions. In some embodiments, the bulk shaft (262)
has 100um diameter and can fit into the inner diameter of the bent tubings (271). The
bulk shaft with larger diameter ensures that the micro needle is strong enough during
insertion {i.¢., the micro needle worn't buckle) To minimize tissue damage, the bulk
shaft will not go into the veural tissue during implantation. The insertion shaft (264)
can have a diameter between 20um and 100um and will go into the neural tissue during
umplantation.  The micro tip (266) 1s used for mechanically anchoting (or threading)
with a flexible neural electrode, thus being able to drive the flexible neural electrode

into neural tissue.

100891 In review, with 32 manipulator arms (206) working together, 32 flexible neural
electrodes can be inserted into neural tissue (198) {e.g., brain}, either sirnultaneously or
sequentially. Each insertion site can be flexibly designated by an operator (e g., surgeon
and/or researcher} and can be targeted with micrometer precision and an flexible neural

electrode can be 1oserted with speeds ranging from 1 um/s to 200 mun/s. Returning to
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FIG. 1A, the controller (120} may be used to control calibration and operation of the
insertion robot (110} during surgeries in accordance with embodiments of the
disclosure. The controller {120} executes instructions or software including varnous
functionalities such as, but not limited to: inttialization of the surgical system {100} and
communication with the laser scanner (160}, The controller {120) can further receive
and respond to feedback of 1. Sensor signals from the actuators (position, speed, etc.)
and 2. Visual signals {camera or microscope, ©.g., tmaging microscope {(170)),
preoperative planning {shapes for surgical insertions), and performing surgical
procedures {single actuator control, threading neural probes, probes implantation and

retraction, eic. ).

16090} The laser scanner (160} serves as a position sensor, in accordance with
embodiments of the disclosure. The laser scanner (160) to find the real position of the
micro needies. The motors have a function to find their real space position, but this
function 1s not always reliable. The laser scanner (160} 15 used to find the micro needle
posttions in three dimensions with tens of microns precision. The laser scanner (160)
1s used in coordination with an algorithm that automatically identifies the tip or distal
end of each micro needle or wire in a three~-dimensional point cloud file returned from
the laser scanner (160). The algorithm then moves some micro needles or wires in each
direction (longitudinally, horizontally, and vertically, or along the x, y, and z axes) by
a known distance and finally performs a second scan to automatically identify the tip
ot distal end of the ruicro needles or wires again. Using the tips coordinates from the
first and second scans, and the distances each the wire has moved between the first and
second scans, the controller (or processing unit described below) calculates the
transformation matrix hinking the scanner’s longitudinal, horizontal, and vertical axes
to the micro needles longitudinal, horizontal, and vertical axes. The controlier (or
processing unit described below) then applies this matrix to the point cloud of the
second scan (reflecting the current positions of the micro needles or wires), to obtain a
matrix of tips positions that is used to update the real space positions of the wires on a
three-dimensional representation that can be displayed using a graphical user interface

{GUT) or other display.

100911 Further, the laser scanner {160} scans the micro needles (140) and neural tissue

{198} surface tor calibration and surgery planning and returns the XYZ coordinates
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{ie, an x, v, and z value according to a specified cartesian coordinate frame such as
reference coordinate system (203)) of each micro needie (140) relative to the neural
fissue surface. These coordinates may then be used to calculate the distances and
directions by which each micro needle (140) needs to move, to reach the desired
implantation placement of each flexible neural electrode designated by the operator. In
some embodiments, a registration of an image obtained by the imaging microscope
{170} and the coordinates of the micro needles (140) 15 performed. This process is
explained in greater detail below. However, with this registration, determination of
implantation placement of each flexible neural clectrode can be performed

automatically by the controller (120) and, for example, monitored by an operator.

16092} In one or more embodiments, the laser scanner (160) 1s attached to a laser linear
stage for movement in the vertical direction to obtain a full three-dimensional profile
of the micro needles (i.e., the laser scans for depth in the horizontal plane, and it is
moved at consistent speed in the vertical plane to obtain a three-dimensional profile).
The laser linear stage is controlled by Zaber Software (depicted in FIG. 12) but also has
a domain specific language (DSL) that can be interfaced using Python so the laser linear

stage can be controlled by the controller (120}

16093} The imaging microscope (170} provides live visual feedback for manual
mampulations and process monitoring, in accordance with embodiments of the
disclosure. The operator may use the microscope when threading the micro needles
{140} with the flexible neural electrodes (150}, The operator may use the imaging

microscope {170} to monitor the insertion and retraction process.

10094] in some embodiments, a beamsplitter can be mounted to the imaging
microscope (170) (or camera} coaxially and between the flexible neural electrodes
{150} and neural tissue {198} to get an overlayed image of the two views for aligning
the flexible neural electrode to the desired implantation sites {(i.e., registration of the
micro needle locations and the neural tissue). This 1s particularly useful in instances

where a top view of the neural tissue (198) surface 1s not accessible.

16095] FIG. 3A depicts the use of a beamsphitter (304) to produce an overlaid image of
the micro needles (140) {above, or “at the top,” of the beamsplitter) and a calibration

sample (305} (below, or “at the bottom,” of the beamsplitier). As will be depicted in
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FIG. 3B, a calibration sample (305) can be used to determine the relative spacing and
locations of micro needles {140} within an 1mage of the imaging microscope (170} {(in

some tnstances, a camera can be used in place of the imaging microscope).

100961 In accordance with one or more embodiments, the beamsplitter is temporarily
placed between the micro needles {140} (the micro needles {140} being supported by
the tnsertion robot (110)) and the calibration sample (305). As an example, the
calibration sample (305} can be a printed two-dimensional grid with a known line
spacing and size. An image (310} of the calibration sarople (305} is produced at the
imaging microscope {170} {or a camera) via a reflection of the calibration sample (305}
using the beamsplitter (304). As seen in FIG. 3A, a light source (302) illuminates the
micro needles (140). The light source (302} ts configured {e.g., selection of wavelength
in view of the beamsplitter) such that light (306) ermanating from the illuminated micro
needles (140} 1s reflected in the beamsplitter (304) toward a mirror (307} and then
reflected back from the mirror (307) as reflected light (308) along a nominal axis back
1o the imaging microscope {170} 10 be seen in the image (310} of the caltbration sample
(305). In some emnbodiments, an additional light source (303} 1s used to illuminate the
calibration sample (305}, With fine control of lighting using one or more of the light
source {302) and the additional light source (303) and a configured exposure condition,
a clear overlay image (315} 15 produced, the clear overlay roage (315) showing both
the micro needles (140} and the calibration sample (305). Thus, positions of the micro
needles (140} in the tmage (310) can be determined in view of the calibration sample
(305}, An example of an overlay image (315} 1s provided in FIG. 3B, As seen, a
calibration sample (305} is imaged and a gad pattern of micro needles (140} 1s seen or

overlaid in the image.

100971 Once calibrated, the calibration sample (305} is removed and replaced with
neural fissue (198). Using an umage of the neural tissue (198) and overlaid micro
needles {140), implantation sites can be determined {e.g, selected by an operator,
determined by the controller, for example, by detection and avoidance of blood vessels).
Farther, using the image with determined implantation sites and the overlaid posttions
of the micro needles (140}, planar distances between the micro needles (140} and

implantiation sites can be determined. Then, the beam splitter can be removed and the
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insertion robot {110} can perform insertion of flexible neural electrodes (150} to the

implantation sites guided by the determined planar distances.

16098} A method for operating the previously described system is described below. The
method includes two stages; namely, stage 1 and stage 2. In stage 1 an anchoring or
releasable connection between flexible neural electrodes and micro needles is
established. In stage 2, the flexible neural electrodes are implanted using the surgical

system.

180991 In stage 1 the flexible neural electrode and needle assembly is fabricated.

Process A or process B may be used. A 32-needle system is assumed for iHustration.
Stage 14 - process A of fabricating needie/thread assembly.

100104 At stage 1A 1, to initialize the system, the 32 micro needles are pre-mounted on
the tips of the 32 robot arrus, and are arranged in an ordered format, such asa 4 x 3
matrix with 2 mm spacings.

100101 Atstage FA2, the laser scanner 18 used to acquire the accurate XYZ coordinates
of each needle.

100102] At stage 1A3, the software controls the XYZ actators to move the micro
needles to form a format that can easily match the arrangement of the flexible neural
electrode assembly, such as a 1 x 32 array with 0.5-mm spacings.

100103] At stage 1A 4, the 32 micro needles engage with the 32 flexible neural
electrodes and peel the flexible neural electrodes off from the thread holder.

Stage 15 - process B of fabricating needle/thread assembly.

100104] At stagelB. 1, the 32 micro needies are pre-mounted on a needle rack with
defined inter-needle spacing, e.g. 500 pro.

{60105] At stage 1B.2, the 32-shank flexible neural electrode probe is released and
temporarily fixed on a jig and all flexible neural electrodes are aligned and held by a
flat substrate.

60106 At stage 1B.3, the 32 shanks are aligned with the 32 micro needles. The tips of
| 2 g £

microneedles are engaged in the holes at the tip of each flexible neural electrode.
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180107} At stage 1B.4, the microneedles are controlled to move forward and pick up the

flexible neural electrodes from the holder substrate.

100108] At stage 1B .5, a dissolvable bio-adhesive is applied to secure the flexible neural

electrodes to the microneedies.

{60109] I this process, the flexible neural electrode/needles assembly is a stand-alone

package that can be conventently handled and shipped.

{60110} As stated, stage 1 process B can be expanded to three different strategies,
outlined below. Note, stage 1 process B strategy 1 is discussed in greater detail with
respect to FIGs. 6 and 7TA-71. Stage I process B strategy 2 is discussed in greater detail
with respect to FIGs. 8 and 9A-9K. Stage 1 process B strategy 3 is discussed in greater

detail with respect to FIGs. 10 and 11A-11G.
Strategy (B - assembly from all-laser machined needles.

160111} At stage 1B.1.2, the 32-shank flexible neural electrode probe is released and
temporarity fixed on a jig and all flexible neural electrodes are aligned and held by a

flat substrate.

160112] At stage 1B.1.3, the 32 shanks are aligned with the 32 micro needies. The tips
of microneedles are engaged o the holes at the tip of each flexible neural electrode.

160113] At stage 1B.1.4, the microneedles are controlied to move forward and pick up
the flexible neural electrodes from the holder substrate.

100114] At stage 1B.1.5, a dissolvable bio-adhesive 1s applied to secure the flexible
neural electrodes to the microneedles.

100115 In this process, the flexible neural electrode/needles assembly 18 a stand-alone
package that can be convenently handled and shipped.

Strategy 2 - assembly from straight needles and bent tubings.

1001 16) At stage 1B.2.1, the 32 micro needles are pre-mounted on a needle rack and
fixture with defined inter-needle spacing {e.g. 500 uru). The needles are faser roachined

from straight tungsten wires.
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{00117] At stage 1B.2.2, the 32-thread flexible neural electrode probe is released and
temporarily fixed on a jig and all flexible neural electrodes are aligned and held by a

flat substrate.

{00118] At stage 1B.2.3, the 32 flexible neural electrodes are aligned with the 32 micro
needles. The tips of micro needies are engaged in the holes at the tip of each flexible
neural electrode. The micro needles are then conirolied to move forward and pick up
the tlexible neural electrodes from the holder substrate. A dissolvable bio-adhesive 15

applied to secure the flexible neural electrodes to the micro needles,

{00119] At stage 1B .2 4, the rear ends of the micro needles are inserted into and bonded

with bent tubings.

100128] At stage 1B.2.5, the flexible neural electrode/needles/tubings assembly is now
a stand-alone package that can be fixed on a mounting platform and can be conveniently

handled and transported.

1001211 At stage 1B.2.0, the manipulator arms are aligned with the upper part of the
tubings, and bond together with adhesive. The needle rack and mounting platform are

then removed.
Strategy 3 - assembly from interconnected needies and bent tubings.

100122] At stage 18B.3.1, the 32 micro needles are laser machined from sheet metal with
precisely defined inter-needle spacing {e.g. 500 um). The inter-needle spacing maiches

precisely with the inter-thread spacing of a flexible neural electrode probe.

100123] At stage 1B.3.2, the 32-shank flexible neural electrode probe is released and
temporarily fixed on a jig and all flexible neural electrodes are aligned and held by a

flat substrate.

100124] At stage 1B.3.3, the 32 shanks are aligned with the 32 micro needles. The tips
of microneedles are engaged in the holes at the tip of each flexible neural electrode.
The micro needles are then controlled to move forward all together and pick up all the
flexible neural electrodes from the holder substrate sirouitaneously. A dissolvable bio-

adhesive is applied to secure the flexible neural electrodes to the micro needies.



WO 2024/249934 PCT/US2024/032106

{00125] At stage 1B.3 4, the rear ends of the micro needles are inserted into and bonded

with laser-machined fingers or bent tubings.

100126] At stage 1B.3 .5, the flexible neural electrode/needles/tubings assernbly is now
a stand-alone package that can be fixed on a mounting platform and can be conveniently
handled and transported.

{80127] At stage 1B 3.6, the manipulator arms are aligned with the upper part of the
tubings, and bond together with adhesive. The needle rack and mounting platform are
then removed.

{00128} In Stage 2, the flexible neural electrodes are implanted using the surgical

system.
Stage 2 — operations performed during surgery.

{00129 At stage 2.1, the surgeon performs a craniotomy and durotomy if needed (skull

opening to expose brain tissue).

100134 At stage 2.2, the surgeon aligns the craniotomy site under the micro needles.
{00131 At stage 2.3, the laser scanner scans the needles and the brain surface, returoing

the accurate XYZ coordinates of every needle relative to the brain surface.

160132] At stage 2.4, a camera captures a top-view image of the brain surface and the
needles.

160133] At stage 2.5, register the image with the XY coordinates.

100134] At stage 2.6, the surgeon chooses implantation sites and marks them in the

image where to asert (FIGs. SA and SB).

100135] At stage 2.7, the surgeon decides the insertion sequence, insertion speed and

depth for each thread.
160136] At stage 2.8, start insertion.

180137} At stage 2.9, after all flexible neural electrodes are in place, the Z actuators
rapidly retract the micro needles, leaving the flexible neural electrodes inside brain

tissue.
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{00138] In accordance with one or more embodiments, stage 2 can be expanded (1.e.,

“2+7) as follows.
Stage 2+ — operations performed during surgery.

{00139] At stage 2+.1, the surgeon performs a craniotomy {and durotoroy, if veeded)
{(skuil opening to expose brain tissug).

100144 At stage 2+ 2, the surgeon aligns the craniotomy site under the micro needles.

100141} At stage 2+3

the laser scanner scans the needies and the brain surface,

2

returning the accurate XYZ coordinates of every needle relative to the brain surface.

160142] At stage 2+.4, the camera-beamsplitter system captures an image of the brain

surface and the needles overlayed (FIGs. 3A and 3B).
160143] At stage 2+.5, register the image with the XY coordinates.

100144] At stage 2+.6, the surgeon chooses implantation sites and marks them in the

image where to asert (FIGs. SA and SB).

100145} At stage 2+.7, the surgeon decides the insertion sequence, insertion speed and

depth for each thread.

160146] At stage 2+.8, start insertion.
180147} At stage 2+.9, after all flexible neural electrodes are in place, the Z actuators

rapidly retract the micro needles, leaving the flexible neural electrodes inside brain

tissue.

100148] Fi(3. 4 describes a method of using a surgical system (100} as previcusly
described to implant one or more tlexible neural electrodes (150} into neural tissue
{198} using an insertion robot {110). Specifically, FIG. 4 provides more detatls for the
expanded stage 2 operations as listed above. FEG SA depicts a determination of
implantation sites corresponding to a step of the method of FIG. 4. FIG. 5B depicts the
insertion of multiple flexible neural electrodes according to the insertion sites of FIG.
S5A. In contrast, FIGs. SC and SD, for contrast, depict a scenario where the wnsertion
robot is not used to manipulate the micro needles to determined insertion sites, resulting
in damaged neural tissue {e.g., pierced blood vessels). The use of the insertion robot

{110} may require the threading or the establishing of a releasable connection between
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the flexible neural electrodes (150) and the micro needles (140}, As such, FIGs. 6-11G
describe and depict various methods for threading flexible neural electrodes (150) and
micro needles (140} and/or fabricating a micro needie and flexible neural electrode
assembly (“needle/flexible neural electrode assembly”} for use with the insertion robot
{110}, as described herein. That is, the vartous methods depicted and described with
respect to FIGs. 6-11G can be used to fabricate a needle/flexible neural electrode
assembly. In the examples of F1Gs. 6-11G, a nanoelectronic thread (NET) 15 used as a
flexible neural electrode. Thus, in some tnstances, terms such as needle/NET assembly
may be used. However, one with ordinary skill in the art will appreciate that
embodiments of the instant disclosure are applicable to many types of flexible neural
electrodes, including nanoelectronic threads, such that the use of nanocelectronic threads

in these examples 1s non-limiting,

100149 Turning to the method (400) of FIG. 4, 1in Step 402 an operator {e.g., surgeon)
or operator’s assistant (e.g., clinical statt) performs a craniotomy to expose neural tissue
of a subject (e.g., expose the brain of a rodent). In Step 404, the operator aligns the
cramiotomy site (neural tissue) under the micro needles of the insertion robot, where it
is assumed that a flexible neural electrode is threaded or releasably connected to cach
micro needle. An example of his alignment can be seen in FIG. 3A where the micro
needles are seen above a calibration saraple. However, in this case it 1s further assumed
that a calibration of the micro needles and image acquired using an imaging microscope
{or camera) has been previously performed such that the craniotomy site 1s placed
under, or aligned with, the micro needles. In Step 406, the laser scanner 1s used to scan
all the micro needles and surface of the craniotomy site (1 e, neural tissue) to determine
accurate coordinates for each micro needle relative to the surface of the cranioctomy site.
In Step 408, the imaging microscope (or camera} and beamsplitter are used to capture
an overlay image of the craniotomy site with the micro needles. An example of an
overlay 1mage 1s provided in FIG. 3B; however, 1t 18 noted that in FIG. 3B the overlay
image depicts 4 calibration sample as opposed {0 a craniotomy site {i.e., neural tissue).
In Step 410, a registration of the overlay image of the cranictomy site and the
coordinates of the wicro needles s performed. That s, coordinates of the micro needles
determined using the laser scanner are applied to the image. In Step 412, implantation

sites on the veural tissue (1.e., within the craniotomy site) are determined.  In some
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embodiments, jmplantation sites are determoined by selection by an operator via
inspection of the image of the craniotomy site. In other embodiments, implantation
sites are deterroined by the controller of the surgical system including the insertion
robot through analysis of the image of the cranictomy site, for example, using object
detection techuiques such as machine learning  In this case, an implantation site
determined by the controller can be confirmed and/or monitored during insertion of a
flexible neural electrode by the operator.  Generally, implantation sites — whether
selected by an operator or automatically by the controller — are determined to mitigate

damage to the neural tissue, e g, by avoiding implantation in or near a blood vessel.

18015¢] FIG. SA depicts the determination of implantation sites (504) 1o accordance
with one or more embodiments. Specifically, FIG. 5A shows an image of a craniotomy
site {500}, In FIG. 5A, 32 implantation sites (504) have been determined where the
implantation sites (504) do not intersect or interact with the blood vessels (S02). Note
that in FIG. SA, to avoid cluttering the figure and to promote clarity, not all of the blood
vessels {502) and implantation sites {504} are labelled. Returning to FIG. 4, in Step
414 the operator chooses various operation parameters of the insertion robot such as:
an insertion sequence {where at least two sets of micro needles, each set containing at
least one micro needle, are inserted in an ordered sequence) or paratlel and simultaneous
insertion; insertion speed {can be specified for each micro needle}; and insertion depth
{can be specified for cach micro needle). In Step 416, with the operation parameters
chosen, the insertion process is executed by the insertion robot. FIG. SB depicts
cravtotomy site 510 and the translation of each micro needle 140 to a location directly
above its corresponding implantation site {504} as determined in Step 412, That is, in
one or more embodiments, actuators of the insertion robot move the micro needles to
form a patiern according to the determined implantations sites (504). Keeping with
FIG. 4, 1in Step 418 after all the micro needles have been 1nserted in the neural tissue at
thewr corresponding tmplantation sites (504), the micro needles are retracted rapidly
such that the flexible neural electrodes remain implanted in the neural tissue. In review,
durtng insertion, each micro needle (140) may anchor one flexible neural electrode
{150} and drive the flexible neural electrode (150} into neural tissue (198). Since the

micro needies (140} may move independently, the operator {e.g., surgeon) has the
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freedom to choose whether to insert them stmulianecusly or with a certain sequence.
Atter insertion, the micro needles {140} retract from the neural tissue (198) rapidly,

leaving the flexible neural electrode (150) implanted 1o the neural tissue (198).

{00151 FiGs. 5C and 5D, in contrast, depict the location of implantation sites assuming
an array of 4 by 8 micro needies is used {e.g., without the insertion robot (110)) to
implant the flexible neural electrodes. As seen in FIG. 5C, there are various focations
where an implantation site {504) intersects a blood vessel (502} causing damage to the
veural tissue. FIG. 5D depicts the umiforro array of micro needles (140} being

uncompliant to the locations of the blood vessels in craniotomy site 510.

160152 As stated, the use of the insertion robot (110) may require the threading or the
establishing of a releasable connection between the flexible neural electrodes (150) and
the micro needles (140). As previously stated, FIGs. 6-11G depict various methods for
fabricating a needle/flexible veural electrode assembly. 1o particular, these examples
use a nanoelectronic thread (NET) as a flexible neural electrode. Thus, in these
instances, a needle/flexible neural electrode assembly may be referred to as a
“needle/NET assembly,” or variant thereof. That is, while the following examples
depict the use of a nanoelectronic thread, this should not impose a limitation on the
instant disclosure. In general, the following methods can be readily applied to fabricate
a generalized needle/flexible neural electrode assembly.  That 15, a needle/NET
assembly is given as an example needle/flexible neural electrode assembly using a NET

as a flexible neural electrode.

1601583] FIG. 6 describes a method (600) for fabricating a micro needle and NET
assembly ("needle/NET assembly”} for use with the insertion robot (110) (i.e, stage 1,

process B, strategy 1), as described herein. In FIG. 6, in Step 602, N micro needles
with a specified geometry {(e.g., the geometry depicted in FIG. TA), are provided by
laser-machining the micro needles in the specified geometry from a metal sheet, where
Nis an integer greater than or equal to one. In one or more embodiments, N is set equal
to a number of NETs provided on a NET probe. A NET probe (710} 1s depicted in FIG.
7B. The NET probe (710} consists of one electronic backend connector (778) and a
specified number (e.g., N} of NETs {150}, The electronic backend connector (778)

contains bonding pads that transmit neural electrophysiology signals to a data collection
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device {e.g a computer). The NETs (150} are designed to be implanted 1 the neural
tissue, containing microelectrodes that record neural electrophysiclogy signals and
apply electrical stimulation. The NETs are wade of polyiruide, of thickness ranging
from I pm to 2 um. In some embodiments, Nis set equal to 32, That is, the NET probe

{710} contains 32 NETs with a defined inter-thread spacing.

100154] Returning to FIG. 7A, FIG. 7A depicts a specified geometry ftor the laser-
machined micro needles {702}, As seen, the laser-machined micro needles (702} have
two bends where each bend 1s substantially 90 degrees. As described below, the laser-
machined micro needles (702) are configured for placement in a needle fixture (704}
and a first needle rack (706). Specifically, the first needle rack (706} holds the distal
ends of the laser-machined micro needles {702} in a linear array or arrangenient with
uniform spacing between the needles {e.g., 500 pm inter-needle spacing). The needle
fixture (704) holds the proximal ends of the laser-machined micro needles (702} in a
pre-defined pattern {(e.g., a pattern that the distal ends of the manipulator arms of the
insertion robot can assume) for convenient connection of the laser-machined micro-

needles to the manipulator arms at a later ime.

100155] Keeping with FIG. 6, in Step 604 the laser-machined micro needles {702) are
mounted 10 a needle fixture (704) and a first needle rack (706}, ¥FiGs. 7C, 7D, and 7E
depict a front view {701), a side view (703}, and a top view {705} of laser-machined
micro needles (702) mounted in a needle fixture (704} and first needle rack (706},
respectively. In some embodiments, the needle fixture (704) and first needle rack (706}
are two separate elements that can be conpected as seen in FIGs. 7C-7E. In other
embodiments, the needle fixture (704) and first needle rack (706) are a single

compouent.

160156] Returning to FIG. 6, in Step 606 a NET probe (710} containing N NETs is
teraporarily attixed to ajig (708) where all the NETs of the NET probe (710} are aligned
and held fiat by a substrate (712). The jig (708}, NET probe (710), and substrate {(712)
are depicted in FIGs. 7F and 7G, where these figures provide alternative views, in
accordance with one or more erobodiments. In Step 608, the jig (708) and first needle
rack (706} are aligned such that holes provided in the distal ends of the NETs are

engaged i the tips of the laser-machined micro needles (702). Thus s facilitated by the
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inter-needle spacing of the laser-machined micro needles (702), when mounted in the
first needle rack (700), being the same as the spacing between NETs on the NET probe
(710}, FIG. 7H depicis a hole (714) provided in the distal end of a NET (150) and a

laser-machined micro needle (702) engaging in the hole (714}

100157] i Step 610, the first needle rack {706) (and, in some instances, also the needle
fixture {704)) and jig (708) are fixed relative to each other. With the needle rack (706)
and jig {708} fixed relative to each other, the laser-machined micro needles {(702) are
shid along the needle rack (706) to thread with the NETs such that the engaged laser-
machined micro needles (702} pick up the NETs (150} of the NET probe (710} from
the substrate (712}, After threading, the needle rack (706} and/or needle fixture (704)
can be tightened to prevent further movement of the laser-machined micro needles
(702} relative to the needle rack (706) fixing the position and orentation of the now-
threaded laser-machined micro needles. Finally, in Step 612 a dissolvable big-adhesive
is applied to the NETs and distal ends of the laser-machined micro needles to secure
the NETs to the laser-machined micro needles (702}, The product of the method {600)
of FIG. 6 18 a needle/NET assembly (7203, FIG. 71 depicts the needle/NET assembly
{720} in accordance with one or more embodiments. As seen, the needle/NET assembly

{720} consists of the first needle rack (706}, needle fixture (704}, N laser-machined

micro needles {702) each with av attached NET (130). FIG. 71 further depicts the non-

distal ends of the NETs (150} connected to a NET backend connector {778} for
nterfacing with an external systern such as a computer. The needle/NET assembly

{720} ts a stand-alone package that can be conveniently handled and shipped. That is,

the veedle/NET asserably (720} 1s ready for use with an insertion robot (110} as

previously described.

100158] FIG. 8 describes a method (800) for fabricating a micro needle, NET and bent
tubing assembly ("needle/NET/tubing assembly”™ or “NET cartridge”) for use with the
insertion robot (110} (i.e, stage 1, process B, strategy 2}, as described herein. The
system design for method (800) is shown, at least in part, in FIGs. 9A-91. Thus, to
facilitate the description, an image of the needle/NET/tubing assembly (910} is depicted
in FIG 9A. The needle/NET/tubing assembly {(or NET cartridge) is designed as a
standalone module that can be conveniently transferred among different locations. The

tlexible threads of NET (150} are pre-threaded on the tungsten wire micro needles
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(904}, thus elimivating the necessity of performing the delicate threading process

during surgical operation.

160159 As shown in FIGs. 9A-91, in accordance with one or more embodiments, the
needle/NET/tubing assembly cousists of five major components.  Component 1
includes a 32-thread NET probe (710): an electrode array with one electronic backend
connector {778) and 32 NETs {150}, Each thread will ultimately be implanted n the
neural tissue. Component 2 includes tungsten wire micro needles {904}, where each
micro needle anchors one thread mechauically, and ultimately will duve and tnsert the
thread into brain. After insertion, the micro needles will be retracted from the neural
tissue. Component 3 includes a needle mounting cap (902) that is a solid siructure with
micro grooves {950) that restrict {fogether with the needle mounting base (903)) the
movement of the micro needles in one dimension. Component 4 includes a needle
mounting base (903} that i3 a solid structure with micro grooves (950} that restrict
{(together with the needle mounting cap (902)) the movement of the micro needles in
one dimension. Component S includes bent tubings (271) that are 32 tubes that connect

the micro needles and the manipulator arms of an insertion robot.

100164 FIG. 9B turther depicts the needle/NET/tubing assembly {910} in a mounting
platform {908). FIG. 9C depicts an enlarged view of the needle/NET/tubing assembly
(910). FIG. 9D depicts a NET probe (710) with its NETs (1350} attached to tungsten
wire micro needles (904) supported by the needle mounting cap (902} and needle
mounting base (903}, FIG. 9E depicts a front view of the mounting base (903 ) and FIG.
OF depicts a back view of the mounting cap (902). As seen in both FIGs. 9E and OF,
both the mounting base (903} and the mounting cap (902) have micro grooves (950}
Io one or more embodiments, the micro grooves (950) have a width of 0. 1mm and a
0.5mm pitch. The micro grooves (950) are depicted in FIG. 9G. When the mounting
cap {902) and mounting base (903) are joined together, the micro grooves (950) of the
cap and base will form 32 enclosed tunnels. Each micro needle will be clamped within
one tunnel — the needle can only move back and forth along the tunnel’s longitudinal
direction as depicted in FIG. OH. FIG. 91 depicts a side of the micro needles within the

tunnels forrmed by the joining of the mounting cap (902) and the mounting base (903).
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{80161} Returming to FIG. &, in Step 802, M siraight tungsten wire roicro needles are
provided by laser-machining, where M is an integer greater than or equal to one.
Further, in Step 802, a second needle rack with a defined inter-needle spacing {e.g., 300
um} is also provided. The second needie rack may be identical to the first needle rack
as described with respect to FIG. 6. In one or more embodiments, M is set equal to a
number of NETs provided on a NET probe. In some embodiments, M is set egual to

32

{00162 In Step 804 the tungsten wire micro needles are mounted in the mounting cap
(902} and the mounting base {903} which may be considered a second needle rack. In
some embodiments, the first needle rack, as previously discussed, is identical to the
second needle rack. That is, the first needle rack can be composed of a mounting cap
and a mounting base. In Step 806 a NET probe (710) containing M NETs is temporarily
affixed to a jig (708) where all the NETs of the NET probe (710} are aligned and held
tlat by a substrate (712} The jig (708}, NET probe (710}, and substrate (712} are
depicted in FiGs. 7F and 7G, 1n accordance with one or more embodiments. In Step
308, the jig (708) and second needle rack (i.e, combination of mounting cap and
mounting base) are aligned such that holes provided in the distal ends of the NETs are
engaged in the tips of the tungsten wire micro needles. This is facilitated by the inter-
needle spacing of the tungsten wite roicro needles, when mounted 1n the second needle
rack, being the same as the spacing between NETs on the NET probe {(710). In some

ernbodiments, the second needle rack is fixed relative to the jig (708).

100163 In Step 810, single micro needles are moved (or shid) in the second needle rack
such that the engaged tungsten wire micro needles pick up the NETs (150) of the NET
probe (710} from the subsirate (712). FIGs. 93 and 9K depict the process of engaging
a tungsten wire micro needle (904) with the a NET (150} using the mounting cap (902},
mounting base {903), and jig (708). Engagement of the micro veedles to the NETs is
also known as a threading procedure or threading. Threading is designed to be
performed on a wet bench before surgical operation. The purpose of the threading
procedure is to fix gach NET and each micro needle together, forming a convenient
ready-to-use assembly. In some embodiments, once cach micro needle has been
threaded with a NET, the second needle fixture is tightened to prevent further

movement of the micro needles in the second needle rack. Returning to FIG. 8, 1n Step

[#8]
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812, a dissolvable bio-adhesive is applied to the NETs and distal ends of the tungsten
micro needles to secure the NETSs to the tungsten micro needles. Finally, in Step 814
the proximal ends of the fungsten wire roicro needles are bouded with bent tubings.
The product of the method (800) of FIG. 8 is a needle/NET/tubing assembly (910}
FIG. 9A depicts the needle/NET Aubing assernbly (910) 1in accordance with one or more
embodiments.  As seen, the needle/NET/tubing assembly (910} consists of the
mounting cap (902), mounting base (903}, M laser-machined tungsten wire micro
needles (904} each with an attached NET (150}, and bonded bent tubing {271} to the
proximal end of each tungsten wire micro needle (904). The needle/NET/tubing
assembly {910} i3 a stand-alone package that can be conveniently handled and
transported. Further, the needle/NET/tubing assembly (910) can be fixed on mounting
platform for counection of the bent tubings (271) to an insertion robot {110}, Inone or
more embodiments, the needle/NET/tubing assembly (910} is mounted on a mounting
platform (908) as depicted m FIG. 9B While on the mounting platform (908) and
proximate to an insertion robot {110}, manipulator arms of the insertion robot {110} can
be aligned with the upper or proximal ends of the beot tubings (271) and bent tubings
{271} and manipulator arms can be bond together with adhesive. Once the bent tubings
(271} and manipulator arms are adhered, the mounting cap, mounting base, and
mounting plattorm (908) can be removed readying the insertion robot (110} for

operation,

160164] FIG. 10 describes a method (1000) for fabricating an interconnected micro
ngedle and NET assembly (“interconnected needle/NET assembly”) for use with the
mnsertion robot {110) (Le, stage 1, process B, sirategy 3), as described heretn. In FIG.
10, in Step 1002, K micro needles are provided by laser-machining sheet metal, where
K is an integer greater than or equal to one. The K micro needles are interconnected,
as shown in FIG. 11A, and have a defined inter-needle spacing, i.e, interconnected
micro needles (1102}, The interconnects of the interconnected micro needles (1102}
provide nigidity and ensure the defined inter-needle spacing. In one or more
embodiments, K is set equal to a number of NETs provided on a NET probe (710). In
some embodiments, K i3 set equal to 32, FiGs. 11B and 11C show progressively
zoomed in or enlarged views of the distal ends of the interconnected micro needles

(1102}, In one or more embodiments, the interconnected micro needles (1102} are

JN)
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laser-machined to have post (1104) at their distal ends. The post (1104} is designed to

enter a hole provided at the distal end of a NET (150).

160165] Returning to FIG. 10, in Step 1004 a NET probe (710} containing K NETs is
provided with s electronic backend connector {7783 where all the NETs of the NET
probe (710) are aligned. The electronic backend connector (778), NET probe (710),
and interconnected micro needles {1102} are depicted in FIG. 7D, in accordance with
one or more embodiments. In Step 1006, the NET probe (710} and interconnected
micro needles (1102) are aligoed such the posts (1104) of the interconnected micro
needles (1102} penetrate the holes provided in the distal ends of the NETs. This is
facilitated by the inter-needle spacing of the interconnected micro needies {1102} being
the same as the spacing between NETs on the NET probe (710}, In some embodiments,
the NET probe (710} 1s affixed to a jig (708) as previously described. In these instances,
the NETs of the NET probe (710) are aligned with the interconnected micro needles

{1102) using the jig (708).

100166] In Step 1008, the interconnected micro needles (1102} are moved relative to the
NET probe (710} pick up the NETs {e.g, from a substrate or from the electronic
backend connector (778)). In step 1010, a dissolvable bio-adhesive is applied to the
NETs and distal ends of the interconnected micro needles (1102} to hold the NETs to
the interconnected micro needles (1102). Finally, in Step 1012 the proximal ends of
the interconnected micro needles (1102} are inserted into and bonded with laser-
machined fingers or bent tubings for eventual connection with the manipulator arms of
an insertion robot (110} The product of the method (1000) of FIG. 10 1s an
interconnected needle/NET assembly (1110}, FIG. 11D depicts a top view of the
interconnected needle/NET assembly (1110} along with the jig (708} supporting the
NET probe (710) including the NETs (150) where the NETs (150) are connected to the
interconnected roicro needles (1102}, 1n accordance with oune or more embodiments,
The interconnected needle/NET assembly (1110} is a stand-alone package that can be

conveniently handled and transported.
180167} FIG. 11E depicts the interconnected needle/NET assembly in accordance with
one or more embodiments. FIG. 11F depicts an enlarged view of the engagement of

the interconnected micro needles (1102) and the NETs. FIG. 11G depicts a side view
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of the interconnected needles/NET assembly as the interconnected needies are moved

to pick up the NETs.

160168] FIG 12 s a block diagram depicting the interaction and electrical
communication of various components of the surgical system (100), in accordance with

one or more embodiments.

100169] FIG. 12 depiets a computer (1202) 1ocluding a processing unut (1212). The
processing unit (1212} executes stored code or software to communicate with, control,
tune and read trom the different hardware components making up the robotic strategy
tor insertion of flexible neural electrodes, as previously described. In one or more
embodiments, the code or software is writien in Matlab and Python, but the General-
Purpose Language {GPL) for use with the methods and systems described herein is not

{imited to these languages.

160174] The graphical user interface (GUT) 1214 15 the front-end interface that allows an
operator of the surgical system (100} to perform insertions of flexible neural electrodes.
An example of the GUI(1214) 15 depicted in FIG. 13 The GUI(1214) incorporates all
necessary functionalities to conduct insertion of flexible neural electrodes from
threading to insertion to retraction of the micro needles. The GUI (1214) need not be
as depicted 1 FIG. 13 and may include different buttons and functionalities. For
example, in one or more embodiments, the GUI (1214} also displays a graphical
representation of the coordinates {e.g, position on the x, y, and z axes) of each
mantpulator arm {e.g., the distal end) and/or supported micro needle. The GUI (1214)
can be used to implement the following functions with reference to components

depicted in FIG. 12,

160171} Function 1 includes communication initialization with the controllers (1204) of
the piezo motors (1200). Note that these coutrollers are unique to the motors and should
not be conflated with the controlier (120) of FIG. 1A, Each controller (1204) includes
a microcontrolier that interfaces with a domain specific language (DSL) of the motor
(1208} (1.e., a DSL specific to the motors used in the insertion robot}. The motor DSL
enables control and tuning of the motors (1206) by the processingunmit (1212). Tt serves
as an interface between Python and the commands necessary to interact with the motors

{1206). The microcontroiler receives data from the motor DSL (1208) and then
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distributes all the commands to the motors (1206). The controlier (1204} is connected
to the computer (1202) using USB. The controlier (1204) 1s connected to up to 12
individual rootors (1206} using a 1S pin cable. In one or more embodiments, there are
8 controllers (1204) connected to the computer {1202} (controlling a total of 96 motors
{1206}), but more could be added if needed. The controller (1204} sends data to the
motor DSL (1208} continuously when the communication is started. The 96 motors
{1206) are assembled in bundles of three for movements in horizontal, longitudinal, and

vertical directions of 32 manipulator arms.

100172} Function 2 includes initialization of parameters of each individual motor (1206)
through the motor Domain Specific Language (DSL) (1208) enabling communication

between the processing unit (1212} and the controllers {1204).

100173] Function 3 includes overwriting and reading from motor parameters files
(1210). Motor parameter files (1210} may include one or more motor parameter files.
Parameters from motor parameters files (1210} are sent to the motors (1206} at
communication inytialization. Parameters in the motor parameters files (1210} can be
modified before starting the processing unit (1212 by modifving text tiles. Parameters
in the motor parameters files (1210) can also be modified by the processing unmt {1212)
during surgical procedures. This can be initiated by the operator or automaticaily done
by the processing umt (1212} during common procedures (for example during
retraction}. The parameters sometimes need o be modified during the course of an
insertion procedure as some steps require different response profiles from the motors

(1206).

100174] Function 4 includes manual motor controls. Manual motor controls can include:

?

a. Motor movements to move each of the 32 manipulator arms in 3 axes

{(horizontal, longitudinal, vertical or x, v, and 2).
b, Speed control of each motor.

¢. Homing function to return to posttion of origin {position the motor had at start

up).
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d. Indexing to find the position of each individual stage in real space (by default
each motor is initialized at software position 0 even when it 1s not at the center

of the travel range).
e. Reset motors when they encounter an error,

£ Send specific commands from a manufacturer provided list through a text input
prompt.

All the controls mentioned above can be applied to a single motor, a single atm (the 3

motors attached to a single arm), a selection of arms {from one to ali motors}, a selection

of motors for several arms (for instance to move a selection of arms along one direction

only), or all the motors (hence all the arms).

100175] Function 5 includes motors data input. The back-end program consistently
reads input from the motors over the COM port. Data 13 converted from the motor DSL
(1208} into real word unit (mm or pm). This data includes a variety of information
{current position of the rootor, desired position, error encountered, etc ). The processing
unit {1212} collects the position of the motors (1206) o display a real-time visual three-

dimensional representation of all micro needles to the GUI (1214,

160176] Function 6 wncludes micro needle {or surgical wire) registration. Using three-
dimensional point cloud data obitained by the laser scanner {160}, micro needle or wire
posttions relative 1o each other and relative 1o a reference {e.g., neural tissue surface)
can be determined. These relative positions are then fed 1nto the processing unit (1212)
that updates the real space positions of the micro needles or wires on the three-
dimensional representation discussed above. Real space here denotes a difference from
software space, that ooly includes the positions given by the motors (1206} themselves,
indicating the current positions relative to where motors (1206} were located when
turned on and not necessarily where they are positioned within their full travel range.
The processing unit {1212} combines laser scans and real-time input from the motors
{1206) to provide a live three-dimensional representation of the micro needle or wire
arrangement and neural tissue surface to precisely plan flexible neural electrodes
insertion. In general, laser scanning only needs to be done before the insertion of
flexible neural electrodes. Both the laser scanner (160) and the laser linear stage (1220)

each have a DSL (in Python) making it possible for the processing unit {1212} to send
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commands and retrieve laser scans data. Specifically, the laser linear stage (1220) is
controiled by Zaber Software (1216} but also has a DSLE that can be interfaced using
Python so the laser linear stage (1220} can be controlled by the processing unit (1212},
The laser scanner (160} is commanded by the manufacturer’s software (1218) and can
also be controiled using a DSL by the processing unit (1212} For example, the
manufacturer’s software (1218) may be the software of LI-X8C00A laser profiler
commercially available from Keyence. It communicates with the main computer
{1202} using an ethernet cable. Thus, it is possible to have a fully automated micro
needle or wire identitication process on the GUI (1214) as long as the laser scanner
{160} is properly placed in front of the micro needles or wires, or the process can be

performed outside the processing unit (1212} using the two softwares independently.

160177] Function 7 includes automatic movements of the micro needles or surgical
wirgs. Once the real space position of the wires is obtained, the processing unit (1212)
automatically calculates the movements of each motor (1206) necessary to bring the
micro needles or wires 1n a predefined desired arrangement {few examples include: a

line for threading, a 4 by 8 array, a 2 by 16 array, etc ).

100178] Function 8 includes visual feedback. The beamsplitter camera system (1226}
{e.g., as depicted o FIG. 3A), as well as an optional real time broadcast of the surgical
site can be displayed on the GUL or as standalone programs outside the processing unit
{1212}, Using beamsplitter images {e.g., FIG. 3B} imported to the processing unit
{1212), the operator 18 able to align the micro needles or wires with brain vasculature
to target specific insertion sites while avoiding blood vessels. Au artificial neural
network (e.g., 3D Convolutional Neural Network or U-Net) can be used to
automatically segrent brain tmages and isolate blood vessels from tissue to prevent
accidental puncture of blood vessels, detrimental to neural recordings and resulting in
brain damage. The operator can select insertion sites from the beamsplitter images or
perform automatic insertion at random but sparse locations using blood vessels
avoidance features, where locations of the blood vessels are determined using the
segmented images.  As discussed above, the beamsplitter is removed during the
insertion as it sits between the neural tissue and the micro needles or wires. This is
when another camera (e.g., imaging microscope) can be used to display a live imaging

of the insertion of micro needles in neural tissue if necessary.
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180179] Function 9 includes nsertion protocols. To insert the flexible neural electrodes
in neural tissues, the operator can simply click a button on the front-end of the GUI
{1214} that will lower the roicro veedles and tlexible neural electrodes in the neural
tissue. The back end will change parameters in the motor parameters files (1210} to
adapt to the requirerments of a successtul insertion (meaning ninimizing tissue scarng)
prior to lowering the micro needles into the neural tissue. Insertion depth can be tuned
altogether or individually for each arm. Insertion sequence can also be tuned by the

operator (simultaneous insertion or sequential insertion).

160188 Function 10 includes retraction protocols. Once the flexible neural electrodes
have been successfully inserted into the veural tissue, parameters in the motor
parameters files (1210} will be automatically changed to allow fast and steady retraction
of the micro needles. High acceleration i1s important to ensure that the implantable
flexible neural electrodes do not come out with the micro needles or wires when

retracting. Parameters are also tuned to reduce vibration that could induce tissue

damage.
160181} Function 11 includes communication closure.
100182 Thus, for example, embodiments disclosed herein relate to system for

implanting neural electrodes (e.g., NETs), where the system jncludes: an insertion robot
including a plurality of independently controllable end effectors, each configured to
insert a neural electrode 1oto veural tissue, with at least some of the insertions being
performed in parallel. The insertion robot further includes a plurality of robotic arms
{e.g, manipulator arms) where each of the robotic arms supports one of the end
effectors and each end effector can include a micro needle configured to insert the
neural electrode inio the neural tissue. The micro needles are independently movable
in three translational degrees of freedom, driven by actuators. In one or more
embodiments, each of the actuators is a piezoelectric motor.  In one or more
embodiments, the cardinality of the plurality of independent controliable end effectors
is 32, Further, in one or more embodiments, the neural electrode 15 a flexible neural
electrode. The system can further 1uclude a laser scanner configured to operate as a

position sensor configured to determine, for each neural electrode, a position relative
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to a surface of the neural tissue. The system can further include an irvaging microscope

configured to provide live visual feedback of the insertion to an operator {e.g., surgeon).

160183 Embodiments of the disclosure may have various applications such as brain-
computer interfaces, diagnosis and treatment of neurclogical disorders, fundamental
neuroscience research, etc. Embodiments of the disclosure allow implantation of
flexible neural electrodes that would otherwise be time-consuming and, when
performed by humans, would have poor reliability due the scale at which the surgeries
are performed (i e., small workspace, small working area or working volume) and the
fragility of flexible electrodes. A large number of flexible neural electrodes may be
simultancously implanted at a higher density and a wider variety of angles than
previously possible. The system as described can thread flexible neural electrodes,
which 1s primordial for chronic implantations. In addition, the surgical system can
implant at closer probe spacing or higher density than previously possible. Independent
posttioning of each of the flexible neural electrodes enables a superior targeting of
desired locations while avoiding undesirable locations such as blood vessels (le,

determined implantation sites).

100184} Embodiments of the disclosure reduce the need for human input and accelerate
the implantation procedures, thereby enabling repeatable and large-scale surgical
implantation of flexible neural electrodes. Embodiments of the disclosure may be used
for acute implantations or chronic implantations. Multiple, or even many flexible
neural electrodes may be inserted {even simultaneously) in neural tissue, which enables
recording from larger populations of neurons. With siroultaneous iroplantation of many
tlexible neural electrodes, the procedures time may be reduced, while targeting multiple

brain regions, and substantiaily reduce surgical injury.

{00185] Although only a few example embodiments have been described in detail above,
those skilled in the art will readily appreciate that many modifications are possible in
the example embodiments without materially departing from this invention,
Accordingly, all such modifications are intended to be included within the scope of this

disclosure as defined in the following claims.
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CLAIMS

What is claimed:

i

s

U

A system for implanting flexible neural electrodes, the system comprising:

an insertion robot comprising:

a base,

a plurality of marupulator arms each configured to support a micro needle,

and a plurality of actuators supported by the base,

wherein each manipulator arm 1s translatable in three orthogonal directions by a
corresponding actuator of the plurality of actuators,

wherein the plurality of manipulator arms is configured to reduce an area spanned by
its distal ends relative to an area spanned by the plurality of actuators; and

a controller comprising one or more processors, the controlier in electrical
communication with the insertion robot and configured to control each
manipulator arm in the plarality of manipulator arms to implant, with the micro
needle, a flexible neural electrode into neural tissue, with at least some

insertions being performed in paraliel.

The system of claim 1, wheretn each actuator in the plurality of achiators comprises
three motors arranged 1n a series, cach motor translatable in one of the three orthogonal

directions.

The system of claim 1, wherein each wanipulator arm i the plurality of manipulator
arms 1s independently controllable by the controller, wherein the controller is
configured to independently control each manipulator arm n the plurality of

manipulator arms.
The system of claim 1, wherein a cardinality of the plurality of manipulator arms is 32.

The system of claim 1, further comprising:
a laser scanner contfigured to operate as g position sensor configured to determine, for
sach manipulator amm, a position of the micro negedle supported by the

manipulator arm relative to a surface of the neural tissue.
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10.

it

i3,

The system of claum 1, further comprising:
an imaging microscope configured to provide live visual feedback of the insertions to

an operator.

The system of claim 1, further comprising a beamsplitter configured to be posiiioned
temporarily between micro needlies supported by the plurality of manipulator arms and
the neural tissue, wherein the beamsplitter s arranged to produce an overlay image of

the neural tissue and the micro ngedles at an imaging microscope or camera.

The system of claim 7, further comprising a light source configured to tlluminate the

micro needles for distinction in the overlay image.

The system of claim 8, wherein the controller 1s further configured to determine an
implantation site on the neural tissue for a micro needle supported by a mavipulator

arm of the plurality of manipulator arms.

The system of claim 9, wherein:

the system further comprises a laser scanner configured to operate as a position sensor
configured to determine, for each manipulator arm, a position of a micro needle
supported by the manipulator arm refative to a surface of the neural tissue; and

the controller is further configured to register the overlay image based on the position

of the micro needle.

The system of claim 9, wherein the controller 1s further contigured to determine a planar

distance between the implantation site and the micro needle.

~The system of claim 11, wherein the controller is further configured to position the

micro needle to its determined implantation site based on the planar distance.

A method for implanting flexible neural electrodes, the method comprising:

scanning, with a laser scanner, a craniotomy sife comprising exposed neural tissue and
proximate micro needles, forming a laser scan;

determining, based on the laser scan, coordinates of the micro needies with respect to a

surface of the craniotomy siteg;
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16

ot
~1

18

capturing an overlay image of the craniotomy site and the micro needles using a
beamsplitter and an tmaging microscope or camera;

performing a regisiration of the overlay image and the craniotomy site based on the
coordinates of the micro needles;

determining truplantation sites with the overlay 1mage;

executing an insertion process of the micro needles, each releasably connected to a
flexible neural electrode, into the neural tissue according to an insertion
sequence; and

retracting the micro needles from the neural tissue leaving, for each micro needle, an
implanted flexible neural electrode in the neural tissue at a corresponding

implantation site of the micro needle.

The method of claim 13, further comprising threading the flexible neural electrodes to

the micro needles.

. The method of claim 14, wherein threading the flexible neural electrodes to the micro

needles comprises:

arranging, by an tusertion robot, the micro needles in a first spatial pattern;

scanning, by the laser scanner, the micro needles to obtain second spatial coordinates
of the micro needles;

based on the second spatial coordinates, arranging the micro needles in a second spatial
pattern, the second spatial pattern selected to maich an arrangement of the
flexible neural electrodes of a flexible neural electrode probe;

engaging the micro needies with the flexible neural electrodes of the flexible neural
electrode probe; and

peeling the flexible neural electrodes off a substrate of the tlexible neural electrode

probe.

The method of ¢laim 15, wheretn the first spatial pattern is a matrix patiern.

. The method of claim 15, wherein the second spatial pattern s a linear pattern.

The method of claim 14, wherein threading the flexible neural electrodes to the micro

ngedles comprises:
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19.

20.

teraporarity disposing a tlexible neural electrode probe comprising the flexible neural
electrodes on a jig with the flexible neural electrodes aligned and held by a
substrate;

aligning the micro needles, interconnected or pre-mounted on a needie rack, with distal
ends of the flexible neural electrodes of the flexable neural electrode probe,
wherein the micro needles whether interconnected or pre-mounted have a
defined inter-needle spacing;

engaging tips of the micro needles in holes at the distal ends of the flexible neural
electrodes; and

picking up the flexible neural electrodes from the substrate.

A nou-transitory roachine-readable medium comprising a plurality of machine-readable
instructions executed by one or more processors associated with a computer-assisted
system, the plurality of machine-readable instructions causing the one or more

processors to perform the method of any of claim 13 to claim 18.

A method for fabricating a micro needle and flexible neural electrode assembly, the

method comprising:

temporarily disposing a flexible neural electrode probe comprising flexible neural
electrodes on a jig with the flexible neural electrodes aligned and held by a
substrate;

aligrning micro needles, interconnected or pre-mounted on a needle rack, with distal
ends of the flexible neural electrodes of the flexable veural electrode probe,
wherein the micro needles whether pre-mounted or interconnected have a
defined inter-needle spacing;

engaging tips of the micro needles in holes at the distal ends of the flexible neural
electrodes; and

picking up the flexible neural electrodes from the substrate.

. The method of claim 20, wherein the micro needles are pre-mounted on the needle rack

and the method further comprises:
applying a dissolvable bio-adhesive to secure the flexible neural electrodes to the micro

needles.
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29.

. The method of claim 20, wherein aligning the micro veedles and the distal ends of the

flexible neural electrodes comprises aligning the jig and the needle rack or the

interconnected micro needles.

. The method of claim 20, further comprising;

mounting the micro needles on the needle rack, wherein mounting the micro needles on
the needle rack comprises:

providing, by laser-machining a metal sheet, the micro needles with a specified
geometry; and

mounting the micro needles in a needle fixture and a needle rack with the defined nter-

needle spacing.

The method of claim 23, wherein the specified geometry includes two bends in the

micro needles, each bend substantially 90 degrees.

. The method of claim 20, further comprising:

mounting the micro needles on the needle rack, wherein the needle rack comprises a
mounting base and roounting cap each having a micro groove for each micro
needle and mounting the micro needles on the needle rack comprises:

disposing the micro needles in tunnels formed by the micro grooves of the mounting
cap and the mounting base through attachment of the mounting cap to the
mounting base,

wherein the micro grooves have the defined inter-needle spacing.

. The method of claim 25, wherein the micro needles are straight tungsten wires.

. The method of claim 25, further comprising supporting the needle rack in a mounting

platform.

The method of claim 25, further comprising bonding proximal ends of micro needies
) & o

with bent tubings.

The method of claim 20, wherein the micro needles are interconnectied and each of the

micro needles has a post on its distal end.
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30.

The method of claim 20, wherein picking up the flexible neural electrodes from the
substrate comprises:

moving the micro needles and the jig relative to each other.

. The method of claim 20, wherein a number of micro needles equals a number of flexible

neural electrodes of the flexible neural electrode probe.

. The method of claim 20, wherein the defined inter-needle spacing equals an inter-thread

spacing of the flexible neural electrodes of the flexible neural electrode probe.

. The method of claim 20, further comprising disposing the assembly below manipulator

arms of an insertion robot and bonding or attaching proximal ends of the micro needles

to the manipulator arms.
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w400
( Start )
! ~402
Perform craniotomy to expose neural tissue of a subject
+ 404
Align craniotomy site under micro needles
v 406

Scan, with laser scanner, micro needles and surface of
cranictomy site to determine accurate coordinates of micro
needles with respect to the surface of the craniotomy site

! ~408
Capture overlay image of ¢raniotomy site and micro needles
with beamsplitter and imaging microscope (or camera)

410

Perform regisiration of overlay image and craniotomy site in
view of coordinates of micro needles and craniotomy site
obtainad through the scan

| ~412
Determine implantation sites with the overlay image
+ ~414
Select insertion robot operation parameters
¥ 416
Execute insertion process with the insertion robot
| 418

Retract micro needles from neural tissue leaving an implanted
flexible neural electrode in the implantation site of each micro
needie

¥

End
FIG. 4



WO 2024/249934 PCT/US2024/032106

13/29

Blood Vessels Dodged Needle
Insertion Siles

FIG. 5A




WO 2024/249934 PCT/US2024/032106

14/29

E q
§ 4
b oo o o e cme cwm mwn e gme mm mm e o ome e e m mm e e omm owm 3

Blood Vessels Damaged by Needles

FIG. 5C




WO 2024/249934 PCT/US2024/032106

15/29

600

{ Start )

¥ /’602

Provide, through laser-machining from a metal sheet, N
micro needles with specified geometry

¥ 604

Mount laser-machined micro needles in a needle fixture and a
first needle rack with a defined inter-needle spacing

¥ -606

Temporarily affix an N NET probe on a jig where all NETs are
aligned and held by a flat substrate

¥ 608

Align jig and first needle rack; Engage holes in the tips of the
NETs with micro needles

! 610

Fix relative location of needle rack and jig; slide micro needles
along the needle rack fo pick up the NETs form the substrate

¥ ~612
Apply dissolvable bio-adhesive to secure NETs 1o micro neadles

¥

End

FIG. 6
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800

{ Start )

v 802

Provide, through laser-machining M straight tungsten wires and
a second needle rack with a defined inter-needle spacing

v 804
Mount tungsten micro needles in the second needle rack
i) 806

Temporarily affix an N NET probe on a jig where all NETs are
aligned and held by a flat substrate

v 808

Align jig and second needle rack; Engage holes in the tips of the
NETs with micro needles

! 810

Move micro needles in second needle rack to pick up the
NETs from the substrate

! 812
Apply dissolvable bio-adhasive to secure NETs to micro needles
v ~814

Bond proximal ends of tungsten micro needles with bent tubings

¥

End

FIG. 8
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1000

( Start )

1(}02"\ ki

Provide, through laser-machining, K micro needles from sheet metal,
the micro needles being interconnected with a defined
inter-neadle spacing and having a post on their distal ends

1004~ ¥

Temporarily affix a K NET probe on a jig where all NETs are
aligned and held by a flat substrate

1@@6“\ A

Align NET probe and inferconnected micro needles; Engage holes
in the tips of the NETs with posts of micro needles

1008~ v
Move interconneciad needies relative to NET
probe 1o pick up the NETs

1010~ ¥

Apply dissolvable bio-adhesive o secure NETs 1o micro needles

1012~ ¥

Bond proximal ends of interconnected micro needies
with bent tubings

End

FIG. 10
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