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Table 1
Material Fabrication Biocompatible Young’s Elongation  References
Process Medulus (Mpa) (%)
PDMS Spin-coating USP* Class VI <09 600 [27, 34-36]
and molding
Parylene-C CvDand O  USP* Class VI 20 200 [28, 29,
plasma 37-39]
Polyimide Spin-coating, 8830 30 [31, 40, 41]
photodefinable,
wet etching and
Oo plasma

*: United States Pharmacopeia

FIG. 7
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INTRAOCULAR PRESSURE SENSING
DEVICES AND ASSOCIATED SYSTEMS AND
METHODS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Patent Application No. 61/701,511, filed Sep. 14,
2012, which s incorporated herein by reference in its entirety.

TECHNICAL FIELD

[0002] The present technology is generally related to
intraocular pressure sensing devices and associated systems
and methods. In particular, several embodiments are directed
to continuous intraocular pressure monitoring devices.

BACKGROUND

[0003] Glaucoma is a group of eye conditions resulting in
damage to the optic nerve. The World Health Organization
has identified glaucoma as the second leading cause of blind-
ness in the world. It is estimated that glaucoma was the cause
of blindness in 8.4 million people globally in 2010, rising to
11.2 million by 2020. Increase in intraocular pressure
(“IOP”), or fluid pressure within the eye, is considered to be
one of the factors that cause glaucoma. IOP levels normally
range from 10 mmHg to 21 mmHg, but can be up to 50 mmHg
in a diseased eye. Early diagnosis and treatment of abnor-
mally high IOP can minimize or prevent optic nerve damage
and limit glaucoma-related vision loss. Conventionally, IOP
is measured by tonometry, which requires an ophthalmologist
visit. As a result, several months may pass between IOP
measurements, which is far less frequent than known circa-
dian fluctuations of I0P. Moreover, glaucoma can be a pain-
less disease that progresses gradually over a long time period,
typically rendering it unnoticeable until a loss of vision or
irreversible nerve damage occurs. Early diagnosis and treat-
ment can minimize or prevent such a result.

[0004] Conventional devices directed towards continuous
1OP monitoring suffer from several drawbacks. For example,
many conventional devices require surgery (e.g., implanting
the TOP sensing device in the anterior chamber of the eye,
embedding the IOP sensing device in an implantable pros-
thetic lens, etc.). On the other hand, many non-invasive con-
ventional devices measure pressure indirectly and thus are
inherently inaccurate. For example, one such conventional
device includes an IOP sensing device embedded within a
contact lens. Pressure is measured indirectly by corneal cur-
vature as measured by a strain gauge. The accuracy of the IOP
measurements, however, are affected as a result of variation
of the cornea thickness and diameter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] Many aspects of the present disclosure can be better
understood with reference to the following drawings. The
components in the drawings are not necessarily to scale.
Instead, emphasis is placed on illustrating clearly the prin-
ciples of the present disclosure. Furthermore, components
can be shown as transparent in certain views for clarity of
illustration only and not to indicate that the illustrated com-
ponent is necessarily transparent.

[0006] FIG. 1A is a front view of a human eye.

[0007] FIG. 1B is a schematic side cross-sectional front
view of the eye in FIG. 1A.
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[0008] FIG. 1C is an enlarged schematic illustration of an
anterior portion of the eye.

[0009] FIGS. 2A-2D illustrate a method for implanting an
intraocularlens (“IOL”) and/or capsular tension ring in accor-
dance with embodiments of the present technology

[0010] FIG. 3 is a schematic representation of an intraocu-
lar pressure monitoring system configured in accordance with
an embodiment of the present technology.

[0011] FIG. 4A is a partially schematic perspective view of
an intraocular assembly configured in accordance with an
embodiment of the present technology.

[0012] FIG. 4B is a front view of the intraocular assembly
of FIG. 4A implanted within a human eye in accordance with
an embodiment of the present technology.

[0013] FIG. 5 is a partially schematic perspective view of
an intraocular pressure sensing device configured in accor-
dance with an embodiment of the present technology.
[0014] FIG. 6 is a block diagram of a microelectronic
device configured in accordance with an embodiment of the
present technology.

[0015] FIG. 7 is a table of polymers.

[0016] FIG. 8A is a perspective view of an antenna and
associated circuitry configured in accordance with an
embodiment of the present technology.

[0017] FIG. 8B is an enlarged view of a portion of the
antenna and associated circuitry of FIG. 6A configured in
accordance with an embodiment of the present technology.
[0018] FIG. 9 is a two-turn antenna configured in accor-
dance with an embodiment of the present technology.
[0019] FIG. 10 is a three-turn antenna configured in accor-
dance with an embodiment of the present technology.
[0020] FIG. 11 is a graph of the antenna resistance measure
over 50 bending cycles.

[0021] FIG. 12 is a histogram of the antenna resistance
measured over 150 bending cycles.

[0022] FIGS. 13A-13G illustrate a method for fabricating
an antenna in accordance with embodiments of the present
technology.

[0023] FIG. 14 is a table of solder materials.

[0024] FIGS. 15A-15G illustrate a method for fabricating
an IOP sensing device in accordance with embodiments of the
present technology.

[0025] FIG. 16 shows an immobilizing structure config-
ured in accordance with the present technology.

[0026] FIGS. 17A-17F illustrate a method for implanting
an intraocular assembly in accordance with embodiments of
the present technology.

DETAILED DESCRIPTION

[0027] The present technology is generally directed to
devices, systems, and methods for wireless monitoring of
I0OP. In one embodiment, for example, an IOP monitoring
system includes an implantable intraocular assembly and an
external unit configured to be positioned at an external loca-
tion. The external unit can be configured to transmit power to
and receive data from the intraocular assembly. The intraocu-
lar assembly can include an IOP sensing device embedded
within a flexible, expandable annular member. The IOP sens-
ing device can include an antenna, a pressure sensor, and a
microelectronic device encapsulated by an elastomer.

[0028] Specific details of several embodiments of the
present technology are described herein with reference to
FIGS. 3-17F. Although many of the embodiments are
described below with respect to devices, systems, and meth-
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ods for wirelessly monitoring IOP, other pressure sensing
applications are within the scope of the present technology
(e.g., non-eye related pressure sensing, temperature sensing,
etc.). Additionally, other embodiments of the present technol-
ogy can have different configurations, components, or proce-
dures than those described herein. For example, other
embodiments can include additional elements and features
beyond those described herein, or other embodiments may
not include several of the elements and features shown and
described herein.

[0029] For ease of reference, throughout this disclosure
identical reference numbers are used to identify similar or
analogous components or features, but the use of the same
reference number does not imply that the parts should be
construed to be identical. Indeed, in many examples
described herein, the identically-numbered parts are distinct
in structure and/or function.

[0030] Generally, unless the context indicates otherwise,
the terms “anterior” and “posterior” within this disclosure
reference aposition relative to the front and back of a patient’s
body, respectively. For example, “anterior” can refer to a
position closer to the front of the eye, and “posterior” can
refer to a position that is closer to the back of the eye.

I. RELEVANT ANATOMY

[0031] FIG. 1A is a schematic front view of a human eye,
and FIG. 1B is aschematic partial cross-sectional side view of
the eye as isolated from the rest of the facial anatomy. Refer-
ring to FIGS. 1A and 1B together, the eye can generally be
divided into anterior and posterior cavities with the lens in
between. The anterior cavity can further be divided into the
anterior chamber (between the cornea’s innermost surface
and the iris) and the posterior chamber (between the iris and
the zonule of Zinn), as shown in the enlarged view of FIG. 1C.
[0032] Referring stillto F1G. 1C, the lens is held in place by
zonular fibers which connect the capsular bag to the ciliary
body. The capsular bag is a smooth, elastic collagen mem-
brane that completely surrounds the lens. The lens fibers form
the bulk of the interior of the lens. Because of its elasticity, the
capsule causes thelens to assume a more globular shape when
not under the tension of the zonular fibers. The capsule varies
from 2-28 pum in thickness, being thickest near the equator
and thinnest near the posterior pole.

[0033] A cataractis a painless, cloudy area in the lens of the
eye that blocks light from reaching the nerve layer in the
posterior cavity. Cataract surgery separates the cataract from
the capsular bag. In most cases, the lens will be replaced with
an JOL.

[0034] Phacoemulsification is a minimally invasive method
for removing the cataract as well as the anterior portion of the
capsular bag. The posterior portion of the capsular bag is left
inside the eye for several reasons, one being to support and
secure the IOL. As shown in FIG. 2A, a clinician (not shown)
makes an incision (e.g., between about 1 mm to about 3 mm)
in the eye where the cornea meets the sclera. Next, a small,
circular opening O is made in the anterior portion of the
capsular bag and a phacoemulsification probe P is inserted
into the eye (FIG. 2B). The probe P emits ultrasound energy
to break the cataract into small pieces. As shown in FIG. 2C,
the clinician then uses suction to remove the cataract and lens
pieces from the eye.

[0035] After the cataract and/or natural lens has been
removed, the IOL is positioned inside the capsular bag (FIG.
2D). The IOL is folded within the introducer for delivery to
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the capsular bag and is delivered through the same incision
used for the phacoemulsification. Once released, a portion of
the TOL exerts an outward force on the inner walls of the
capsular bag, thereby securing the [OL.

II. SELECTED EMBODIMENTS OF
INTRAOCULAR PRESSURE MONITORING
SYSTEMS AND ASSEMBLIES

[0036] FIG. 3isaschematic representation ofan IOP moni-
toring system 100 (“system 100”) configured in accordance
with an embodiment of the present technology. The IOP
monitoring system 100 can include an intraocular assembly
102 (“assembly 102”) configured for implantation in an eye
of a human patient and an external unit 104 configured to be
positioned at a location external to the patient. In some
embodiments, for example, the external unit 104 may be
configured to be removably attached to the patient’s clothing
or body. In other embodiments, however, the external unit 104
may have a different arrangement relative to the patient. The
intraocular assembly 102 is configured to wirelessly commu-
nicate with the external unit 104 for power and data transmis-
sion.

[0037] As shown in FIG. 3, the external unit 104 can
include an antenna 112 (e.g., a coil antenna) and memory and
processing circuitry 114. To communicate with the intraocu-
lar assembly 102, the antenna 112 can be configured to send
radiofrequency (“RF”) waves to the implantable assembly
102. The antenna 112 can also be configured to receive a
frequency-encoded signal from the assembly 102 via RF
backscatter. For example, the antenna 112 can receive inter-
mediate frequency modulation data from the implantable
assembly 102 and the memory and processing circuitry 114
can perform further signal processing to obtain a measured
data sample. The external unit 104 can further perform power
delivery, FM demodulation, digitalization, data storage, sam-
pling duty cycle, channel monitoring and selection and/or
other suitable functions.

[0038] FIG. 4A is a partially-schematic perspective view of
the intraocular assembly 102 in an expanded configuration,
and FIG. 4B is a front view of the intraocular assembly 102
implanted within the eye together with an IOL. In some
embodiments, the intraocular assembly 102 may be
implanted without subsequent implantation of an IOL. Refer-
ring to FIGS. 4A and 4B together, the assembly 102 includes
an IOP sensing device 130 embedded within a flexible annu-
lar member 132. Although FIG. 4A shows an annular member
132 having a closed ring-like structure, in other embodiments
the annular member 132 may have an opening along its cir-
cumference.

[0039] Since the annular member 132 comprises the outer-
most structure of the intraocular assembly 102, the shape and
size of the intraocular assembly 102 are defined by the shape
and size assumed by the annular member 132. The circular
shape of the annular member 132 allows the IOP sensing
device 130 to be embedded within the capsular bag without
impeding the patient’s vision. In some embodiments, the
annular member 132 can be torus-shaped with a major radius
between about 4 mm and about 7 mm, and a minor radius
between about | mm and about 2 mm. For example, in par-
ticular embodiments, the annular member 132 can have a
major radius between about 5.5 mm and about 6.0 mm, and a
minorradius between about 1.3 mm and 1.4 mm. Likewise, as
shown in FIG. 4B, once implanted the annular member 132
and/or assembly 102 can have an outer diameter Dy between
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about 10 mm and about 15 mm. In some embodiments, the
outer diameter Dy can be between about 12 mm and about 13
mm. In other embodiments, the annular member 132 may
have a different shape and/or different dimensions.

[0040] The annular member 132 can be made of a flexible
material capable of being compressed (e.g.. folded, squeezed,
collapsed, etc.) for delivery through an incision between
about 1 mm to about 4 mm long (e.g., between about 2 mm
and about 3 mm, about 2.6 mm, etc.). In one particular
embodiment, for example, the annular member 132 and/or
assembly 102 can have a compressed cross-sectional area of
about 2 mm by 1 mm. In some embodiments, the annular
member 132 can include one or more materials, such as
poly(ether urethane) (“PEU”) having shape memory proper-
ties that expand in response to fluid exposure. For example,
the annular member 132 can be dehydrated and compressed
for delivery. Once exposed to the fluid within the eye, the
annular member 132 can transform from the compressed,
delivery state to an expanded, torus shape as the annular
member 132 takes on a fluid volume. The polymer composi-
tion of the annular member 132 can be tailored to achieve a
resilience time of about 1.5 second to about 5.0 seconds. As
referred to herein, “resilience time” is the time required for
the dehydrated, compressed annular member 132 to relax or
expand to its circular shape when submerged in a fluid. Once
expanded, the annular member 132 can help preserve the
shape of the capsular bag and stabilize weakened, broken or
missing zonules that normally support the lens.

[0041] Referring now to the isolated view of the IOP sens-
ing device 130 in FIG. 5 (before implantation into the eye of
the patient), the device 130 can include a pressure sensor 108
and a low-power microelectronic structure 106 in electrical
connection with an antenna 110. The pressure sensor 108,
microelectronic structure 106, and antenna 110 can be encap-
sulated by an encapsulant 134. In some embodiments, the
1OP sensing device 130 may also optionally include a tem-
perature sensor (not shown). The pressure sensor 108 can be
a capacitive MEMS pressure sensor (e.g., E1.3N, microFAB
Bremen GmbH, Germany). Changes in intraocular pressure
cause a change in capacitance in the pressure sensor 108. The
change in capacitance is communicated to the microelec-
tronic structure 106, and the microelectronic structure 106
converts the change in capacitance to a change in frequency
via a low power relaxation oscillator (described below with
reference to FIG. 6). This frequency-encoded signal is sub-
sequently transmitted from the intraocular assembly 102 to
the external unit 104 via RF backscatter. Compared to con-
ventional systems using wirelessly-powered active transmit-
ters, the use of RF backscatter (e.g., passive telemetry) in the
present technology is expected to significantly reduce the size
of the implantable assembly 102 as well as the RF energy
exposure of the tissue. For example, backscatter communica-
tion for up-link communication avoids the need for an RF
oscillator and active transmitter within the implantable
assembly 102. By encoding data using analog IF modulation,
circuit complexity and communication protocol overhead in
the implantable assembly 102 are reduced since an analog-
to-digital converter and data packetization logic are not
needed. Likewise, the present technology shows a significant
reduction (e.g., 150 pW~1.1 mW) in active power dissipation
compared to conventional devices having on-chip digitaliza-
tion circuitry and/or active transmitters.

[0042] FIG. 6illustrates a block diagram ofan embodiment
of the microelectronic device 106 configured in accordance

Feb. 12, 2015

with the present technology. The microelectronic device 106
operates under low-power conditions (e.g., about 2.3 uW) and
can be wirelessly powered by RF energy provided by the
external unit 104 operating at about 2.4 GHz. In contrast with
embodiments of the microelectronic device 106, many con-
ventional intraocular device designs use inductive coupling in
the kHz to MHz range, requiring a large, multi-turn coil
inductor in the implant. Larger device size also requires a
larger incision in the patient, which necessitates stitches and
also prolongs wound recovery time.

[0043] Asshown in FIG. 6, the microelectronic device 106
can include a rectifier for RF power transfer, a relaxation
oscillator for C-to-F and temperature-to-frequency conver-
sion, and a backscatter modulator for up-link communication.
In some embodiments, the microelectronic device 106 can
have gold (Au) electrical connection pads, which have stron-
ger bonding with the metal alloy used for the antenna 110. In
other embodiments, however, other alloys may be used. Addi-
tional details on this and other suitable microelectronic
devices can be found in Shih, Y. C., B. P. Otis, and T. Shen, “A
2.3 uW wireless intraocular pressure/temperature monitor,”
IEEE J Solid State Circuits IEEE Journal of Solid-State Cir-
cuits, 2011 46(11) pp. 2592-2601, which is incorporated by
reference herein in its entirety.

[0044] Referring back again to FI1G. 5, the encapsulant 134
can have a generally circular shape and is configured to serve
as a protective layer for the antenna 110. Also, the encapsu-
lant 134 can serve as the substrate when forming the antenna
110 and the microelectronic structure 106. In particular
embodiments, the encapsulant 134 may include polydimeth-
vylsiloxane (“PDMS”). PDMS is biocompatible, chemically
inert, and has a relatively low Young’s modulus. As a result, at
least in embodiments of the present technology where the
annular member 132 is made of PEU, a PDMS encapsulant
134 will not interfere with the shape-memory capability of
the annular member 132. A comparison of PDMS with
parylene-C and polyimide, two common polymers in flexible
electronics, is presented in the table in FIG. 7. As shown in the
table of FIG. 7, both parylene-C and polymide have various
drawbacks for use in the present application. For example,
both polyimide and parylene-C have higher Young’s moduli
compared to PDMS, and polyimide is not certified as a bio-
compatible implant material. Also, both materials are
exposed to chemicals during the photolithography process
used for metal patterning, which can increase the risk of long
term low-toxicity since parylene-C and polyimide have mois-
ture absorption rates of 0.06% and 0.8-1.4% respectively.
[0045] FIG. 8A shows one embodiment of an IOP sensing
device 130 configured in accordance with the present tech-
nology with the encapsulant 134 (FIG. 5) removed for pur-
poses of illustration. As shown in FIG. 8A, the antenna 110
can be a single-turn loop antenna. In other embodiments,
however, the antenna 110 may have more than one turn to
increase power transmission efficiency. F1G. 9, for example,
illustrates an embodiment of a two-turn loop antenna 170, and
FIG. 10 illustrates yet another embodiment of an antenna 180
with three turns.

[0046] Referring back to FIG. 8A, the intraocular assembly
102 is configured to receive RF electromagnetic energy from
the external unit 104 (FIG. 3) via the antenna 110. The
antenna 110 can have a generally circular shape with a circu-
lar body 150 and two legs 152 (labeled individually as legs
1524 and 152b) that extend radially outwardly from the cir-
cular body 150. In some embodiments, the circular body 150
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can have a diameter between about 0.90 cm and about 1.10cm
(e.g., about 1 cm). In particular embodiments, the circular
body can have a width of about 200 pm and a height of about
35 um. As described in greater detail below with respect to
FIG. 11G, the legs 152a and 1525 can individually corre-
spond to openings 208 in a mold used to deliver solder during
fabrication of the antenna. As such, the legs 152¢ and 1525
can optionally be removed from the antenna 110 after fabri-
cation.

[0047] FIG. 8B is an enlarged view of a plurality of inter-
connections 162 shown in FIG. 8A that electrically connect
the microelectronic device 106, pressure sensor, temperature
sensor, and/or electronic components. In the illustrated
embodiment, the sensing device 130 includes three intercon-
nections 154a, 1545, and 154¢ that electrically connect a first
156, second 158, and/or third electronic structure 160. For
example, the first interconnection 154a can electrically con-
nect the first electronic structure 156 to a second electronic
structure 158, the second interconnection 1545 can electri-
cally connect the first, second and third electronic structures
156, 158, 160, and the third interconnection 154¢ can connect
the second 158 and third 160 electronic structures. In other
embodiments, the interconnections 162 may include different
features and/or have a different arrangement.

[0048] As described in greater detail below with reference
to FIGS. 17A-17E, the intraocular assembly 102 can experi-
ence harsh mechanical conditions during device implanta-
tion. Thus, it is important to ensure that the antenna 110 does
notloseits electrical conductivity after implantation. FIG. 11,
for example, shows the effect of applied stress on resistance
for the assembly 102 when bent with respect to an initial
position and relaxed back to the initial state. The histogram of
the measured values is plotted with respect to an initial resis-
tance in FI1G. 12. Both plots illustrate that resistance fluctu-
ates around the initial value. In other words, on average the
antenna 110 resistance can vary between about 2.7Q and
3.1Q, both of which are below the 5Q limit required for
efficient RF power reception. Since the final implantable
device will go through the process of folding and unfolding
only once, 50 bending cycles provide enough confidence for
its flexibility.

1I. SELECTED EMBODIMENTS OF 10P
SENSING DEVICES AND METHODS OF
FABRICATION

[0049] FIGS. 13A-13G illustrate a method for fabricating
an antenna (e.g., the antenna 110) in accordance with embodi-
ments of the present technology. FIGS. 13A and 13B, for
example, are top and front views, respectively, of an interme-
diate structure 203 including a patterned photoresist material
202 formed on a substrate 204 (e.g., silicon (Si)) by photoli-
thography or other methods known in the art. As shown in
FIG. 13A, the photoresist material 202 can be patterned to
define a desired antenna configuration, such as an open ring or
horseshoe-shaped configuration as shown in the illustrated
embodiment. In some embodiments, the ring-shaped photo-
resist material can have a mean radius between about 5 mm to
about 6 mm (e.g., 5.75 mm), a width between about 195-205
pm (e.g., 200 pm) and a height between about 30 um to about
40 um (e.g., 35 um). In other embodiments, the photoresist
can have other suitable shapes and configurations. For
example, the photoresist may be patterned to provide for one
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or more interconnections 162 for the one or more electrical
components, as described above with reference to FIGS. 8A
and 8B.

[0050] As shown in FIG. 13C, a first polymer material 206
(e.g., PDMS) can be formed on the substrate 204 and on the
photoresist material 202. For example, the first polymer mate-
rial 206 may be formed by spin-coating to a desired thickness
(e.g., about 130 um to about 150 um). The first polymer
material 206 may optionally be degassed under vacuum (e.g,,
about 300 Torr or less) for a desired time (e.g., about one hour)
and heat-cured. In one particular embodiment, for example,
the heat curing can be at about 70° C. for 30-40 minutes. Once
solidified, the first polymer material 206 can be detached
from the intermediate structure 203, leaving a ring-shaped
indentation 210 within the first polymer material 206 (FIG.
13D). Openings 208 can be formed through the first polymer
material 206 for solder delivery (e.g., about 0.5 mm to about
1.5 mm in diameter, about | mm in diameter, etc.) (see also
FIG. 13G). Insome embodiments, additional openings can be
formed in the first polymer material 206 that correspond to
microchannels for integration of the electronic components.
This eliminates the need of wire-bonding, which may cause
fracture under stress.

[0051] As shown in FIG. 13E, a second polymer material
214 (e.g., PDMS) (shown in phantom lines for purposes of
illustration) is then bonded to a surface 211 of the first poly-
mer material 206 adjacent the ring-shaped indentation 210 to
form the floor of the microchannel(s), including the ring-
shaped microchannel 218. In some embodiments, bonding
between the first and second polymer materials 206, 214 may
be achieved by O, plasma treatment (e.g., at about 27 W for
about one minute). The second polymer material 214 can be
formed on a substrate using the same techniques utilized in
during formation of the first polymer material 206. In some
embodiments, the second polymer material 214 can include
an embedded PCB (not shown).

[0052] Before solder delivery to the microchannel(s) 218,
the microchannel(s) 218 can optionally be surface-treated
220 to enhance interaction between the polymer mold 216
and the solder. In some embodiments, the surface treatment
may consist of a one or more surface treatment agents, such as
tri-decafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane

(e.g., applied under vacuum for at least 30 minutes). Addi-
tionally, surface treatment 220 may include application of a
10:1 PDMS mixture via spin-coating, and/or a droplet of
3-mercaptopropyltrimethoxysilane solution (0.1M solution
prepared in acetonitrile) to the microchannel(s) 218.

[0053] FIGS. 13F and 13G show front and top views,
respectively, of an intermediate structure 217 after solder
delivery to the microchannel(s) 218. Before solder delivery,
the dried polymer mold 216 can be heated to 75° C., above the
melting point of the solder. A droplet of liquid solder is
delivered to the opening 208 or inlet to the microchannel 218
and a negative pressure is applied to the other opening 208 or
inlet in order to drive solder 222 through the microchannel(s)
218. After the microchannel(s) 218 are filled with the liquid
solder 222, the mold 216 is cooled to the room temperature.
The resulting structure can be cut into a desired shape using a
CO, laser.

[0054] The above described method of IOP sensing device
130 fabrication of the present technology employs solder-
filled microchannels to form thick metal structures rather than
electroplating. As a result, the present technology avoids use
of the toxic solutions used in electroplating. Furthermore, the
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use of solder-filled microchannels allows the metal structures
to be embedded in the encapsulant so that the metal electrode
layer needed for electroplating is no longer necessary. This is
expected to reduce material costs and increase throughput.
Alloys are chosen based on indium content (e.g., to increase
the wettability of the treated PDMS surface) and the melting
point (e.g., to prevent exposing chips to high temperatures).
For example, 51% In 32.5% Bi 16.5% Sn low-temperature
solder (Indium Corp.) is often used for its melting point of 60°
C. Other commercially available solders with relatively low
melting points are described in the table in FIG. 14. Such
solder materials, however, contain Hg or Pb and thus are
classified as toxic and not a viable option for implantable
devices.

[0055] FIGS. 15A-15G illustrate another method for fabri-
cating an IOP sensing device in accordance with embodi-
ments of the present technology. The intermediate structures
of FIGS. 15A, 15B and 15E are generally similar to those
described in FIGS. 13B and 13C. FIG. 15C 15 a front view of
an intermediate structure 303 including a microelectronic
device 302 and a MEMS pressure sensor 305 immobilized on
asubstrate 304 (e.g., Si). The pressure sensor 305, microelec-
tronic device 302 (collectively referred to as electronic struc-
tures 307) and/or other additional structures can be immobi-
lized during fabrication, for example, by using magnets
placed beneath the substrate 304. As shown in FIG. 16, in
some embodiments, immobilizing structures 1400 (e.g., pho-
toresist pillars) can be utilized to hold the electronic compo-
nents in place.

[0056] As shown in FIG. 15C, a first polymer material 306
(e.g., a 10:1 PDMS mixture) can be formed on the substrate
304 and on and around the electronic structures 307. As
shown in FIG. 15D, the first polymer material 306 can be
detached from the intermediate structure 303, pulling the
electronic structures 307 with it.

[0057] As shown in FIG. 15E, the first polymer material
306 can be inverted, and a surface 311 of the first polymer
material 306 adjacent the exposed electronic structures 307 is
then bonded to a surface 211 of the first polymer material 206
adjacent the ring-shaped indentation 210. The first polymer
materials 206 and 306 are aligned for connecting the antenna
pattern to the connection pads on the electronic structures
307. The resulting structure includes one or more microchan-
nel(s) 318 where at least a portion of the floor of the micro-
channel includes an exposed contact pad for one or more
electronic structures 307.

[0058] As shown in FIG. 15F, before solder delivery to the
microchannel(s) 318, the microchannel(s) 318 can optionally
be surface-treated 220 to enhance interaction between the
newly formed polymer body 316 and the solder. Surface
treatments, for example, can be similar to those described
above with reference to FIG. 13F.

[0059] FIG.15G isa front view of an intermediate structure
317 after solder delivery to the microchannel(s) 318. Before
solder delivery, the dried polymer mold 316 can be heated to
75° C., above the melting point of the solder. A droplet of
liquid solder is delivered to the opening 208 or inlet to the
microchannel 318 and a negative pressure is applied to the
other opening 208 orinletin order to drive solder 322 through
the microchannel(s) 318. After the microchannel(s) 318 are
filled with the liquid solder 322, the mold 316 is cooled to
room temperature. The resulting structure can be cut into a
desired shape using a CO, laser or another suitable device.
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[0060] It will be appreciated that any of the foregoing fab-
rication steps described with reference to FIGS. 15A-15B
may include additional/different steps or processes.

IV. SELECTED METHODS FOR IMPLANTING
AN INTRAOCULAR ASSEMBLY

[0061] FIGS. 17A-17F illustrate a method for implanting
an intraocular assembly 102 in accordance with an embodi-
ment of the present technology. Although the method
described herein is generally similar to cataract surgery meth-
odology, any suitable implantation method may be used.
Cataract surgery methodology can be an attractive procedural
option because of the modern “microincision” trend in cata-
ract surgeries. Also, both cataract and glaucoma are observed
more often in an older population, after the age of 40. As a
result, an IOP sensing device implanted during cataract sur-
gery is expected to help early diagnosis of glaucoma in this
part of the population.

[0062] As shown in FIG. 17A, an incision (e.g., between
about 1 mm to about 3 mm) is made in the eye where the
cornea meets the sclera. During procedures that include com-
plete or partial removal of the lens, a small, circular opening
O is made in the anterior portion of the capsular bag and a
phacoemulsification probe P is inserted into the eye (FIG.
17B). The probe P emits ultrasound energy to break the cata-
ract into small pieces. As shown in FIG. 17C, the clinician
then uses suction to remove the cataract and lens pieces from
the eye. As shown in FIG. 17D, the intraocular assembly 102
1s delivered to the capsular bag by an introducer in a folded or
compressed configuration and allowed to expand inside the
capsular bag. The fluid-induced shape memory material of
the annular member 132 allows the assembly 102 to expand
within the capsular bag and exert an outward force on the
capsular bag and/or zonular fibers, thereby stabilizing the
assembly 102 within the eve (FIG. 17E). In certain proce-
dures, as illustrated by FIG. 17F, an IOL may subsequently be
implanted and may utilize the assembly 102 as an additional
support structure. For example, the IOL may have one or
more supporting members 190 push radially outwardly
against at least a portion of the circumference of the assembly
102 to secure the IOL within the capsular bag.

[0063] Conventional pressure sensing devices implanted in
the anterior chamber make it difficult to align to charging
device and the implanted device. Embodiments of the assem-
bly 102 configured in accordance with the present technol-
ogy, however, are embedded in a capsular tension ring that
does not exhibit this problem since the ring is designed as an
unmoving implant.

V. CONCLUSION

[0064] The above detailed descriptions of embodiments of
the technology are not intended to be exhaustive orto limit the
technology to the precise form disclosed above. Although
specific embodiments of, and examples for, the technology
are described above for illustrative purposes, various equiva-
lent modifications are possible within the scope of the tech-
nology, as those skilled in the relevant art will recognize. For
example, while steps are presented in a given order, alterna-
tive embodiments may perform steps in a different order. The
various embodiments described herein may also be combined
to provide further embodiments.

[0065] From the foregoing, it will be appreciated that spe-
cific embodiments of the technology have been described
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herein for purposes of illustration, but well-known structures
and functions have not been shown or described in detail to
avoid unnecessarily obscuring the description of the embodi-
ments of the technology. Where the context permits, singular
or plural terms may also include the plural or singular term,
respectively.

[0066] Moreover, unless the word “or” is expressly limited
to mean only a single item exclusive from the other items in
reference to a list of two or more items, then the use of “or” in
such a list is to be interpreted as including (a) any single item
in the list, (b) all of the items in the list, or (c) any combination
of the items in the list. Additionally, the term “comprising” is
used throughout to mean including at least the recited feature
(s) such that any greater number of the same feature and/or
additional types of other features are not precluded. It will
also be appreciated that specific embodiments have been
described herein for purposes of illustration, but that various
modifications may be made without deviating from the tech-
nology. Further, while advantages associated with certain
embodiments of the technology have been described in the
context of those embodiments, other embodiments may also
exhibit such advantages, and not all embodiments need nec-
essarily exhibit such advantages to fall within the scope of the
technology. Accordingly, the disclosure and associated tech-
nology can encompass other embodiments not expressly
shown or described herein.

I/We claim:

1. An intraocular pressure (“IOP”) monitoring system, the
1OP system comprising:

an implantable intraocular assembly configured to be posi-

tioned within a capsular bag of

a human eye, the assembly including—

an annular member;

an IOP sensing device embedded within the annular
member, the IOP sensing device comprising a micro-
electronic device, a pressure sensor configured to
measure an intraocular pressure, and a first antenna
configured to receive a radiofrequency (“RF”) signal;
and

an external unit configured to be positioned external of the

patient, the external unit including—

a second antenna configured to transmit an RF signal to
the first antenna to charge the IOP sensing device; and

memory and processing circuitry configured to convert a
pressure measurement into a frequency measurement,
wherein the pressure measurement is measured by the
pressure sensor.

2. The 1OP monitoring system of claim 1 wherein the
microelectronic device and the external unit are configured to
passively transmit pressure sensing data to the external unit
via RF backscatter.

3. The 1OP monitoring system of claim 1 wherein the
implantable intraocular assembly further includes an encap-
sulant that encapsulates at least a portion of the IOP sensing
device.

4. The 10P monitoring system of claim 3 wherein the
annular member is made of poly (ether urethane) (“PEU”).

5. The 10OP monitoring system of claim 1 wherein the
encapsulant is made of polydimethylsiloxane (“PDMS”).

6. The IOP monitoring system of claim 1 wherein the
annular member has a torus shape and is made of a fluid-
induced shape memory material.
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7. An intraocular pressure sensing device configured to be
implanted within an eye of a human patient, the intraocular
pressure sensing device comprising:

a pressure sensor configured to measure an intraocular
pressure of the eye of the patient via a capacitance mea-
surement;

a microelectronic device in electrical connection with the
pressure sensor, wherein the microelectronic device is
configured to convert the capacitance measurement to a
frequency signal; and

a single-turn loop antenna configured to receive RF elec-
tromagnetic energy to power the microelectronic device,

wherein the pressure sensor, the microelectronic device,
and the antenna are completely encapsulated by an elas-
tometic encapsulant.

8. The intraocular pressure sensing device of claim 7
wherein the encapsulant is made of polydimethylsiloxane
(“PDMS”).

9. The intraocular pressure sensing device of claim 7
wherein the annular member is made of poly (ether urethane)
(“PEU”) and is radially expandable upon exposure to a fluid.

10. The intraocular pressure sensing device of claim 7,
further including a temperature sensor in electrical connec-
tion with the microelectronic device and completely encap-
sulated by the encapsulant.

11. The intraocular pressure sensing device of claim 7
wherein the encapsulant is generally torus-shaped.

12. The intraocular pressure sensing device of claim 7
wherein the device has a compressed configuration and an
expanded configuration, and wherein:

in the compressed configuration, the device has a cross-
sectional area of less than 2 mm?, and

in the expanded configuration, the device has an outer
diameter between about 10 mm and about 15 mm.

13. A method for manufacturing an intraocular pressure

sensing device, the method comprising:

forming a ring-shaped photoresist structure on a substrate;

forming a first polymer structure on and around the photo-
resist structure on the substrate, wherein the first poly-
mer structure includes a first surface facing the substrate
and a second surface opposite the first surface and facing
away from the substrate;

forming an opening in the first polymer structure that
extends to the photoresist structure and is aligned with at
least a portion of the photoresist structure;

removing the first polymer structure from the substrate;

bonding the second surface of the first polymer structure to
a second polymer structure to create a microchannel,
wherein the second polymer defines a bottom surface of
the microchannel; and

filling at least a portion of the microchannel with a solder
material, wherein the solder material is deposited in the
microchannel through the opening in the first polymer
structure.

14. The method of claim 13 wherein the first polymer
structure and the second polymer structure together define a
first encapsulant, and wherein the method further comprises
surrounding the first encapsulant with a second encapsulant.

15. The method of claim 13 wherein the second polymer
structure includes an electronic structure, and wherein filling
at least a portion of the microchannel further comprises
depositing the solder material on at least a portion of the
electronic structure.
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16. The method of claim 13, further comprising surface
treating a portion of the second polymer structure within the
microchannel.

17. The method of claim 13 wherein the first polymer
structure and the second polymer structure together define an
encapsulant, and wherein the method further comprises fab-
ricating the encapsulant into a circular shape.

18. A method for implanting an intraocular assembly in an
eye of a human patient, the method comprising:

forming an incision between 1 mm and 3 mm in length in

the eye of the patient;

delivering the intraocular assembly in a compressed state

to a capsular bag of the eye, wherein the intraocular

assembly comprises—

an annular member;

an IOP sensing device embedded within the annular
member, the IOP sensing device comprising a micro-
electronic device, a pressure sensor configured to
measure an intraocular pressure, and an antenna con-
figured to receive a radiofrequency (“RF”) signal; and

expanding the intraocular assembly at a capsular bag of the

eye.

19. The method of claim 18 wherein expanding the
intraocular assembly includes exposing the annular member
to a fluid within the eye.

20. The method of claim 18 wherein expanding the
intraocular assembly includes asymmetrically expanding the
assembly.
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