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(57) ABSTRACT

The present disclosure provides a method including forming
a polymer layer defining a side of an eye-mountable device.
The method may also include providing an adhesive in a
ring-shaped pattern on a ring-shaped substrate or on the first
polymer layer. The method may also include providing the
ring-shaped substrate on the first polymer layer in a predeter-
mined rotational orientation. The method may also include
applying a force to one or more of the ring-shaped substrate
and the polymer layer to adhere the first polymer layer to the
ring-shaped substrate. The method may also include curing
the ring-shaped substrate and the first polymer layer.
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402

RECEIVE RADIO FREQUENCY RADIATION WITH AN
ANTENNA IN AN EYE-MOUNTABLE DEVICE INCLUDING AN
ELECTROCHEMICAL ANALYTE SENSOR

RECTIFY AND REGULATE ENERGY FROM THE RADIO
FREQUENCY RADIATION TO POWER THE ON-BOARD
ELECTRONICS

APPLY A VOLTAGE SUFFICIENT TO CAUSE
ELECTROCHEMICAL REACTIONS BETWEEN A WORKING
ELECTRODE AND A REFERENCE ELECTRODE IN THE EYE-
MOUNTABLE DEVICE

MEASURE AN AMPEROMETRIC CURRENT THROUGH THE
WORKING ELECTRODE

WIRELESSLY INDICATE THE MEASURED CURRENT WITH
THE ANTENNA

FIG. 4A
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422

INTERROGATE A WIRELESS ELECTROCHEMICAL ANALYTE
SENSOR MOUNTED IN AN EYE BY TRANSMITTING RADIO
FREQUENCY RADIATION SUFFICIENT TO POWER THE
SENSOR VIA ENERGY HARVESTED FROM THE RADIATION
LONG ENOUGH TO PERFORM A MEASUREMENT

RECEIVE BACKSCATTER RADIATION INDICATING THE
MEASUREMENT BY THE WIRELESS ELECTROCHEMICAL
ANALYTE SENSOR

DETERMINE A TEAR FILM ANALYTE CONCENTRATION
INDICATED BY THE BACKSCATTER RADIATION

FIG. 4B
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7

FORM A FIRST POLYMER LAYER

PROVIDE AN ADHESIVE IN A RING-SHAPED PATTERN ON A
RING-SHAPED SUBSTRATE OR ON THE FIRST POLYMER
LAYER

PROVIDE THE RING-SHAPED SUBSTRATE ON THE FIRST
POLYMER LAYER IN A PREDETERMINED ROTATIONAL
ORIENTATION

APPLY A FORCE TO ONE OR MORE OF THE RING-SHAPED
SUBSTRATE AND THE FIRST POLYMER LAYER TO ADHERE
THE FIRST POLYMER LAYER TO THE RING-SHAPED
SUBSTRATE

CURE THE RING-SHAPED SUBSTRATE AND THE FIRST
POLYMER LAYER

A~

FORM A SECOND POLYMER LAYER OVER THE FIRST
POLYMER LAYER AND THE RING-SHAPED SUBSTRATE
SUCH THAT THE RING-SHAPED SUBSTRATE IS
SUBSTANTIALLY ENCLOSED WITHIN THE FIRST POLYMER
LAYER AND THE SECOND POLYMER LAYER

FIG. 5



US 2015/0005602 A1

Jan. 1,2015 Sheet8of11

Patent Application Publication

SFdd
N

FIG. 6A

FIG. 6C

FIG. 6B



US 2015/0005602 A1

Jan.1,2015 Sheet 9 of 11

Patent Application Publication

N

W il d @) 233

7
y 4

FIG. 6D

600

620

618

612

1Y
AN

] G

FIG. 6E



US 2015/0005602 A1

Jan. 1,2015 Sheet 10 of 11

Patent Application Publication

600

7

IBen

RN TR :

TN

[c o]
i e
©

S

SRR (O

FIG. 6F



Patent Application Publication Jan.1,2015 Sheet11 of 11 US 2015/0005602 A1

700

7

FORM A FIRST LAYER OF BIO-COMPATIBLE MATERIAL

PROVIDE AN ADHESIVE IN A RING-SHAPED PATTERN ON A
RING-SHAPED SUBSTRATE OR ON THE FIRST LAYER OF
THE BIO-COMPATIBLE MATERIAL

PROVIDE THE RING-SHAPED SUBSTRATE ON THE FIRST
LAYER OF THE BIO-COMPATIBLE MATERIAL IN A
PREDETERMINED ROTATIONAL ORIENTATION

APPLY A FORCE TO ONE OR MORE OF THE RING-SHAPED
SUBSTRATE AND THE FIRST LAYER OF BIO-COMPATIBLE
MATERIAL TO ADHERE THE LAYER OF THE BIO-
COMPATIBLE MATERIAL TO THE RING-SHAPED SUBSTRATE

FORM A SECOND LAYER OF THE BIO-COMPATIBLE
MATERIAL TO COVER THE RING-SHAPED SUBSTRATE

ANNEAL THE FIRST LAYER OF THE BIO-COMPATIBLE
MATERIAL AND THE SECOND LAYER OF THE BIO-
COMPATIBLE MATERIAL TOGETHER TO FORM AN

ENCAPSULATED STRUCTURE

FIG. 7
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METHODS FOR ADHERING A SUBSTRATE
TO A POLYMER LAYER

BACKGROUND

[0001] Unless otherwise indicated herein, the materials
described in this section are not prior art to the claims in this
application and are not admitted to be prior art by inclusion in
this section.

[0002] A body-mountable device may be configured to
monitor health-related information based on at least one ana-
lyte detected in a fluid of a user wearing the body-mountable
device. For example, the body-mountable device may com-
prise an eye-mountable device that may be in the form of a
contact lens that includes a sensor configured to detect the at
least one analyte (e.g., glucose in a tear film of a user wearing
the eye-mountable device). The body-mountable device may
also be configured to monitor various other types of health-
related information.

SUMMARY

[0003] Inone embodiment, the present disclosure provides
amethod including forming a polymer layer defining a side of
an eye-mountable device. The method may also include pro-
viding an adhesive in a ring-shaped pattern on a ring-shaped
substrate or on the first polymer layer. The method may also
include providing the ring-shaped substrate on the first poly-
mer layer in a predetermined rotational orientation. The
method may also include applying a force to one or more of
the ring-shaped substrate and the polymer layer to adhere the
first polymer layer to the ring-shaped substrate. The method
may also include curing the ring-shaped substrate and the first
polymer layer.

[0004] In another embodiment, the present disclosure pro-
vides another method including forming a first layer of a
bio-compatible material. The method may also include pro-
viding an adhesive in a ring-shaped pattern on a ring-shaped
substrate or on the first layer of the bio-compatible material.
The method may also include providing the ring-shaped sub-
strate on the first layer of the bio-compatible material in a
predetermined rotational orientation. The method may also
include applying a force to one or more of the ring-shaped
substrate and the polymer layer to adhere the first layer of the
bio-compatible material to the ring-shaped substrate. The
method may also include forming a second layer of the bio-
compatible material to cover the ring-shaped substrate. The
method may also include annealing the first layer of the
bio-compatible material and the second layer of the bio-
compatible material together to form an encapsulated struc-
ture. The encapsulated structure includes the ring-shaped
substrate fully enclosed between the first layer of the bio-
compatible material and the second layer of the bio-compat-
ible material.

[0005] In yet another embodiment, the present disclosure
provides an eye-mountable device. The eye-mountable
device may include a first polymer layer that defines a poste-
rior side of the eye-mountable device, which may be config-
ured to be removably mounted over a corneal surface. The
eye-mountable device may also include a second polymer
layer that defines an anterior side of the eye-mountable
device, which may be configured to be compatible with eyelid
motion. The eye-mountable device may also include a ring-
shaped substrate at least partially embedded between the first
polymer layer and the second polymer layer. The ring-shaped
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substrate may be coupled to the first polymer layer via an
adhesive provided in a ring-shaped pattern on the ring-shaped
substrate or on the first polymer layer. The ring-shaped struc-
ture may be coupled to the first polymer layer in a predeter-
mined rotational orientation. The eye-mountable device may
also include an electronics module on the ring-shaped sub-
strate. The electronics module may include an electrochemi-
cal sensor having a working electrode and a reference elec-
trode, an antenna, and a controller. The controller may be
electronically connected to the electrochemical sensor and
the antenna, and the controller may be configured to control
the electrochemical sensor to obtain a sensor measurement
related to a concentration of an analyte in a fluid to which the
eye-mountable device is exposed and use the antenna to indi-
cate the sensor measurement.

[0006] These as well as other aspects, advantages, and
alternatives, will become apparent to those of ordinary skill in
the art by reading the following detailed description, with
reference where appropriate to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG.1is a block diagram of an example system that
includes an eye-mountable device in wireless communication
with an external reader.

[0008] FIG. 2A is a bottom view of an example eye-mount-
able device.
[0009] FIG. 2B is an aspect view of the example eye-

mountable device shown in FIG. 2A.

[0010] FIG. 2C is a side cross-section view of the example
eye-mountable device shown in FIGS. 2A and 2B while
mounted to a corneal surface of an eye.

[0011] FIG. 2D is a side cross-section view enhanced to
show the tear film layers surrounding the surfaces of the
example eye-mountable device when mounted as shown in
FIG. 2C.

[0012] FIG. 3 is a functional block diagram of an example
system for electrochemically monitoring a tear film analyte
concentration.

[0013] FIG. 4A is a flowchart of an example process for
operating an amperometric sensor in an eye-mountable
device to measure a tear film analyte concentration.

[0014] FIG. 4B is a flowchart of an example process for
operating an external reader to interrogate an amperometric
sensor in an eye-mountable device to measure a tear film
analyte concentration.

[0015] FIG. 5 is a flowchart illustrating a method, accord-
ing to an exemplary embodiment.

[0016] FIG. 6A is an illustration of formation of a first
polymer layer, according to an example embodiment.
[0017] FIG. 6B is anillustration of providing an adhesive in
a ring-shaped pattern on a polymer layer.

[0018] FIG. 6C is anillustration of providing an adhesive in
a ring-shaped pattern on a ring-shaped substrate.

[0019] FIG. 6D is an illustration of positioning a ring-
shaped structure on a first polymer layer in a predetermined
rotational orientation, according to an example embodiment.
[0020] FIG. 6E is an illustration of positioning a ring-
shaped structure on a first polymer layer in a predetermined
rotational orientation, according to an example embodiment.
[0021] FIG. 6F is an illustration of formation of a second
polymer layer, according to an example embodiment.
[0022] FIG. 7 is a flowchart illustrating another method,
according to an exemplary embodiment.
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DETAILED DESCRIPTION

[0023] In the following detailed description, reference is
made to the accompanying figures, which form a part hereof.
Inthe figures, similar symbols typically identify similar com-
ponents, unless context dictates otherwise. The illustrative
embodiments described in the detailed description, figures,
and claims are not meant to be limiting. Other embodiments
may be utilized, and other changes may be made, without
departing from the scope of the subject matter presented
herein. It will be readily understood that the aspects of the
present disclosure, as generally described herein, and illus-
trated in the figures, can be arranged, substituted, combined,
separated, and designed in a wide variety of different con-
figurations, all of which are explicitly contemplated herein.

1. OVERVIEW

[0024] A body-mountable device, such as a contact lens,
may be configured to monitor health-related information
based on at least one analyte detected in a fluid of a user
wearing the body-mountable device. An example body-
mountable device that comprises an eye-mountable device
may include an embedded sensor configured to detect an
analyte in a tear film of a user wearing the eye-mountable
device, such as glucose. With such an arrangement, the ana-
lyte sensor may monitor health-related information, such as
glucose level or corneal oxygen concentration. The example
eye-mountable device will now be described in greater detail.
[0025] The exposed regions of the example eye-mountable
device may include a polymeric material formed to be con-
tact-mounted to a corneal surface of an eye of a user. The
polymeric material may include a first polymer layer defining
a first side of the eye-mountable device, and a second layer
defining an anterior side of the eye-mountable device. A
substrate may be embedded in the polymeric material to
provide a mounting surface for a power supply, a controller,
an analyte sensor, and a communication antenna, as
examples. The substrate may be shaped as a flat, circular ring
(e.g., a disk with a central hole). In one embodiment, the
substrate may be shaped as a ring with a diameter of about 10
millimeters, a radial width of about 1 millimeter (e.g., an
outer radius about 1 millimeter larger than an inner radius),
and a thickness of about 50 micrometers.

[0026] The substrate may be adhered to the polymeric
material by an adhesive. However, too much adhesive may
result in the excess adhesive obstructing the viewing area of
the eye-mountable device, thereby creating an optical defect.
Further, excess adhesive may obstruct and inhibit the elec-
tronic components of the eye-mountable device. Therefore, a
precise method for adhering the substrate to the polymeric
material may be desirable.

[0027] Inone embodiment, a thin layer of adhesive may be
sprayed on one surface of the substrate, and the polymeric
material and the substrate may then be pressed together and
cured. In one example, the layer of adhesive may be less than
about 5 microns. The polymeric material and the adhesive on
the substrate may be cured thermally, with ultra-violet light,
or photo-cured, as examples. In another embodiment, a thin
layer of adhesive may be sprayed on the polymeric material,
and the substrate may then be pressed onto the polymeric
material. The combined substrate and polymeric material
may then be cured, as described above.

[0028] In yet another embodiment, a thin layer of adhesive
may be stamped onto the polymeric material and/or the sub-
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strate with a polydimethylsiloxane (PDMS) stamp. The sub-
strate and the polymeric material may then be pressed
together, and cured as described above.

[0029] As used throughout this disclosure, the anterior side
of'the eye-mountable device refers to an outward-facing side
of'the eye-mountable device, whereas the posterior side of the
eye-mountable device refers to an inward-facing side of the
eye-mountable device. In particular, when the eye-mountable
device is mounted on an eye of the user, the anterior side
corresponds to a side of the eye-mountable device that is
facing outward and thus not touching the eye of the user.
Further, when the eye-mountable device is mounted on an eye
of the user, the posterior side corresponds to a side of the
eye-mountable device that is facing inward and thus touching
the eye of the user.

[0030] It should be understood that the above examples of
the method are provided for illustrative purposes, and should
not be construed as limiting.

II. EXAMPLE SYSTEMS AND DEVICES

[0031] FIG. 1 is a block diagram of a system 100 that
includes an eye-mountable device 110 in wireless communi-
cation with an external reader 180. The exposed regions of the
eye-mountable device 110 are made of a polymeric material
120 formed to be contact-mounted to a corneal surface of an
eye. A substrate 130 is embedded in the polymeric material
120 to provide a mounting surface for a power supply 140, a
controller 150, bio-interactive electronics 160, and a commu-
nication antenna 170. The bio-interactive electronics 160 are
operated by the controller 150. The power supply 140 sup-
plies operating voltages to the controller 150 and/or the bio-
interactive electronics 160. The antenna 170 is operated by
the controller 150 to communicate information to and/or from
the eye-mountable device 110. The antenna 170, the control-
ler 150, the power supply 140, and the bio-interactive elec-
tronics 160 can all be situated on the embedded substrate 130.
Because the eye-mountable device 110 includes electronics
and is configured to be contact-mounted to an eye, it is also
referred to herein as an ophthalmic electronics platform.
[0032] To facilitate contact-mounting, the polymeric mate-
rial 120 can have a concave surface configured to adhere
(“mount™) to a moistened corneal surface (e.g., by capillary
forces with a tear film coating the corneal surface). Addition-
ally or alternatively, the eye-mountable device 110 can be
adhered by a vacuum force between the corneal surface and
the polymeric material due to the concave curvature. While
mounted with the concave surface against the eye, the out-
ward-facing surface of the polymeric material 120 can have a
convex curvature that is formed to not interfere with eye-lid
motion while the eye-mountable device 110 is mounted to the
eye. For example, the polymeric material 120 can be a sub-
stantially transparent curved polymeric disk shaped similarly
to a contact lens.

[0033] Thepolymeric material 120 can include one or more
biocompatible materials, such as those employed for use in
contact lenses or other ophthalmic applications involving
direct contact with the corneal surface. The polymeric mate-
rial 120 can optionally be formed in part from such biocom-
patible materials or can include an outer coating with such
biocompatible materials. The polymeric material 120 can
include materials configured to moisturize the corneal sur-
face, such as hydrogels and the like. In some instances, the
polymeric material 120 can be a deformable (“non-rigid”)
material to enhance wearer comfort. In some instances, the
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polymeric material 120 can be shaped to provide a predeter-
mined, vision-correcting optical power, such as can be pro-
vided by a contact lens.

[0034] The substrate 130 includes one or more surfaces
suitable for mounting the bio-interactive electronics 160, the
controller 150, the power supply 140, and the antenna 170.
The substrate 130 can be employed both as a mounting plat-
form for chip-based circuitry (e.g., by flip-chip mounting)
and/or as a platform for patterning conductive materials (e.g.,
gold, platinum, palladium, titanium, copper, aluminum, sil-
ver, metals, other conductive materials, combinations of
these, etc. to create electrodes, interconnects, antennae, etc.
In some embodiments, substantially transparent conductive
materials (e.g., indium tin oxide) can be patterned on the
substrate 130 to form circuitry, electrodes, etc. For example,
the antenna 170 can be formed by depositing a pattern of gold
or another conductive material on the substrate 130. Simi-
larly, interconnects 151, 157 between the controller 150 and
the bio-interactive electronics 160, and between the control-
ler 150 and the antenna 170, respectively, can be formed by
depositing suitable patterns of conductive materials on the
substrate 130. A combination of resists, masks, and deposi-
tion techniques can be employed to pattern materials on the
substrate 130. The substrate 130 can be a relatively rigid
material, such as polyethylene terephthalate (“PET”) or
another material sufficient to structurally support the circuitry
and/or electronics within the polymeric material 120. The
eye-mountable device 110 can alternatively be arranged with
a group of unconnected substrates rather than a single sub-
strate. For example, the controller 150 and a bio-sensor or
other bio-interactive electronic component can be mounted to
one substrate, while the antenna 170 is mounted to another
substrate and the two can be electrically connected via the
interconnects 157.

[0035] Insome embodiments, the bio-interactive electron-
ics 160 (and the substrate 130) can be positioned away from
the center of the eye-mountable device 110 and thereby avoid
interference with light transmission to the eye through the
center of the eye-mountable device 110. For example, where
the eye-mountable device 110 is shaped as a concave-curved
disk, the substrate 130 can be embedded around the periphery
(e.g., near the outer circumference) of the disk. In some
embodiments, the bio-interactive electronics 160 (and the
substrate 130) can be positioned in the center region of the
eye-mountable device 110. The bio-interactive electronics
160 and/or substrate 130 can be substantially transparent to
incoming visible light to mitigate interference with light
transmission to the eye. Moreover, in some embodiments, the
bio-interactive electronics 160 can include a pixel array 164
that emits and/or transmits light to be perceived by the eye
according to display driver instructions. Thus, the bio-inter-
active electronics 160 can optionally be positioned in the
center of the eye-mountable device so as to generate perceiv-
able visual cues to a wearer of the eye-mountable device 110,
such as by displaying information via the pixel array 164.

[0036] The substrate 130 can be shaped as a flattened ring
with a radial width dimension sufficient to provide a mount-
ing platform for the embedded electronics components. The
substrate 130 can have a thickness sufficiently small to allow
the substrate 130 to be embedded in the polymeric material
120 without influencing the profile of the eye-mountable
device 110. The substrate 130 can have a thickness suffi-
ciently large to provide structural stability suitable for sup-
porting the electronics mounted thereon. For example, the
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substrate 130 can be shaped as a ring with a diameter of about
10 millimeters, a radial width of about 1 millimeter (e.g., an
outer radius 1 millimeter larger than an inner radius), and a
thickness of about 50 micrometers. The substrate 130 can
optionally be aligned with the curvature of the eye-mounting
surface of the eye-mountable device 110 (e.g., convex sur-
face). For example, the substrate 130 can be shaped along the
surface of an imaginary cone between two circular segments
that define an inner radius and an outer radius. In such an
example, the surface of the substrate 130 along the surface of
the imaginary cone defines an inclined surface that is approxi-
mately aligned with the curvature of the eye mounting surface
at that radius.

[0037] Thepower supply 140 is configured to harvest ambi-
ent energy to power the controller 150 and bio-interactive
electronics 160. For example, a radio-frequency energy-har-
vesting antenna 142 can capture energy from incident radio
radiation. Additionally or alternatively, solar cell(s) 144
(“photovoltaic cells”) can capture energy from incoming
ultraviolet, visible, and/or infrared radiation. Furthermore, an
inertial power scavenging system can be included to capture
energy from ambient vibrations. The energy harvesting
antenna 142 can optionally be a dual-purpose antenna that is
also used to communicate information to the external reader
180. That is, the functions of the communication antenna 170
and the energy harvesting antenna 142 can be accomplished
with the same physical antenna.

[0038] A rectifier/regulator 146 can be used to condition
the captured energy to a stable DC supply voltage 141 that is
supplied to the controller 150. For example, the energy har-
vesting antenna 142 can receive incident radio frequency
radiation. Varying electrical signals on the leads of the
antenna 142 are output to the rectifier/regulator 146. The
rectifier/regulator 146 rectifies the varying electrical signals
to a DC voltage and regulates the rectified DC voltage to a
level suitable for operating the controller 150. Additionally or
alternatively, output voltage from the solar cell(s) 144 can be
regulated to a level suitable for operating the controller 150.
The rectifier/regulator 146 can include one or more energy
storage devices to mitigate high frequency variations in the
ambient energy gathering antenna 142 and/or solar cell(s)
144. For example, one or more energy storage devices (e.g., a
capacitor, an inductor, etc.) can be connected in parallel
across the outputs of the rectifier 146 to regulate the DC
supply voltage 141 and configured to function as a low-pass
filter.

[0039] The controller 150 is turned on when the DC supply
voltage 141 is provided to the controller 150, and the logic in
the controller 150 operates the bio-interactive electronics 160
and the antenna 170. The controller 150 can include logic
circuitry configured to operate the bio-interactive electronics
160 so as to interact with a biological environment of the
eye-mountable device 110. The interaction could involve the
use of one or more components, such an analyte bio-sensor
162, in bio-interactive electronics 160 to obtain input from the
biological environment. Additionally or alternatively, the
interaction could involve the use of one or more components,
such as pixel array 164, to provide an output to the biological
environment.

[0040] Inoneexample, the controller 150 includes a sensor
interface module 152 that is configured to operate analyte
bio-sensor 162. The analyte bio-sensor 162 can be, for
example, an amperometric electrochemical sensor that
includes a working electrode and a reference electrode. A
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voltage can be applied between the working and reference
electrodes to cause an analyte to undergo an electrochemical
reaction (e.g., a reduction and/or oxidation reaction) at the
working electrode. The electrochemical reaction can generate
an amperometric current that can be measured through the
working electrode. The amperometric current can be depen-
dent on the analyte concentration. Thus, the amount of the
amperometric current that is measured through the working
electrode can provide an indication of analyte concentration.
In some embodiments, the sensor interface module 152 can
be a potentiostat configured to apply a voltage difference
between working and reference electrodes while measuring a
current through the working electrode.

[0041] Insome instances, a reagent can also be included to
sensitize the electrochemical sensor to one or more desired
analytes. For example, a layer of glucose oxidase (“GOD”)
proximal to the working electrode can catalyze glucose into
hydrogen peroxide (H,O,). The hydrogen peroxide can then
be oxidized at the working electrode, which releases electrons
to the working electrode, resulting in an amperometric cur-
rent that can be measured through the working electrode.

glucose+0,°—=PH,0,+gluconolactone

H,0,—2H*+0,+2e~

[0042] The current generated by either reduction or oxida-
tion reactions is approximately proportionate to the reaction
rate. Further, the reaction rate is dependent on the rate of
analyte molecules reaching the electrochemical sensor elec-
trodes to fuel the reduction or oxidation reactions, either
directly or catalytically through a reagent. In a steady state,
where analyte molecules diffuse to the electrochemical sen-
sor electrodes from a sampled region at approximately the
same rate that additional analyte molecules diffuse to the
sampled region from surrounding regions, the reaction rate is
approximately proportionate to the concentration of the ana-
lyte molecules. The current measured through the working
electrode thus provides an indication of the analyte concen-
tration.

[0043] The controller 150 can optionally include a display
driver module 154 for operating a pixel array 164. The pixel
array 164 can be an array of separately programmable light
transmitting, light reflecting, and/or light emitting pixels
arranged in rows and columns. The individual pixel circuits
can optionally include liquid crystal technologies, microelec-
tromechanical technologies, emissive diode technologies,
etc. to selectively transmit, reflect, and/or emit light accord-
ing to information from the display driver module 154. Such
a pixel array 164 can also optionally include more than one
color of pixels (e.g., red, green, and blue pixels) to render
visual content in color. The display driver module 154 can
include, for example, one or more data lines providing pro-
gramming information to the separately programmed pixels
in the pixel array 164 and one or more addressing lines for
setting groups of pixels to receive such programming infor-
mation. Such a pixel array 164 situated on the eye can also
include one or more lenses to direct light from the pixel array
to a focal plane perceivable by the eye.

[0044] The controller 150 can also include a communica-
tion circuit 156 for sending and/or receiving information via
the antenna 170. The communication circuit 156 can option-
ally include one or more oscillators, mixers, frequency injec-
tors, etc. to modulate and/or demodulate information on a
carrier frequency to be transmitted and/or received by the
antenna 170. In some examples, the eye-mountable device
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110 is configured to indicate an output from a bio-sensor by
modulating an impedance of the antenna 170 in a manner that
is perceivably by the external reader 180. For example, the
communication circuit 156 can cause variations in the ampli-
tude, phase, and/or frequency of backscatter radiation from
the antenna 170, and such variations can be detected by the
reader 180.

[0045] The controller 150 is connected to the bio-interac-
tive electronics 160 via interconnects 151. For example,
where the controller 150 includes logic elements imple-
mented in an integrated circuit to form the sensor interface
module 152 and/or display driver module 154, a patterned
conductive material (e.g., gold, platinum, palladium, tita-
nium, copper, aluminum, silver, metals, combinations of
these, etc.) can connect a terminal on the chip to the bio-
interactive electronics 160. Similarly, the controller 150 is
connected to the antenna 170 via interconnects 157.

[0046] It is noted that the block diagram shown in FIG. 1 is
described in connection with functional modules for conve-
nience in description. However, embodiments of the eye-
mountable device 110 can be arranged with one or more of the
functional modules (“sub-systems”) implemented in a single
chip, integrated circuit, and/or physical feature. For example,
while the rectifier/regulator 146 is illustrated in the power
supply block 140, the rectifier/regulator 146 can be imple-
mented in a chip that also includes the logic elements of the
controller 150 and/or other features of the embedded elec-
tronics in the eye-mountable device 110. Thus, the DC supply
voltage 141 that is provided to the controller 150 from the
power supply 140 can be a supply voltage that is provided on
a chip by rectifier and/or regulator components the same chip.
That is, the functional blocks in FIG. 1 shown as the power
supply block 140 and controller block 150 need not be imple-
mented as separated modules. Moreover, one or more of the
functional modules described in FIG. 1 can be implemented
by separately packaged chips electrically connected to one
another.

[0047] Additionally or alternatively, the energy harvesting
antenna 142 and the communication antenna 170 can be
implemented with the same physical antenna. For example, a
loop antenna can both harvest incident radiation for power
generation and communicate information via backscatter
radiation.

[0048] The external reader 180 includes an antenna 188 (or
group of more than one antennae) to send and receive wireless
signals 171 to and from the eye-mountable device 110. The
external reader 180 also includes a computing system with a
processor 186 in communication with a memory 182. The
memory 182 is a non-transitory computer-readable medium
that can include, without limitation, magnetic disks, optical
disks, organic memory, and/or any other volatile (e.g. RAM)
or non-volatile (e.g. ROM) storage system readable by the
processor 186. The memory 182 can include a data storage
183 to store indications of data, such as sensor readings (e.g.,
from the analyte bio-sensor 162), program settings (e.g., to
adjust behavior of the eye-mountable device 110 and/or exter-
nal reader 180), etc. The memory 182 can also include pro-
gram instructions 184 for execution by the processor 186 to
cause the external reader 180 to perform processes specified
by the instructions 184. For example, the program instruc-
tions 184 can cause external reader 180 to provide a user
interface that allows for retrieving information communi-
cated from the eye-mountable device 110 (e.g., sensor out-
puts from the analyte bio-sensor 162). The external reader
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180 can also include one or more hardware components for
operating the antenna 188 to send and receive the wireless
signals 171 to and from the eye-mountable device 110. For
example, oscillators, frequency injectors, encoders, decod-
ers, amplifiers, filters, etc. can drive the antenna 188 accord-
ing to instructions from the processor 186.

[0049] The external reader 180 can be a smart phone, digi-
tal assistant, or other portable computing device with wireless
connectivity sufficient to provide the wireless communica-
tion link 171. The external reader 180 can also be imple-
mented as an antenna module that can be plugged in to a
portable computing device, such as in an example where the
communication link 171 operates at carrier frequencies not
commonly employed in portable computing devices. In some
instances, the external reader 180 is a special-purpose device
configured to be worn relatively near a wearer’s eye to allow
the wireless communication link 171 to operate with a low
power budget. For example, the external reader 180 can be
integrated in a piece of jewelry such as a necklace, earing, etc.
or integrated in an article of clothing worn near the head, such
as a hat, headband, etc.

[0050] Inan example where the eye-mountable device 110
includes an analyte bio-sensor 162, the system 100 can be
operated to monitor the analyte concentration in tear film on
the surface of the eye. Thus, the eye-mountable device 110
can be configured as a platform for an ophthalmic analyte
bio-sensor. The tear film is an aqueous layer secreted from the
lacrimal gland to coat the eye. The tear film is in contact with
the blood supply through capillaries in the structure of the eye
and includes many biomarkers found in blood that are ana-
lyzed to characterize a person’s health condition(s). For
example, the tear film includes glucose, calcium, sodium,
cholesterol, potassium, other biomarkers, etc. The biomarker
concentrations in the tear film can be systematically different
than the corresponding concentrations of the biomarkers in
the blood, but a relationship between the two concentration
levels can be established to map tear film biomarker concen-
tration values to blood concentration levels. For example, the
tear film concentration of glucose can be established (e.g.,
empirically determined) to be approximately one tenth the
corresponding blood glucose concentration. Thus, measuring
tear film analyte concentration levels provides a non-invasive
technique for monitoring biomarker levels in comparison to
blood sampling techniques performed by lancing a volume of
blood to be analyzed outside a person’s body. Moreover, the
ophthalmic analyte bio-sensor platform disclosed here can be
operated substantially continuously to enable real time moni-
toring of analyte concentrations.

[0051] To perform a reading with the system 100 config-
ured as a tear film analyte monitor, the external reader 180 can
emit radio frequency radiation 171 that is harvested to power
the eye-mountable device 110 via the power supply 140.
Radio frequency electrical signals captured by the energy
harvesting antenna 142 (and/or the communication antenna
170) are rectified and/or regulated in the rectifier/regulator
146 and a regulated DC supply voltage 147 is provided to the
controller 150. The radio frequency radiation 171 thus turns
on the electronic components within the eye-mountable
device 110. Once turned on, the controller 150 operates the
analyte bio-sensor 162 to measure an analyte concentration
level. For example, the sensor interface module 152 can apply
a voltage between a working electrode and a reference elec-
trode in the analyte bio-sensor 162. The applied voltage can
be sufficient to cause the analyte to undergo an electrochemi-
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cal reaction at the working electrode and thereby generate an
amperometric current that can be measured through the work-
ing electrode. The measured amperometric current can pro-
vide the sensor reading (“result”) indicative of the analyte
concentration. The controller 150 can operate the antenna 170
to communicate the sensor reading back to the external reader
180 (e.g., via the communication circuit 156). The sensor
reading can be communicated by, for example, modulating an
impedance of the communication antenna 170 such that the
modulation in impedance is detected by the external reader
180. The modulation in antenna impedance can be detected
by, for example, backscatter radiation from the antenna 170.

[0052] In some embodiments, the system 100 can operate
to non-continuously (“intermittently”) supply energy to the
eye-mountable device 110 to power the controller 150 and
electronics 160. For example, radio frequency radiation 171
can be supplied to power the eye-mountable device 110 long
enough to carry out a tear film analyte concentration mea-
surement and communicate the results. For example, the sup-
plied radio frequency radiation can provide sufficient power
to apply a potential between a working electrode and a refer-
ence electrode sufficient to induce electrochemical reactions
atthe working electrode, measure the resulting amperometric
current, and modulate the antenna impedance to adjust the
backscatter radiation in a manner indicative of the measured
amperometric current. In such an example, the supplied radio
frequency radiation 171 can be considered an interrogation
signal from the external reader 180 to the eye-mountable
device 110 to request a measurement. By periodically inter-
rogating the eye-mountable device 110 (e.g., by supplying
radio frequency radiation 171 to temporarily turn the device
on) and storing the sensor results (e.g., via the data storage
183), the external reader 180 can accumulate a set of analyte
concentration measurements over time without continuously
powering the eye-mountable device 110.

[0053] Further, some embodiments of the system may
include privacy controls which may be automatically imple-
mented or controlled by the wearer of the device. For
example, where a wearer’s collected physiological parameter
data and health state data are uploaded to a cloud computing
network for trend analysis by a clinician, the data may be
treated in one or more ways before it is stored or used, so that
personally identifiable information is removed. For example,
a user’s identity may be treated so that no personally identi-
fiable information can be determined for the user, or a user’s
geographic location may be generalized where location infor-
mation is obtained (such as to a city, ZIP code, or state level),
so that a particular location of a user cannot be determined.

[0054] Additionally or alternatively, wearers of a device
may be provided with an opportunity to control whether or
how the device collects information about the wearer (e.g.,
information about a user’s medical history, social actions or
activities, profession, a user’s preferences, or a user’s current
location), or to control how such information may be used.
Thus, the wearer may have control over how information is
collected about him or her and used by a clinician or physician
or other user of the data. For example, a wearer may elect that
data, such as health state and physiological parameters, col-
lected from his or her device may only be used for generating
an individual baseline and recommendations in response to
collection and comparison of his or her own data and may not
be used in generating a population baseline or for use in
population correlation studies.
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[0055] FIG.2A is a bottom view of an example eye-mount-
able device 210. FIG. 2B is an aspect view of the example
eye-mountable device 210. It is noted that relative dimensions
in FIGS. 2A and 2B are not necessarily to scale, but have been
rendered for purposes of explanation only in describing the
arrangement of the example eye-mountable device 210.
[0056] The eye-mountable device 210 may include a poly-
meric material 220, which may be a substantially transparent
material to allow incident light to be transmitted to the eye.
The polymeric material 220 may include one or more bio-
compatible materials similar to those employed to form
vision correction and/or cosmetic contact lenses in optom-
etry, such as polyethylene terephthalate (“PET”), polymethyl
methacrylate (“PMMA”), polyhydroxyethylmethacrylate
(“polyHEMA™), silicone hydrogels, or any combinations of
these. Other polymeric materials may also be envisioned. The
polymeric material 220 may include materials configured to
moisturize the corneal surface, such as hydrogels and the like.
In some embodiments, the polymeric material 220 is a
deformable (“non-rigid””) material to enhance wearer com-
fort.

[0057] To facilitate contact-mounting, the eye-mountable
device 210 may comprise a concave surface 226 configured to
adhere (“mount™) to a moistened corneal surface (e.g., by
capillary forces with a tear film coating the corneal surface).
The bottom view in FIG. 2A faces the concave surface 226.
While mounted with the concave surface against the eye, a
convex surface 224 of eye-mountable device 210 is formed so
as not to interfere with eye-lid motion while the eye-mount-
able device 210 is mounted to the eye. From the bottom view
shown in FIG. 2A, an outer periphery 222, near the outer
circumference of the eye-mountable device 210 has a concave
curve shape, whereas a central region 221, near the center of
the eye-mountable device 210, has a convex curve shape.
[0058] The eye-mountable device 210 can have dimensions
similar to a vision correction and/or cosmetic contact lenses,
such as a diameter of approximately 1 centimeter, and a
thickness of about 0.1 to about 0.5 millimeters. However, the
diameter and thickness values are provided for explanatory
purposes only. In some embodiments, the dimensions of the
eye-mountable device 210 may be selected according to the
size and/or shape of the corneal surface of the wearer’s eye. In
some embodiments, the eye-mountable device 210 is shaped
to provide a predetermined, vision-correcting optical power,
such as provided by a prescription contact lens.

[0059] A sensing platform 230 is embedded in the eye-
mountable device 210. The sensing platform 230 can be
embedded to be situated near or along the outer periphery
222, away from the central region 221. Such a position
ensures that the sensing platform 230 will not interfere with a
wearer’s vision when the eye-mountable device 210 is
mounted on a wearer’s eye, because it is positioned away
from the central region 221 where incident light is transmitted
to the eye-sensing portions of the eye. Moreover, portions of
the sensing platform 230 can be formed of a transparent
material to further mitigate effects on visual perception.
[0060] The sensing platform 230 may be shaped as a flat,
circular ring (e.g., a disk with a centered hole). The flat
surface of the sensing platform 230 (e.g., along the radial
width) allows for mounting electronics such as chips (e.g., via
flip-chip mounting) and for patterning conductive materials
to form electrodes, antenna(e), and/or interconnections. The
sensing platform 230 and the polymeric material 220 may be
approximately cylindrically symmetric about a common cen-
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tral axis. The sensing platform 230 may have, for example, a
diameter of about 10 millimeters, a radial width of about 1
millimeter (e.g., an outer radius 1 millimeter greater than an
inner radius), and a thickness of about 50 micrometers. These
dimensions are provided for example purposes only, and in no
way limit the present disclosure.

[0061] A loop antenna 270, controller 250, and bio-inter-
active electronics 260 are included in the sensing platform
230. The controller 250 may be a chip including logic ele-
ments configured to operate the bio-interactive electronics
260 and the loop antenna 270, and may be the same as or
similar to the controller 150 discussed in connection with
FIG. 1. The controller 250 is electrically connected to the loop
antenna 270 by interconnects 257 also situated on the sub-
strate 230. Similarly, the controller 250 is electrically con-
nected to the bio-interactive electronics 260 by an intercon-
nect 251. The interconnects 251, 257, the loop antenna 270,
and any conductive electrodes (e.g., for an electrochemical
analyte bio-sensor, etc.) may be formed from any type of
conductive material and may be patterned by any process that
be used for patterning such materials, such as deposition or
photolithography, for example. The conductive materials pat-
terned on the substrate 230 may be, for example, gold, plati-
num, palladium, titanium, carbon, aluminum, copper, silver,
silver-chloride, conductors formed from noble materials,
metals, or any combinations of these materials. Other mate-
rials may also be envisioned.

[0062] AsshowninFIG. 2A, the bio-interactive electronics
module 260 is on a side of the sensing platform 230 facing the
convex surface 224. Where the bio-interactive electronics
module 260 includes an analyte bio-sensor, for example,
mounting such a bio-sensor on the sensing platform 230 to be
close to the convex surface 224 allows the bio-sensor to sense
analyte that has diffused through convex surface 224 or has
reached the bio-sensor through a channel in the convex sur-
face 224 (FIGS. 2C and 2D show a channel 272).

[0063] The loop antenna 270 is a layer of conductive mate-
rial patterned along the flat surface of the substrate 230 to
form a flat conductive ring. The loop antenna 270 may be the
same as or similar to the antenna 170 described in connection
with FIG. 1. In some example embodiments, the loop antenna
270 does not form a complete loop. For example, the loop
antenna 270 may include a cutout to allow room for the
controller 250 and bio-interactive electronics 260, as illus-
trated in FIG. 2A. However, in another example embodiment,
the loop antenna 270 can be arranged as a continuous strip of
conductive material that wraps entirely around the sensing
platform 230 one or more times. Interconnects between the
ends of such a wound antenna (e.g., the antenna leads) can
connect to the controller 250 in the sensing platform 230.
[0064] The sensing platform 230 may be a bio-compatible
structure in which some or all of the components are encap-
sulated by a bio-compatible material. In one example, con-
troller 250, interconnects 251, 257, bio-interactive electron-
ics 260, and antenna 270 are fully encapsulated by bio-
compatible material, except for the sensor electrodes in the
bio-interactive electronics 260.

[0065] FIG. 2C is a side cross-section view of the example
eye-mountable electronic device 210 mounted to a corneal
surface 284 of an eye 280. FIG. 2D is an enlarged partial view
the cross-section of the example eye-mountable device
shownin FIG. 2C. Itis noted that relative dimensions in FIGS.
2C and 2D are not necessarily to scale, but have been rendered
for purposes of explanation only in describing the arrange-
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ment of the example eye-mountable electronic device 210.
Some aspects are exaggerated to allow for illustration and to
facilitate explanation.

[0066] The eye 280 includes a cornea 282 that is covered by
bringing an upper eyelid 286 and a lower eyelid 288 together
over the surface of the eye 280. Incident light is received by
the eye 280 through the cornea 282, where light is optically
directed to light sensing elements of the eye 280 to stimulate
visual perception. The motion of the upper and lower eyelids
286, 288 distributes a tear film across the exposed corneal
surface 284 of the eye 280. The tear film is an aqueous
solution secreted by the lacrimal gland to protect and lubri-
cate the eye 280. When the eye-mountable device 210 is
mounted in the eye 280, the tear film coats both the concave
and convex surfaces 224, 226, providing an inner layer 290
(along the concave surface 226) and an outer layer 292 (along
the convex surface 224). The inner layer 290 on the corneal
surface 284 also facilitates mounting the eye-mountable
device 210 by capillary forces between the concave surface
226 and the corneal surface 284. In some embodiments, the
eye-mountable device 210 can also be held over the eye 280
in part by vacuum forces against the corneal surface 284 due
to the curvature of the concave surface 226. The tear film
layers 290, 292 may be about 10 micrometers in thickness and
together account for about 10 microliters of fluid.

[0067] The tear film is in contact with the blood supply
through capillaries in the structure of the eye and includes
many biomarkers found in blood that are analyzed to diag-
nose health states of an individual. For example, tear film
includes glucose, calcium, sodium, cholesterol, potassium,
other biomarkers, etc. The biomarker concentrations in tear
film can be systematically different than the corresponding
concentrations of the biomarkers in the blood, but a relation-
ship between the two concentration levels can be established
to map tear film biomarker concentration values to blood
concentration levels. For example, the tear film concentration
of glucose can be established (e.g., empirically determined)
to be approximately one tenth the corresponding blood glu-
cose concentration. Although another ratio relationship and/
or a non-ratio relationship may be used. Thus, measuring tear
film analyte concentration levels provides a non-invasive
technique for monitoring biomarker levels in comparison to
blood sampling techniques performed by lancing a volume of
blood to be analyzed outside a person’s body.

[0068] As shown in the cross-sectional views in FIGS. 2C
and 2D, the sensing platform 230 can be inclined so as to be
approximately parallel to the adjacent portion of the convex
surface 224. As described above, the sensing platform 230 is
a flattened ring with an inward-facing surface 232 (closer to
the concave surface 226 of the polymeric material 220) and an
outward-facing surface 234 (closer to the convex surface
224). The sensing platform 230 can include electronic com-
ponents and/or patterned conductive materials adjacent to
either or both surfaces 232, 234.

[0069] AsshowninFIG. 2D, the bio-interactive electronics
260, the controller 250, and the conductive interconnect 251
are mounted on the outward-facing surface 234 such that the
bio-interactive electronics 260 are facing the convex surface
224. With this arrangement, the bio-interactive electronics
260 can receive analyte concentrations in the tear film 292
through the channel 272. However, in other examples, the
bio-interactive electronics 260 may be mounted on the

Jan. 1, 2015

inward-facing surface 232 of the sensing platform 230 such
that the bio-interactive electronics 260 are facing the concave
surface 226.

1II. AN OPHTHALMIC ELECTROCHEMICAL
ANALYTE SENSOR

[0070] FIG. 3 is a functional block diagram of a system 300
for electrochemically measuring a tear film analyte concen-
tration. The system 300 includes an eye-mountable device
310 with embedded electronic components powered by an
external reader 340. The eye-mountable device 310 includes
an antenna 312 for capturing radio frequency radiation 341
from the external reader 340. The eye-mountable device 310
includes a rectifier 314, an energy storage 316, and regulator
318 for generating power supply voltages 330, 332 to operate
the embedded electronics. The eye-mountable device 310
includes an electrochemical sensor 320 with a working elec-
trode 322 and a reference electrode 323 driven by a sensor
interface 321. The eye-mountable device 310 includes hard-
ware logic 324 for communicating results from the sensor 320
to the external reader 340 by modulating (325) the impedance
of'the antenna 312. Similar to the eye-mountable devices 110,
210 discussed above in connection with FIGS. 1 and 2, the
eye-mountable device 310 can include a mounting substrate
embedded within a polymeric material configured to be
mounted to an eye. The electrochemical sensor 320 can be
situated on a mounting surface of such a substrate proximate
the surface of the eye (e.g., corresponding to the bio-interac-
tive electronics 260 on the inward-facing side 232 of the
substrate 230) to measure analyte concentration in a tear film
layer interposed between the eye-mountable device 310 and
the eye (e.g., the inner tear film layer 40 between the eye-
mountable device 210 and the corneal surface 22).

[0071] Withreference to FIG. 3, the electrochemical sensor
320 measures analyte concentration by applying a voltage
between the electrodes 322, 323 that is sufficient to cause
products of the analyte catalyzed by the reagent to electro-
chemically react (e.g., a reduction and/or oxidization reac-
tion) at the working electrode 322. The electrochemical reac-
tions at the working electrode 322 generate an amperometric
current that can be measured at the working electrode 322.
The sensor interface 321 can, for example, apply a reduction
voltage between the working electrode 322 and the reference
electrode 323 to reduce products from the reagent-catalyzed
analyte at the working electrode 322. Additionally or alterna-
tively, the sensor interface 321 can apply an oxidization volt-
age between the working electrode 322 and the reference
electrode 323 to oxidize the products from the reagent-cata-
lyzed analyte at the working electrode 322. The sensor inter-
face 321 measures the amperometric current and provides an
output to the hardware logic 324. The sensor interface 321 can
include, for example, a potentiostat connected to both elec-
trodes 322, 323 to simultaneously apply a voltage between
the working electrode 322 and the reference electrode 323
and measure the resulting amperometric current through the
working electrode 322.

[0072] The rectifier 314, energy storage 316, and voltage
regulator 318 operate to harvest energy from received radio
frequency radiation 341. The radio frequency radiation 341
causes radio frequency electrical signals on leads of the
antenna 312. The rectifier 314 is connected to the antenna
leads and converts the radio frequency electrical signals to a
DC voltage. The energy storage 316 (e.g., capacitor) is con-
nected across the output of the rectifier 314 to filter high
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frequency noise on the DC voltage. The regulator 318
receives the filtered DC voltage and outputs both a digital
supply voltage 330 to operate the hardware logic 324 and an
analog supply voltage 332 to operate the electrochemical
sensor 320. For example, the analog supply voltage can be a
voltage used by the sensor interface 321 to apply a voltage
between the sensor electrodes 322, 323 to generate an
amperometric current. The digital supply voltage 330 can be
a voltage suitable for driving digital logic circuitry, such as
approximately 1.2 volts, approximately 3 volts, etc. Recep-
tion of the radio frequency radiation 341 from the external
reader 340 (or another source, such as ambient radiation, etc.)
causes the supply voltages 330, 332 to be supplied to the
sensor 320 and hardware logic 324. While powered, the sen-
sor 320 and hardware logic 324 are configured to generate and
measure an amperometric current and communicate the
results.

[0073] The sensor results can be communicated back to the
external reader 340 via backscatter radiation 343 from the
antenna 312. The hardware logic 324 receives the output
current from the electrochemical sensor 320 and modulates
(325) the impedance of the antenna 312 in accordance with
the amperometric current measured by the sensor 320. The
antenna impedance and/or change in antenna impedance is
detected by the external reader 340 via the backscatter signal
343. The external reader 340 can include an antenna front end
342 and logic components 344 to decode the information
indicated by the backscatter signal 343 and provide digital
inputs to a processing system 346. The external reader 340
associates the backscatter signal 343 with the sensor result
(e.g., via the processing system 346 according to a pre-pro-
grammed relationship associating impedance of the antenna
312 with output from the sensor 320). The processing system
346 can then store the indicated sensor results (e.g., tear film
analyte concentration values) in a local memory and/or a
network-connected memory.

[0074] In some embodiments, one or more of the features
shown as separate functional blocks can be implemented
(“packaged”) on a single chip. For example, the eye-mount-
able device 310 can be implemented with the rectifier 314,
energy storage 316, voltage regulator 318, sensor interface
321, and the hardware logic 324 packaged together in a single
chip or controller module. Such a controller can have inter-
connects (“leads”) connected to the loop antenna 312 and the
sensor electrodes 322, 323. Such a controller operates to
harvest energy received at the loop antenna 312, apply a
voltage between the electrodes 322, 323 sufficient to develop
an amperometric current, measure the amperometric current,
and indicate the measured current via the antenna 312 (e.g.,
through the backscatter radiation 343).

[0075] FIG.4A isaflowchart ofa process 400 for operating
an amperometric sensor in an eye-mountable device to mea-
sure a tear film analyte concentration. Radio frequency radia-
tion is received at an antenna in an eye-mountable device
including an embedded electrochemical sensor (402). Elec-
trical signals due to the received radiation are rectified and
regulated to power the electrochemical sensor and associated
controller (404). For example, a rectifier and/or regulator can
be connected to the antenna leads to output a DC supply
voltage for powering the electrochemical sensor and/or con-
troller. A voltage sufficient to cause electrochemical reactions
at the working electrode is applied between a working elec-
trode and a reference electrode on the electrochemical sensor
(406). An amperometric current is measured through the
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working electrode (408). For example, a potentiostat can
apply a voltage between the working and reference electrodes
while measuring the resulting amperometric current through
the working electrode. The measured amperometric current is
wirelessly indicated with the antenna (410). For example,
backscatter radiation can be manipulated to indicate the sen-
sor result by modulating the antenna impedance.

[0076] FIG. 4B is a flowchart of a process 420 for operating
an external reader to interrogate an amperometric sensor in an
eye-mountable device to measure a tear film analyte concen-
tration. Radio frequency radiation is transmitted to an elec-
trochemical sensor mounted in an eye from the external
reader (422). The transmitted radiation is sufficient to power
the electrochemical sensor with energy from the radiation for
long enough to perform a measurement and communicate the
results (422). For example, the radio frequency radiation used
to power the electrochemical sensor can be similar to the
radiation 341 transmitted from the external reader 340 to the
eye-mountable device 310 described in connection with FIG.
3 above. The external reader then receives backscatter radia-
tion indicating the measurement by the electrochemical ana-
lyte sensor (424). For example, the backscatter radiation can
be similar to the backscatter signals 343 sent from the eye-
mountable device 310 to the external reader 340 described in
connection with FIG. 3 above. The backscatter radiation
received at the external reader is then associated with a tear
film analyte concentration (426). In some cases, the analyte
concentration values can be stored in the external reader
memory (e.g., in the processing system 346) and/or a net-
work-connected data storage.

[0077] For example, the sensor result (e.g., the measured
amperometric current) can be encoded in the backscatter
radiation by modulating the impedance of the backscattering
antenna. The external reader can detect the antenna imped-
ance and/or change in antenna impedance based on a fre-
quency, amplitude, and/or phase shift in the backscatter radia-
tion. The sensor result can then be extracted by associating the
impedance value with the sensor result by reversing the
encoding routine employed within the eye-mountable device.
Thus, the reader can map a detected antenna impedance value
to an amperometric current value. The amperometric current
value is approximately proportionate to the tear film analyte
concentration with a sensitivity (e.g., scaling factor) relating
the amperometric current and the associated tear film analyte
concentration. The sensitivity value can be determined in part
according to empirically derived calibration factors, for
example.

[0078] While the body-mountable device has been
described as comprising the eye-mountable device 110, 210,
310, the body-mountable device could comprise other mount-
able devices that are mounted on or in other portions of the
human body.

[0079] For example, in some embodiments, the body-
mountable device may comprise a tooth-mountable device. In
some embodiments, the tooth-mountable device may take the
form of or be similar in form to the eye-mountable device 110
and/or the eye-mountable device 310. For instance, the tooth-
mountable device could include a polymeric material or a
transparent polymer that is the same or similar to any of the
polymeric materials or transparent polymers described herein
and a substrate or a structure that is the same or similar to any
ofthe substrates or structures described herein. With such an
arrangement, the tooth-mountable device may be configured
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to detect at least one analyte in a fluid (e.g., saliva) of a user
wearing the tooth-mountable device.

[0080] Moreover, in some embodiments, the body-mount-
able device may comprise a skin-mountable device. In some
embodiments, the skin-mountable device may take the form
of or be similar in form to the eye-mountable device 110
and/or the eye-mountable device 310. For instance, the skin-
mountable device could include a polymeric material or a
transparent polymer that is the same or similar to any of the
polymeric materials or transparent polymers described herein
and a substrate or a structure that is the same or similar to any
of the substrates or structures described herein. With such an
arrangement, the skin-mountable device may be configured
to detect at least one analyte in a fluid (e.g., perspiration,
blood, etc.) of a user wearing the skin-mountable device.

IV. EXAMPLE METHODS

[0081] As discussed above, an eye-mountable device may
include a first polymer layer defining a first side of the eye-
mountable device, and a second layer defining a second side
of the eye-mountable device. A substrate may be embedded
between the first and second polymer layers to provide a
mounting surface for electronic components of the eye-
mountable device. The substrate may be adhered to the poly-
meric material by an adhesive. However, too much adhesive
may result in the excess adhesive obstructing the viewing area
of the eye-mountable device, thereby creating an optical
defect. Further, excess adhesive may obstruct and inhibit the
electronic components of the eye-mountable device. There-
fore, a more precise method for adhering the substrate to the
polymeric material may be desirable.

[0082] FIG. 5 is a flow chart of a method 500 for adhering
a substrate to a polymeric material. The method 500 may
include one or more operations, functions, or actions as illus-
trated by one or more of blocks 502-512. Although the blocks
are illustrated in a sequential order, these blocks may in some
instances be performed in parallel, and/or in a different order
than those described herein. Also, the various blocks may be
combined into fewer blocks, divided into additional blocks,
and/or removed based upon the desired implementation.
[0083] Forpurposes ofillustration, the method is described
below in a scenario where a body-mountable device com-
prises an eye-mountable device. It should be understood,
however, that the method 500 may involve scenarios where
the body-mountable device comprises other mountable
devices that are mounted to other portions of the human body.
For example, method 500 may involve scenarios where the
body-mountable device comprises a tooth-mountable device
and/or a skin mountable device.

[0084] At block 502, the method may include forming a
first polymer layer. An example fabrication device may be
used to form the first polymer layer. FIG. 6A illustrates an
example fabrication device 600 that includes example mold-
ing pieces that may be used to form the first polymer layer.
The fabrication device 600 may include a first molding piece
602 and a second molding piece 604. The first molding piece
602 and the second molding piece 604 may define a first
cavity. The second molding piece 604 may be filled with a
polymeric material 606, and the polymeric material 606 may
be compressed into a first polymer layer 608 by the first
molding piece 602.

[0085] The first molding piece 602 and the second molding
piece 604 may be configured to achieve a given desired thick-
ness of the first polymer layer 608. For instance, in an
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example, the first polymer layer 608 can have a thickness of
less than 150 micrometers. In an example embodiment, the
first molding piece 602 and the second molding piece 604 can
be designed so as to allow for a layer having less than a 150
micrometer thickness between the two cavities. As such,
when the first molding piece 602 and the second molding
piece 604 are pressed together during the formation of the first
polymer layer 608, the resulting polymer layer will have a
thickness of less than 150 micrometers.

[0086] In an example, the thickness of the first polymer
layer 608 can be selected based on a particular analyte or
analytes an eye-mountable device is configured to detect. For
example, an optimal thickness for a first analyte may be 10
micrometers, while an optimal thickness for a second analyte
may be 25 micrometers. Other examples are possible as well.
[0087] Thefirstpolymer layer 608 may include a polymeric
material containing polymerizable monomers, such as those
commonly used in hydrogels, silicone hydrogels, silicone
elastomers, and rigid gas permeable materials. Further, the
polymeric material may form a transparent or substantially
transparent polymer layer. As such, the use of the polymeric
material may result in an eye-mountable device through
which the wearer can see when mounted on the wearer’s eye.
In an example, the polymeric material can be a hydrogel
material, such as a silicone hydrogel or can be a non-hydro-
gel, such as a silicone elastomer. Other materials are possible
as well.

[0088] The first polymer layer 608 may define a posterior
side 610 of an eye-mountable device. That is, the first polymer
layer 608 may define an outer edge of the eye-mountable
device. When mounted on an eye of a user, the posterior side
610 of the eye-mountable device defined by the first polymer
layer 608 corresponds to a side of the device touching the eye
of the user. The first molding piece 602 may be shaped so as
to define a shape of the posterior side 610. For example, a
curvature of the posterior side 610 may be defined by the first
molding piece 602.

[0089] Other methods for forming first polymer layer are
possible as well. For example, the first polymer layer may be
formed via injection molding. In injection molding, rather
than monomers being cured between molding pieces, poly-
meric molding material may be heated and injected or other-
wise forced into a molding piece or pieces. The injected
polymeric molding material may then cool and harden to the
configuration of the molding piece or pieces.

[0090] As another example, the first polymer layer may be
formed via spin casting. Through spin-casting techniques, the
fabrication device may form a first polymer layer of a precise
thickness. In an example, a spin-casting mold may be spun
along its central access at a set speed, and the polymer or
monomer formulation may be introduced to the mold as the
mold is spinning in order to form a first polymer layer. This
first polymer layer may then be cured. The final thickness of
the first polymer layer may be influenced by various factors,
including but not limited to the spin-casting mold, the amount
of polymer introduced to the spin-casting mold, properties of
the polymer such as viscosity, and/or the speed at which the
spin-casting mold is rotated. These factors may be varied in
order to result in a first polymer layer of a well-defined thick-
ness.

[0091] Atblock 504, the method may include providing an
adhesive in a ring-shaped pattern on a ring-shaped substrate
or on the first polymer layer. FIGS. 6B and 6C illustrate
example adhesive provided in a ring-shaped pattern. The
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ring-shaped substrate 614 may have a radial width dimension
sufficient to provide a mounting platform for electronics com-
ponents. The ring-shaped substrate 614 may have a thickness
sufficiently small to allow the ring-shaped substrate 614 to be
embedded within two layers of polymeric material compris-
ing an eye-mountable device. The substrate may be a rela-
tively rigid polymeric material, such as polyethylene tereph-
thalate (“PET”), paralyene or another material sufficient to
structurally support circuitry and/or electronics. The ring-
shaped substrate 614 may have a thickness sufficiently large
to provide structural stability suitable for supporting elec-
tronic components mounted thereon. For example, the ring-
shaped substrate 614 may have a diameter of about 10 milli-
meters, a radial width of about 1 millimeter (e.g., an outer
radius 1 millimeter larger than an inner radius), and a thick-
ness of about 50 micrometers. Other examples are possible as
well.

[0092] During fabrication of an eye-mountable device, it
may be desirable for the ring-shaped substrate 614 to remain
in a fixed position during fabrication of the eye-mountable
device. For instance, movement of the ring-shaped substrate
614 during subsequent formation steps, such as formation of
a second polymer layer, may result in improper placement of
the ring-shaped substrate 614 relative to the surrounding
polymer layers. As one example, movement of the ring-
shaped substrate 614 during filling a mold piece with a poly-
meric material to form the second polymer layer and/or cur-
ing the second polymer layer can result in improper
placement of the ring-shaped substrate 614 relative to the
surrounding polymer layers.

[0093] Therefore, in an example, an adhesive 616 is applied
to the ring-shaped substrate 614 and/or the first polymer layer
608 before the ring-shaped substrate 614 is placed on the first
polymer layer 608. The applied adhesive 616 may facilitate
adhesion of the ring-shaped substrate 614 to the first polymer
layer 608. For instance, a small amount of adhesive 616 may
be applied to the first polymer layer 608, and the ring-shaped
substrate 614 may be positioned on the small amount of
adhesive 616 such that the ring-shaped substrate 614 adheres
to the first polymer layer 608. FIG. 6B illustrates such an
embodiment. Additionally or alternatively, a small amount of
adhesive 616 may be applied to the ring-shaped substrate 614,
and the ring-shaped substrate 614 may then be placed on the
first polymer layer 608 such that the ring-shaped substrate
614 adheres to the first polymer layer 608. FIG. 6C illustrates
such an embodiment. With this arrangement, the ring-shaped
substrate 614 may remain adhered to the first polymer layer
608 in a secure location during subsequent formation steps.
The adhesive 616 may include a silicone resin, as an example.
In other examples the adhesive can be the same or different
than the biocompatible materials that form the polymer lay-
ers.

[0094] Inan example, an optically clear silicone elastomer
(such as NuSil MED-6020, as an example) may be used to
form the first polymer layer 608. In a second step, a fast cured
silicone adhesive (such as NuSil MED 3-4013, as an
example) in Xylene may be spray coated onto one side of the
ring-shaped substrate 614. The ring shaped substrate may
then be placed on the first polymer layer 608 and a force is
applied while heated curing the silicone adhesive.

[0095] In yet another example, an optically clear silicone
elastomer (such as NuSil MED-6020, as an example) may be
used to form the first polymer layer 608. A photocurable
silicone adhesive that may contain M2D50 (such as a,m-
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dimethacrylated polydimethylsiloxane, as an example) and
Darocur 1173 is stamped onto the first polymer layer in the
shape of the ring shaped substrate 614. The ring shaped sub-
strate may then be placed onto the first polymer layer 608 and
a force is applied while curing with UV light.

[0096] A wide variety of adhesives may be utilized and
generally include monomers or macromonomers that can be
cured thermally, or by UV or visible light. Additionally, ther-
moplastic adhesives can be utilized that are heated and the
adhesion is set in upon cooling of the ringed substrate 614 and
first polymer layer 608.

[0097] In one embodiment, the adhesive 616 may be
sprayed on the ring-shaped substrate 614 and/or the first
polymer layer 608. Spraying the adhesive 616 may be advan-
tageous to brushing the adhesive 616 since brushing may
result in a thicker adhesive layer than spraying. Typical brush-
ing may result in an adhesive layer of about 30 micrometers,
while spraying the adhesive may result in a thickness of less
than about 5 micrometers. Additionally, spraying the adhe-
sive may result in a more uniform adhesive layer than brush-
ing. A smaller amount and more uniform distribution of the
adhesive 616 may minimize spreading of the adhesive 616
onto the electronic components mounted on the ring-shaped
substrate 614 or into the viewing area of the eye-mountable
device.

[0098] Inoneexample, the adhesive 616 may be sprayed on
the ring-shaped substrate 614 and/or the first polymer layer
608 in a ring-shaped pattern using a nebulizer. The nebulizer
may be configured to spray a ring-shaped pattern of adhesive
616 having an outer diameter a few millimeters smaller than
the ring-shaped substrate 614, and an inner diameter a few
millimeters larger than the ring-shaped substrate 614. The
nebulizer may be controlled by a robotics system, configured
to position the nebulizer in a precise location to spray the
adhesive 616 on the ring-shaped substrate 614 and/or the first
polymer layer 608 in a ring-shaped pattern. Other embodi-
ments are possible as well.

[0099] In another embodiment, the adhesive 616 may be
stamped on the ring-shaped substrate 614 and/or the first
polymer layer 608. Stamping the adhesive 616 may be advan-
tageous to brushing the adhesive 616 since brushing may
result in a thicker adhesive layer than stamping. Typical
brushing may result in an adhesive layer of about 30
micrometers, while stamping the adhesive may result of a
thickness of only a few micrometers. Additionally, stamping
the adhesive may result in a more uniform adhesive layer than
brushing. These advantages may prevent the adhesive 616
from spreading onto the electronic components mounted on
the ring-shaped substrate 614 or into the viewing area of the
eye-mountable device.

[0100] In one example, the adhesive 616 may be stamped
on the ring-shaped substrate 614 and/or the first polymer
layer 608 in a ring-shaped pattern using a polydimethylsilox-
ane (PDMS) stamp. The PDMS stamp may be ring-shaped,
with an outer diameter a few millimeters smaller than the
ring-shaped substrate, and an inner diameter a few millime-
ters larger than the ring-shaped substrate. In one example, a
pad containing the adhesive 616 may be stamped by the
PDMS stamp, thereby transferring a small amount of adhe-
sive 616 from the pad to the PDMS stamp. The PDMS stamp
containing the adhesive 616 may then be stamped on the
ring-shaped substrate 614 and/or the first polymer layer 608,
thereby transferring a thin layer of adhesive 616 to the ring-
shaped substrate 614 and/or the first polymer layer 608. In
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one example, the PDMS stamp may be controlled by a robot-
ics system. Other embodiments are possible as well.

[0101] Atblock 506, the method may include providing the
ring-shaped substrate on the first polymer layer in a predeter-
mined rotational orientation. FIGS. 6D and 6E illustrate an
example in which the ring-shaped substrate 614 is positioned
on the first polymer layer 608 in a predetermined rotational
orientation. The ring-shaped substrate 614 may occupy a
peripheral portion of the eye-mountable device so as to limit
interference with a user’s field of view when the eye-mount-
able device is mounted on an eye of the user. The ring-shaped
structure 614 can further include a sensor 618 and electronics
620 that are each mounted thereon. In some examples, the
ring-shaped substrate 614 may be more rigid than the first
polymer layer 608. In order to position the ring-shaped sub-
strate 614, example fabrication device 600 may separate the
first molding piece 602 from the second molding piece 604.
When the fabrication device 600 separates the first molding
piece 602 from the second molding piece 604, the first poly-
mer layer 608 may stick to a side of the first molding piece
602. In an example, the first polymer layer 608 and/or the first
molding piece 602 can be surface treated, such that the first
polymer layer 608 sticks to the side of the first molding piece
602. Additionally or alternatively, the second molding piece
604 can be surface treated, such that the first polymer layer
608 sticks to the side of the first molding piece 602.

[0102] Inanexample, positioning the ring-shaped substrate
614 on the first polymer layer 608 in a predetermined rota-
tional orientation can include aligning the ring-shaped struc-
ture 614 with an alignment feature 612. In one example, there
may be a hole in the ring-shaped substrate 614 that has an
asymmetric inner diameter and the alignment feature may
include an asymmetric peg such that the hole receives the
alignment feature 612 in only the predetermined rotational
orientation. However, other ways of providing the predeter-
mined rotational orientation of the ring-shaped structure 614
by alignment with an alignment feature 612 are also possible.

[0103] Alternatively, the example fabrication device 600
may include a positioning apparatus, such as a robotic sys-
tem, configured to position the ring-shaped substrate 614 on
the first polymer layer 608 in a predetermined rotational
orientation. For instance, the positioning apparatus may (i)
pick up the ring-shaped substrate 614 (e.g., via suction), (ii)
position the ring-shaped substrate 614 above the first polymer
layer 608, and then (iii) lower the ring-shaped substrate 614
toward the first polymer layer 608. When the ring-shaped
substrate 614 is positioned in the predetermined rotational
orientation, the positioning apparatus may then release the
ring-shaped substrate 614 (e.g., by releasing the suction).
With this approach, the first polymer layer 608 might not
include an alignment feature 612.

[0104] The positioning apparatus may further include a
vision system configured to assist with positioning the ring-
shaped substrate 614 on the first polymer layer 608 in a
predetermined rotational orientation. Such a vision system
may facilitate guiding the ring-shaped substrate 614 to a
precise location on the first polymer layer 608. In an example,
the vision system can be appropriate for situations in which
one or more production specifications for an eye-mountable
device, such as example eye-mountable device 110, have
requirements with very low tolerances related to the position-
ing of a sensor, such as sensor 618, within the eye-mountable
device.
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[0105] At block 508, the method may include applying a
force to one or more of the ring-shaped substrate and the
polymer layer to adhere the first polymer layer to the ring-
shaped substrate. In one embodiment, the positioning appa-
ratus described above may apply the force to the ring-shaped
substrate. For instance, the positioning apparatus may (i) pick
up the ring-shaped substrate (e.g., via suction), (ii) position
the ring-shaped substrate above the first polymer layer, (iii)
lower the ring-shaped substrate toward the first polymer
layer, and then (iv) apply a force to the ring-shaped substrate
to adhere the first polymer layer to the ring-shaped substrate.
In another example, the ring-shaped substrate may be posi-
tioned by a first apparatus, and a second apparatus may apply
the force to the ring-shaped substrate. Other examples are
possible as well.

[0106] At block 510, the method may include curing the
ring-shaped substrate and the first polymer layer. Curing
involves the hardening of a polymeric material by cross-
linking of polymer chains, and curing may be, for example,
brought about by chemical additives, ultraviolet radiation,
electron beam, and/or heat. In an example, the polymeric
material can be a light-curable polymeric material, and the
fabrication device may be configured to cure the light-curable
polymeric material using light, such as ultraviolet light or
visible light. Other examples are possible as well.

[0107] At block 512, the method may include forming a
second polymer layer over the first polymer layer and the
ring-shaped substrate such that the ring-shaped substrate is
substantially enclosed within the first polymer layer and the
second polymer layer. FIG. 6F illustrates example fabrication
device 600 including example molding pieces that may be
used to form the second polymer layer. The first molding
piece 602, which holds the first polymer layer 608 to which
the ring-shaped substrate 614 is adhered, may be filled with a
polymeric material 624. The polymeric material 624 may be
formed into a second polymer layer 626 by compression
between the first molding piece 602 and a third molding piece
622. As aresult, the second polymer layer 626 may mold over
the ring-shaped substrate 614, such that the ring-shaped sub-
strate 614 is at least partially enclosed by the first polymer
layer 608 and the second polymer layer 626.

[0108] After the second polymer layer 626 is formed,
example fabrication device 600 may cure the second polymer
layer 626. In an example, the second polymer layer 626 can be
cured like the first polymer layer 608. However, in other
examples, the second polymer layer 626 may be cured by
different techniques than the first polymer layer 608. The
second polymer layer 626 can be cured by any of the tech-
niques mentioned herein. In an example, the fabrication
device 600 may cure the first polymer layer 608 at this stage.

[0109] The first molding piece 602 and the third molding
piece 622 may be configured to achieve a given desired thick-
ness of a layer formed between the two pieces. As one
example, the first molding piece 602 and the third molding
piece 622 may be designed so as to define a thickness of the
second polymer layer 626. As another example, the first
molding piece 602 and the third molding piece 622 may be
designed so as to define a final thickness of an eye-mountable
device. In an example, the first molding piece 602 and the
third molding piece 622 can be designed so as to allow for a
layer having a given desired thickness between the two pieces
(in addition to a thickness of the first polymer 608). As such,
when the first molding piece 602 and the third molding piece
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622 are pressed together during formation of a layer, the
resulting layer will have the given desired thickness.

[0110] In an example, the second polymer layer 626 has a
thickness of greater than 50 micrometers. However, in other
examples, the second polymer layer 626 can have a thickness
between 50 and 300 micrometers, such as 130 micrometers. It
should be understood that since the second polymer layer 626
molds over the ring-shaped substrate 614, the second polymer
layer 626 may not have a uniform thickness. In an example,
the thickness of the second polymer layer 626 can be selected
based on a particular analyte or analytes that the eye-mount-
able device is configured to detect. For example, an optimal
thickness for a first analyte may be 10 micrometers, while an
optimal thickness for a second analyte may be 25 microme-
ters. Other examples are possible as well.

[0111] Inan example, the second polymer layer 626 can be
composed of the same polymeric material as the first polymer
layer 608. However, in other examples, the second polymer
layer 626 can be composed of a different polymeric material
than the first polymer layer 608. The second polymer layer
626 can be any one of the polymeric materials mentioned
herein. In an example, the ring-shaped substrate 614 may be
more rigid than the second polymer layer 626.

[0112] The second polymer layer 626 may define an ante-
rior side 628 of an eye-mountable device. That is, the second
polymer layer 626 defines an outer edge of the eye-mountable
device. When mounted on an eye of a user, the anterior side
628 of the eye-mountable device defined by the second poly-
mer layer 626 corresponds to the side of the device that is not
touching the eye of the user. The third molding piece 622 may
be shaped so as to define a shape of the anterior side 628. For
example, a curvature of the anterior side 628 may be defined
by the third molding piece 622.

[0113] FIG. 7 is a flow chart of another method 700 for
adhering a substrate to a bio-compatible material. The
method 700 may include one or more operations, functions,
or actions as illustrated by one or more of blocks 702-712.
Although the blocks are illustrated in a sequential order, these
blocks may in some instances be performed in parallel, and/or
in a different order than those described herein. Also, the
various blocks may be combined into fewer blocks, divided
into additional blocks, and/or removed based upon the
desired implementation.

[0114] Forpurposes ofillustration, the method is described
below in a scenario where a body-mountable device com-
prises an eye-mountable device. It should be understood,
however, that the method 700 may involve scenarios where
the body-mountable device comprises other mountable
devices that are mounted to other portions of the human body.
For example, method 700 may involve scenarios where the
body-mountable device comprises a tooth-mountable device
and/or a skin mountable device.

[0115] At block 702, the method may include forming a
first layer of a bio-compatible material. The first layer of
bio-compatible material may include a variety of materials.
For example, the first layer of bio-compatible material may
include a polymeric material such as SCS parylene-C (e.g.,
dichlorodi-p-xylylene), a polyethylene terephthalate (PET), a
polydimethysiloxane (PDMS), other silicone elastomers,
and/or another bio-compatible polymeric material. The term
“bio-compatibility,” as used in this disclosure, refers gener-
ally to the ability of a material or device to co-exist with a
biological host. Bio-compatible materials are generally those
that do not bring about a host response (such as an immune
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response) that results in deleterious effects to either the bio-
logical host or the material. In addition to being bio-compat-
ible, the first layer of bio-compatible material may be an
electrically insulating material to isolate the encapsulated
electronics from the surrounding environment (e.g., from
current-carrying particles and/or fluids). In an example, the
first layer of bio-compatible material may be formed by a
microfabrication process such as chemical vapor deposition.
Other examples are possible as well.

[0116] Moreover, the first layer of bio-compatible material
may have a variety of thicknesses. For example, the first layer
of’bio-compatible material may have a thickness between 5 to
50 micrometers, such as 15 micrometers. Other thicknesses
of the first layer of bio-compatible material are possible as
well.

[0117] Atblock 704, the method may include providing an
adhesive in a ring-shaped pattern on a ring-shaped substrate
or on the first layer of bio-compatible material. The ring-
shaped substrate may have aradial width dimension sufficient
to provide a mounting platform for electronics components.
The substrate may be a relatively rigid polymeric material,
such as polyethylene terephthalate (“PET”), paralyene or
another material sufficient to structurally support circuitry
and/or electronics. The ring-shaped substrate may have a
thickness sufficiently small to allow the ring-shaped substrate
to be embedded within two layers of polymeric material
comprising an eye-mountable device. The ring-shaped sub-
strate may have a thickness sufficiently large to provide struc-
tural stability suitable for supporting electronic components
mounted thereon.

[0118] An adhesive may be applied to the ring-shaped sub-
strate and/or the first layer of bio-compatible material before
the ring-shaped substrate is placed on the first layer of bio-
compatible material. The applied adhesive may facilitate
adhesion of the ring-shaped substrate to the first layer of
bio-compatible material. For instance, a small amount of
adhesive may be applied to the first layer of bio-compatible
material, and the ring-shaped substrate may be positioned on
the small amount of adhesive such that the ring-shaped sub-
strate adheres to the first layer of bio-compatible material.
Additionally or alternatively, a small amount of adhesive may
be applied to the ring-shaped substrate, and the ring-shaped
substrate may then be placed on the first layer of bio-compat-
ible material such that the ring-shaped substrate adheres to
the first layer of bio-compatible material. With this arrange-
ment, the ring-shaped substrate may remain adhered to the
first layer of bio-compatible material in a secure location
during subsequent formation steps. The adhesive may include
a silicone resin, as an example. The adhesive may be sprayed
on the ring-shaped substrate and/or the first polymer layer, or
the adhesive may be stamped on the ring-shaped substrate
and/or the first polymer layer. It should be understood that one
or more aspects of block 704 of method 700 may be may be
similar to aspects described above with respect to block 504
of method 500. Other examples are possible as well.

[0119] Atblock 706, the method may include providing the
ring-shaped substrate on the first layer of the bio-compatible
material in a predetermined rotational orientation. In an
example, positioning the ring-shaped substrate on the first
layer of bio-compatible material in a predetermined rota-
tional orientation can include aligning the ring-shaped struc-
ture with an alignment feature. In one example, there may be
a hole in the ring-shaped substrate has an asymmetric inner
diameter and the alignment feature may include an asymmet-
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ric peg such that the hole receives the alignment feature in
only the predetermined rotational orientation. However, other
ways of providing the predetermined rotational orientation of
the ring-shaped structure by alignment with an alignment
feature are also possible.

[0120] Alternatively, the example fabrication device may
include a positioning apparatus, such as a robotic system,
configured to position the ring-shaped substrate on the first
layer of bio-compatible material in a predetermined rota-
tional orientation. For instance, the positioning apparatus
may (i) pick up the ring-shaped substrate (e.g., via suction),
(ii) position the ring-shaped substrate above the first layer of
bio-compatible material, and then (iii) lower the ring-shaped
substrate toward the first layer of bio-compatible material.
When the ring-shaped substrate is positioned in the predeter-
mined rotational orientation, the positioning apparatus may
then release the ring-shaped substrate (e.g., by releasing the
suction). With this approach, the first layer of bio-compatible
material might not include an alignment feature. It should be
understood that one or more aspects of block 706 of method
700 may be may be similar to aspects described above with
respect to block 506 of method 500. Other examples are
possible as well.

[0121] At block 708, the method may include applying a
force to one or more of the ring-shaped substrate and the
polymer layer to adhere the first layer of the bio-compatible
material to the ring-shaped substrate. In one example, the
positioning apparatus described above may apply the force to
the ring-shaped substrate. For instance, the positioning appa-
ratus may (i) pick up the ring-shaped substrate, (ii) position
the ring-shaped substrate above the first layer of bio-compat-
ible material, (iii) lower the ring-shaped substrate toward the
first layer of bio-compatible material, and then (iv) apply a
force to the ring-shaped substrate to adhere the first layer of
bio-compatible material to the ring-shaped substrate. In
another example, the ring-shaped substrate may be positioned
by a first apparatus, and a second apparatus may apply the
force to the ring-shaped substrate. It should be understood
that one or more aspects of block 708 of method 700 may be
may be similar to aspects described above with respect to
block 508 of method 500. Other examples are possible as
well.

[0122] At block 710, the method may include forming a
second layer of the bio-compatible material to cover the ring-
shaped substrate. The second layer of bio-compatible mate-
rial may be composed of the same polymeric material as the
first layer of bio-compatible material. However, in other
examples, the second layer of bio-compatible material may
be composed of a different polymeric material than the first
layer of bio-compatible material. The second layer of bio-
compatible material may include any one of the polymeric
materials mentioned herein that is both bio-compatible and
electrically insulating. The second layer of bio-compatible
material may serve to seal and insulate the electronic compo-
nents mounted on the ring-shaped substrate.

[0123] Moreover, the second layer of bio-compatible mate-
rial may have a variety of thicknesses. For example, the
second layer of bio-compatible material may have a thickness
between one or more embedded components and a surface of
the second layer of bio-compatible material between 5 to 100
micrometers, such as 15 micrometers. Other thicknesses for
the second layer of bio-compatible materials are possible as
well.
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[0124] In an example, the second layer of bio-compatible
material may be formed the same or similar way as the first
layer of bio-compatible material may be formed. However, in
other examples, the second layer of bio-compatible material
may be formed by a different process (or processes) than the
process (or processes) used to form the first layer of bio-
compatible material. For example, the second layer of bio-
compatible material may be formed by a microfabrication
process such as chemical vapor deposition. The deposition of
the second layer of bio-compatible material may result in a
conformal coating over the assembled components. Other
examples are possible as well.

[0125] Atblock 712, the method may include annealing the
first layer of the bio-compatible material and the second layer
of the bio-compatible material together to form an encapsu-
lated structure. The encapsulated structure may include the
ring-shaped substrate fully enclosed between the first layer of
the bio-compatible material and the second layer of the bio-
compatible material. With this arrangement, the second layer
of bio-compatible material may bond to the first layer of
bio-compatible material.

[0126] The first layer of bio-compatible material and the
second layer of bio-compatible material may be annealed
together by placing the entire multi-layered structure in an
oven heated to a temperature sufficient to anneal the bio-
compatible material. Following the annealing, the regions
where the two layers of bio-compatible materials were in
direct contact, including the outer edges of the electronic
components, are sealed together by the annealed bond. The
electronic components mounted on the ring-shaped substrate
are thereby fully encapsulated by the bio-compatible mate-
rial. In an example where the bio-compatible material
includes parylene (dichlorodi-p-xylylene), the annealing
temperature can be a temperature between 150 and 200
degrees Celsius. Other bio-compatible polymeric materials
(such as PET, PDMS, etc.) may require higher or lower
annealing temperatures.

[0127] Inone embodiment, the encapsulated structure may
be embedded in an eye-mountable device including a trans-
parent polymeric material having a concave surface and a
convex surface. The concave surface may be configured to be
removably mounted over a corneal surface, and the convex
surface may be configured to be compatible with eyelid
motion when the concave surface is so mounted. The eye-
mountable device may include the features described in eye-
mountable device 110, described above in relation to FIG. 1.
Other embodiments are possible as well.

V. CONCLUSION

[0128] Itshould be understood that arrangements described
herein are for purposes of example only. As such, those
skilled in the art will appreciate that other arrangements and
other elements (e.g., machines, interfaces, functions, orders,
and groupings of functions, etc.) can be used instead, and
some elements may be omitted altogether according to the
desired results. Further, many of the elements that are
described are functional entities that may be implemented as
discrete or distributed components or in conjunction with
other components, in any suitable combination and location.
[0129] While various aspects and embodiments have been
disclosed herein, other aspects and embodiments will be
apparent to those skilled in the art. The various aspects and
embodiments disclosed herein are for purposes of illustration
and are not intended to be limiting, with the true scope and
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spirit being indicated by the following claims, along with the
full scope of equivalents to which such claims are entitled. It
is also to be understood that the terminology used herein is for
the purpose of describing particular embodiments only, and is
not intended to be limiting.

[0130] Where example embodiments involve information
related to a person or a device of a person, some embodiments
may include privacy controls. Such privacy controls may
include, at least, anonymization of device identifiers, trans-
parency and user controls, including functionality that would
enable users to modify or delete information relating to the
user’s use of a product.

[0131] Further, in situations in where embodiments dis-
cussed herein collect personal information about users, or
may make use of personal information, the users may be
provided with an opportunity to control whether programs or
features collect user information (e.g., information about a
user’s medical history, social network, social actions or
activities, profession, a user’s preferences, or a user’s current
location), or to control whether and/or how to receive content
from the content server that may be more relevant to the user.
In addition, certain data may be treated in one or more ways
before it is stored or used, so that personally identifiable
information is removed. For example, a user’s identity may
be treated so that no personally identifiable information can
be determined for the user, or a user’s geographic location
may be generalized where location information is obtained
(such as to a city, ZIP code, or state level), so that a particular
location of a user cannot be determined. Thus, the user may
have control over how information is collected about the user
and used by a content server.

What is claimed is:

1. A method comprising:

forming a polymer layer, wherein the polymer layer

defines a side of an eye-mountable device;

providing an adhesive in a ring-shaped pattern on a ring-

shaped substrate or on the polymer layer;
providing the ring-shaped substrate on the polymer layer in
a predetermined rotational orientation;

applying a force to one or more of the ring-shaped substrate
and the polymer layer to adhere the polymer layer to the
ring-shaped substrate; and

curing the ring-shaped substrate and the polymer layer.

2. The method of claim 1, wherein providing an adhesive in
aring-shaped pattern comprises spraying the adhesive on the
ring-shaped substrate or the polymer layer.

3. The method of claim 2, wherein the adhesive is sprayed
using a nebulizer.

4. The method of claim 1, wherein providing an adhesive in
aring-shaped pattern comprises stamping the adhesive on the
ring-shaped substrate or the polymer layer.

5. The method of claim 4, wherein the adhesive is stamped
using a polydimethylsiloxane (PDMS) stamp.

6. The method of claim 1, wherein the adhesive has a
thickness of less than about 5 micrometers.

7. The method of claim 1, wherein forming a polymer layer
comprises forming a first polymer layer and wherein the first
polymer layer defines a first side of the eye-mountable device,
and the method further comprises:

forming a second polymer layer over the first polymer layer

and the ring-shaped substrate, such that the ring-shaped
substrate is substantially enclosed within the first poly-
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mer layer and the second polymer layer, wherein the
second polymer layer defines a second side of the eye-
mountable device.

8. The method of claim 7, wherein the first polymer layer
and the second polymer layer comprise a hydrogel material or
a silicone elastomer.

9. The method of claim 7, wherein the ring-shaped sub-
strate is more rigid than the first polymer layer and the second
polymer layer.

10. The method of claim 7, wherein the second polymer
layer is configured to be removably mounted over a corneal
surface, and wherein the first polymer layer is configured to
be compatible with eyelid motion when the eye-mountable
device is so mounted.

11. The method of claim 1, wherein the eye-mountable
device has a thickness that is between about 100 micrometers
and about 500 micrometers.

12. The method of claim 1, wherein curing the ring-shaped
substrate and the polymer layer comprises curing by use of
one or more of: chemical additives, ultraviolet radiation, elec-
tron beam, and heat.

13. The method of claim 1, wherein forming the polymer
layer comprises forming the polymer layer via spin-casting.

14. The method of claim 1, wherein forming the polymer
layer comprises forming the polymer layer in a molding cav-
ity.

15. A method comprising:

forming a first layer of a bio-compatible material;

providing an adhesive in a ring-shaped pattern on a ring-
shaped substrate or on the first layer of the bio-compat-
ible material;

providing the ring-shaped substrate on the first layer of the
bio-compatible material in a predetermined rotational
orientation;

applying a force to one or more of the ring-shaped substrate
and the first layer to adhere the first layer of the bio-
compatible material to the ring-shaped substrate;

forming a second layer of the bio-compatible material to
cover the ring-shaped substrate; and

annealing the first layer of the bio-compatible material and
the second layer of the bio-compatible material together
to form an encapsulated structure, wherein the encapsu-
lated structure comprises the ring-shaped substrate fully
enclosed between the first layer of the bio-compatible
material and the second layer of the bio-compatible
material.

16. The method according to claim 15, further comprising:

embedding the encapsulated structure in an eye-mountable
device including a transparent polymeric material hav-
ing a concave surface and a convex surface, wherein the
concave surface is configured to be removably mounted
over a corneal surface, and wherein the convex surface is
configured to be compatible with eyelid motion when
the concave surface is so mounted.

17. The method according to claim 15, wherein the bio-
compatible material includes a dichlorodi-p-xylylene poly-
mer.

18. An eye-mountable device comprising:

a first polymer layer that defines a posterior side of the
eye-mountable device, wherein the first polymer layer is
configured to be removably mounted over a corneal
surface;
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a second polymer layer that defines an anterior side of the
eye-mountable device, wherein the second polymer
layer is configured to be compatible with eyelid motion;
a ring-shaped substrate at least partially embedded
between the first polymer layer and the second polymer
layer, wherein the ring-shaped substrate is coupled to the
first polymer layer via an adhesive provided in a ring-
shaped pattern on the ring-shaped substrate or on the
first polymer layer, and wherein the ring-shaped sub-
strate is coupled to the first polymer layer in a predeter-
mined rotational orientation; and
an electronics module on the ring-shaped substrate,
wherein the electronics module includes:
an electrochemical sensor having a working electrode
and a reference electrode;

an antenna; and

a controller electronically connected to the electro-
chemical sensor and the antenna, wherein the control-
ler is configured to control the electrochemical sensor
to obtain a sensor measurement related to a concen-
tration of'an analyte in a fluid to which the eye-mount-
able device is exposed and use the antenna to indicate
the sensor measurement.

19. The eye-mountable device of claim 18, wherein the first
polymer layer and the second polymer layer comprise a
hydrogel material or a silicone elastomer.

20. The eye-mountable device of claim 18, wherein the
adhesive has a thickness of less than about 5 micrometers.
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