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METHODS AND APPARATUS TO FORM BIOCOMPATIBLE ENERGIZATION 

ELEMENTS INCORPORATING FUEL CELLS FOR BIOMEDICAL DEVICES 

 

BACKGROUND OF THE INVENTION 

 5 

1. Field of the Invention 

Methods and apparatus to form biocompatible energization elements are described. 

In some embodiments, the methods and apparatus to form the biocompatible energization 

elements involve forming a membrane element of the energization element. The active 

elements including anodes, cathodes and fuel cell solutions may be electrochemically 10 

connected and may interact with the formed membrane elements. In some embodiments, a 

field of use for the methods and apparatus may include any biocompatible device or 

product that requires energization elements. 

 

2. Discussion of the Related Art  15 

Recently, the number of medical devices and their functionality has begun to 

rapidly develop. These medical devices can include, for example, implantable pacemakers, 

electronic pills for monitoring and/or testing a biological function, surgical devices with 

active components, contact lenses, infusion pumps, and neurostimulators. Added 

functionality and an increase in performance to the many of the aforementioned medical 20 

devices has been theorized and developed. However, to achieve the theorized added 

functionality, many of these devices now require self-contained energization means that 

are compatible with the size and shape requirements of these devices, as well as the energy 

requirements of the new energized components.  

Some medical devices may include components such as semiconductor devices 25 

that perform a variety of functions and can be incorporated into many biocompatible 

and/or implantable devices. However, such semiconductor components require energy 

and, thus, energization elements may typically also be included in such biocompatible 

devices. The topology and relatively small size of the biocompatible devices creates novel 

and challenging environments for the definition of various functionalities. In many 30 

embodiments, it may be important to provide safe, reliable, compact and cost effective 
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means to energize the semiconductor components within the biocompatible devices. 

Therefore, a need exists for novel embodiments of forming biocompatible energization 

elements for implantation within or upon biocompatible devices where the structure of the 

elements provides enhanced containment for chemical components of the energization 

elements as well as improved control over the quantity of chemical components contained 5 

in the energization element. Fuel cells, particularly those that utilize bioavailable fuel 

sources, may be good solutions as energization elements. In some cases, combinations of 

fuel cells and batteries may provide energy to biomedical devices. 

 

SUMMARY OF THE INVENTION 10 

Accordingly, methods and apparatus to form biocompatible energization elements 

are disclosed which afford manufacturing advantages while creating structures which may 

significantly contain the fuel cell chemistry. As well, the structural design may also 

provide for inherent control of the quantities of the energization elements found within the 

fuel cell elements.  15 

In some embodiments an energization element may be formed by placing layers of 

structure together in a stack. An anode spacer layer may have a first hole cut out from the 

anode layer. The spacer layer sidewalls of the hole may be portions of a cavity that is 

formed when multiple layers are stacked. A cathode spacer layer may have a second hole 

cut into it. In some examples, the second hole may be aligned to the first hole. The second 20 

hole may be larger than the first hole, and when the holes are aligned to each other, a ridge 

of anode spacer layer material may be exposed in the first hole. A membrane layer may be 

cut to a size and shape that it may fit into the second hole and be larger than the first hole. 

The membrane layer may be placed within the second hole and adhered to the ridge of 

anode spacer layer material. The structure may form a first cavity between the sides of the 25 

first hole and a first surface of the membrane layer. The first cavity may be filled with an 

anode solution. A second cavity may result from the placement of the membrane layer and 

may comprise surfaces of the membrane layer and exposed side wall regions of the second 

hole in the cathode spacer layer. There may be regions on the ridge of anode spacer layer 

material that may be within the second cavity in some examples. The second cavity may 30 

be filled with a cathode solution. There may also be a third cavity that is filled with a fuel 
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solution. In some examples a channel may be formed that provide fluid movement 

between the third cavity and the first cavity. In some examples the anode solution may 

comprise a first enzyme. In some examples, the anode solution comprises glucose-6-

phosphate dehydrogenase. In some examples the anode solution comprises α-glucan 

phosphorylase. The anode solution may also comprise phosphoglucomutase in some 5 

examples. In some examples the anode solution may comprise 6-phosphogluconate 

dehydrogenase. At least one of the various types of energization elements comprising one 

or more of the exemplary options may be electrically connected to an electroactive 

element within a biomedical device. The biomedical device may be an ophthalmic device. 

The ophthalmic device may be a contact lens. The fuel solution and other solutions within 10 

the energization element may comprise one or more of maltodextrin and glucose. There 

may be numerous seals that are formed within the energization element to isolate the 

various cavities from each other as well as isolating the material within the energization 

element from outside the energization element. The seals may be formed between the 

anode spacer layer and the cathode spacer layer. In some examples, there may be 15 

intermediate layers between the anode spacer layer and the cathode spacer layer that are 

comprised after treatment into the seal. The seal may be formed by one or more of laser 

welding, ultrasonic welding, and direct thermal welding. The seal may also be formed by 

photo-patterning of polymer seals. 

In another example, a biocompatible energization element may be formed from 20 

multiple layers. An anode spacer layer may be formed, and a first hole may be cut into the 

anode spacer layer by various means including laser cutting and die punching. A cathode 

layer may also be formed. A second hole may be located into the cathode spacer layer. 

The second hole may be aligned to the first hole. In some examples a membrane layer may 

be placed between the anode layer and the cathode layer. In other examples, the second 25 

hole may be cut to be larger than the first hole. The second hole and the first hole may be 

aligned into the device. The aligned first hole and second hole may form a ridge of anode 

spacer material that may be exposed in the second hole. A membrane layer may be formed 

into a shape that may fit within the second hole. The membrane may be placed within the 

second hole and adhered to the ridge of anode spacer layer material. The structure may 30 

form a first cavity between the sides of the first hole and a first surface of the membrane 
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layer. The first cavity may be filled with an anode solution. A second cavity may result 

from the placement of the membrane layer and may comprise surfaces of the membrane 

layer and exposed side wall regions of the second hole in the cathode spacer layer. There 

may be regions on the ridge of anode spacer layer material that may be within the second 

cavity in some examples. The second cavity may be filled with a cathode solution. There 5 

may also be a third cavity that is filled with a fuel solution. In some examples a channel 

may be formed that provide fluid movement between the third cavity and the first cavity. 

The channel may include an electrically actuated channel blocking mechanism, wherein 

the channel blocking mechanism blocks the channel connecting the third cavity to the first 

cavity, and wherein the electrical actuation allows fuel to flow from the third cavity into 10 

the first cavity. In some examples the anode solution may comprise a first enzyme. In 

some examples, the anode solution comprises glucose-6-phosphate dehydrogenase. In 

some examples the anode solution comprises α-glucan phosphorylase. The anode solution 

may also comprise phosphoglucomutase in some examples. In some examples the anode 

solution may comprise 6-phosphogluconate dehydrogenase. At least one of the various 15 

types of energization elements comprising one or more of the exemplary options may be 

electrically connected to an electroactive element within a biomedical device. The 

biomedical device may be an ophthalmic device. The ophthalmic device may be a contact 

lens. The fuel solution and other solutions within the energization element may comprise 

one or more of maltodextrin and glucose. There may be numerous seals that are formed 20 

within the energization element to isolate the various cavities from each other as well as 

isolating the material within the energization element from outside the energization 

element. The seals may be formed between the anode spacer layer and the cathode spacer 

layer. In some examples, there may be intermediate layers between the anode spacer layer 

and the cathode spacer layer that are comprised after treatment into the seal. The seal may 25 

be formed by one or more of laser welding, ultrasonic welding, and direct thermal 

welding. The seal may also be formed by photo-patterning of polymer seals. 

There may be examples of energization elements as described in the summary that 

also comprise one or more battery cells. The battery cell may have numerous functional 

aspects. In some examples, the battery cell may be used with an activation element to 30 

begin active operations of the energization element. The activation may include 
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electrically altering a seal between a cavity containing a fuel source and one or more 

solutions of the energization element which may include an anode solution of the fuel cell. 

The battery may also operate for a period while the fuel cell begins to reach an operating 

condition.  

 5 

BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing and other features and advantages of the invention will be apparent 

from the following, more particular description of preferred embodiments of the invention, 

as illustrated in the accompanying drawings. 

Figs.1A-1D illustrate exemplary aspects of biocompatible energization elements in 10 

concert with the exemplary application of contact lenses. 

Fig. 2 illustrates exemplary size and shape of individual cells of an exemplary fuel 

cell design. 

Fig. 3A illustrates a stand-alone, packaged biocompatible energization element 

with exemplary anode and cathode connections. 15 

Fig. 3B illustrates a stand-alone, packaged biocompatible energization element 

with exemplary anode and cathode connections. 

Figs. 4A-4N illustrate exemplary method steps for the formation of biocompatible 

energization elements for biomedical devices. 

Figs. 5A-B illustrate exemplary features of cavity based fuel cells. 20 

Figs. 6A-B illustrate alternative exemplary features of cavity based fuel cells. 

Fig. 7 illustrates a close-up view of the anode region and fuel store region of 

exemplary cavity based fuel cells. 

Fig. 8 illustrates a close-up view of the cathode region of exemplary cavity based 

fuel cells. 25 

Figs. 9 A-C illustrate exemplary interconnection schemes for exemplary fuel cells. 

 

DETAILED DESCRIPTION OF THE INVENTION 

Methods and apparatus to form three-dimensional biocompatible energization 

elements are disclosed in this application. The membrane element within the energization 30 

elements may be formed with novel methods and may comprise novel materials. In the 
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following sections, detailed descriptions of various embodiments are described. The 

description of both preferred and alternative embodiments are exemplary embodiments 

only, and various modifications and alterations may be apparent to those skilled in the art. 

Therefore, the exemplary embodiments do not limit the scope of this application. The 

three-dimensional biocompatible energization elements are designed for use in or 5 

proximate to the body of a living organism. 

 

Glossary 

In the description and claims below, various terms may be used for which the 

following definitions will apply: 10 

"Anode" as used herein refers to an electrode through which electric current flows 

into a polarized electrical device. The direction of electric current is typically opposite to 

the direction of electron flow. In other words, the electrons flow from the anode into, for 

example, an electrical circuit.  

 “Biocompatible” as used herein refers to a material or device that performs with 15 

an appropriate host response in a specific application. For example, a biocompatible 

device does not have toxic or injurious effects on biological systems. 

"Cathode" as used herein refers to an electrode through which electric current 

flows out of a polarized electrical device. The direction of electric current is typically 

opposite to the direction of electron flow. Therefore, the electrons flow into the cathode of 20 

the polarized electrical device and out of, for example, the connected electrical circuit. 

“Coating” as used herein refers to a deposit of material in thin forms. In some uses, 

the term will refer to a thin deposit that substantially covers the surface of a substrate it is 

formed upon. In other more specialized uses, the term may be used to describe small thin 

deposits in smaller regions of the surface. 25 

"Electrode" as used herein can refer to an active mass in the energy source. For 

example, it may include one or both of the anode and cathode. 

"Energized" as used herein refers to the state of being able to supply electrical 

current or to have electrical energy stored within. 
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"Energy" as used herein refers to the capacity of a physical system to do work. 

Many uses of the energization elements may relate to the capacity of being able to perform 

electrical actions.  

"Energy Source" or “Energization Element” or “Energization Device” as used 

herein refers to any device or layer which is capable of supplying energy or placing a 5 

logical or electrical device in an energized state. The energization elements may include 

fuel cells. The fuel cells can be formed from alkaline type cell chemistry and may be 

solid-state fuel cells or wet cell fuel cells.  

 “Film” as used herein refers to a thin layer of a material that may act as a covering 

or a coating; in laminate structures the film typically approximates a planar layer with a 10 

top surface and a bottom surface and a body; wherein the body is typically much thinner 

than the extent of the layer. 

"Functionalized" as used herein refers to making a layer or device able to perform 

a function including for example, energization, activation, and/or control. 

"Mold" as used herein refers to a rigid or semi-rigid object that may be used to 15 

form three-dimensional objects from uncured formulations. Some preferred molds include 

two mold parts that, when opposed to one another, define the structure of a three-

dimensional object. 

"Power" as used herein refers to work done or energy transferred per unit of time. 

"Rechargeable" or "Re-energizable" as used herein refer to a capability of being 20 

restored to a state with higher capacity to do work. Many uses may relate to the capability 

of being restored with the ability to flow electrical current at a certain rate for certain, 

reestablished time periods. 

"Reenergize" or "Recharge" as used herein refer to restoring to a state with higher 

capacity to do work. Many uses may relate to restoring a device to the capability to flow 25 

electrical current at a certain rate for a certain, reestablished time period. 

"Released" as used herein and sometimes referred to as "released from a mold" 

means that a three-dimensional object is either completely separated from the mold, or is 

only loosely attached to the mold, so that it may be removed with mild agitation. 

"Stacked" as used herein means to place at least two component layers in 30 

proximity to each other such that at least a portion of one surface of one of the layers 
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contacts a first surface of a second layer. In some embodiments, a coating, whether for 

adhesion or other functions, may reside between the two layers that are in contact with 

each other through said coating. 

"Traces" as used herein refer to energization element components capable of 

connecting together the circuit components. For example, circuit traces can include copper 5 

or gold when the substrate is a printed circuit board and can typically be copper, gold or 

printed film in a flexible circuit. A special type of “Trace” is the current collector. Current 

collectors are traces with electrochemical compatibility that makes the current collector 

suitable for use in conducting electrons to and from an anode or cathode. 

The methods and apparatus presented herein relate to forming biocompatible 10 

energization elements for inclusion within or on flat or three-dimensional biocompatible 

devices. 

There may be other examples of how to assemble and configure fuel cells 

according to the present disclosure, and some may be described in following sections. 

However, for many of these examples, there are selected parameters and characteristics of 15 

the fuel cells that may be described in their own right. In the following sections, some 

characteristics and parameters will be focused upon. 

 

Exemplary Biomedical Device Construction with Biocompatible Energization Elements 

An example of a biomedical device that may incorporate the energization 20 

elements, fuel cells, of the present disclosure may be an electroactive focal-adjusting 

contact lens. Referring to Fig. 1A, an example of such a contact lens insert may be 

depicted as contact lens insert 100. In the contact lens insert 100, there may be an 

electroactive element 120 that may accommodate focal characteristic changes in response 

to controlling voltages. A circuit 105 to provide those controlling voltage signals as well 25 

as to provide other function such as controlling sensing of the environment for external 

control signals may be powered by a biocompatible fuel cell element 110. As depicted in 

Fig. 1A, the fuel cell element 110 may be found as multiple major pieces, in this case 

three pieces, and may comprise various configurations of fuel cell chemistry elements. 

The fuel cell elements may have various interconnect features to join together pieces as 30 

may be depicted underlying the region of interconnect 114. The fuel cell elements may be 
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connected to a circuit element that may have its own substrate 111 upon which 

interconnect features 125 may be located. The circuit 105, which may be in the form of an 

integrated circuit, may be electrically and physically connected to the substrate 111 and its 

interconnect features 125. 

Referring to Fig. 1B, a cross sectional relief of a contact lens 150 may contain 5 

contact lens insert 100 and its discussed constituents. The contact lens insert 100 may be 

encapsulated into a skirt of contact lens hydrogel 155 which may encapsulate the insert 

and provide a comfortable interface of the contact lens 150 to a user’s eye. 

In reference to concepts of the present disclosure, the fuel cell elements may be 

formed in a two-dimensional form as depicted in another example of Fig. 1C. In this 10 

depiction there may be two main regions of fuel cell cells in the regions of fuel cell 

component 165 and the second fuel cell component in the region of fuel cell chemistry 

element 160. The flat element may connect to a circuit element 163, which in the example 

of Fig. 1C may contain two major circuit areas 167. The circuit element may connect to 

the fuel cell element at an electrical contact 161 and a physical contact 162. The flat 15 

structure may be bent into a three-dimensional conical structure as has been described in 

the present disclosure. In that process a second electrical contact 166 and a second 

physical contact 164 may be used to connect and physically stabilize the three-

dimensional structure. Referring to Fig. 1D, a representation of this three-dimensional 

conical structure 180 may be found. The physical and electrical contact points 181 may 20 

also be found and the illustration may be viewed as a three-dimensional view of the 

resulting structure. This structure may comprise the modular electrical and fuel cell 

component that will be incorporated with a lens insert into a biocompatible device. 

 

Segmented Fuel Cell Schemes 25 

Referring to Fig. 2, an example of different types of segmented fuel cell schemes is 

depicted for an exemplary fuel cell element for a contact lens type example. The 

segmented components may be relatively circular-shaped 271, square-shaped 272 or 

rectangular-shaped. In rectangular-shaped examples, the rectangles can be small 

rectangular shapes 273, larger rectangular shapes 274, or large rectangular shapes 275. 30 

These different types of segmenting provide design tradeoffs for parameters of the fuel 
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cell such as capacity, internal resistance, manufacturability, voltage capability, defect 

resistance and packaging. 

 

Custom Shapes of Flat Fuel Cell Elements 

In some examples of biocompatible fuel cells, the fuel cells may be formed as flat 5 

elements. Referring to Fig. 3A an example of a rectangular outline 310 of the fuel cell 

element may be depicted with an anode connection 311 and a cathode connection 312. 

Referring to Fig. 3B an example of a circular outline 330 of a fuel cell element may be 

depicted with an anode connection 331 and a cathode connection 332.  

In some examples of flat-formed fuel cells, the outlines of the fuel cell form may 10 

be dimensionally and geometrically configured to fit in custom products. In addition to 

examples with rectangular or circular outlines, custom “free-form” or “free shape” 

outlines may be formed which may allow the fuel cell configuration to be optimized to fit 

within a given product. 

In the exemplary biomedical device case of a variable optic, a “free-form” example 15 

of a flat outline may be arcuate in form; the free form may be of such geometry that when 

formed to a three-dimensional (3D) shape, it may take the form of a conical, annular skirt 

that fits within the constraining confines of a contact lens. It may be clear that similar 

beneficial geometries may be formed where medical devices have restrictive two-

dimensional (2D) or 3D shape requirements. 20 

 

Biocompatibility Aspects of Fuel Cells 

As an example, the fuel cells according to the present disclosure may have 

important aspects relating to safety and biocompatibility. In some examples, fuel cells for 

biomedical devices may need to meet requirements above and beyond those for typical 25 

fuel cell usage scenarios. In some examples, design aspects may be considered related to 

stressing events. For example, the safety of an electronic contact lens may need to be 

considered in the event a user breaks the lens during insertion or removal. In another 

example, design aspects may consider the potential for a user to be struck in the eye by a 

foreign object. Still further examples of stressful conditions that may be considered in 30 

developing design parameters and constraints may relate to the potential for a user to wear 



 
 

   
 

11 
 

the lens in challenging environments like the environment under water or the environment 

at high altitude in non-limiting examples. 

The safety of such a device may be influenced by the materials that the device is 

formed with, by the quantities of those materials employed in manufacturing the device, 

and also by the packaging applied to separate the devices from the surrounding on- or in-5 

body environment. In an example, pacemakers may be a typical type of biomedical device 

which may include a fuel cell and which may be implanted in a user for an extended 

period of time. Accordingly, in some examples, such pacemakers may typically be 

packaged with welded, hermetic titanium enclosures, or in other examples, multiple layers 

of encapsulation. Emerging powered biomedical devices may present new challenges for 10 

packaging, especially fuel cell packaging. These new devices may be much smaller than 

existing biomedical devices, for example, an electronic contact lens or pill camera may be 

significantly smaller than a pacemaker. In such examples, the volume and area available 

for packaging may be greatly reduced. 

 15 

Electrical Requirements of Micro-Energization Elements 

Another area for design considerations may relate to electrical requirements of the 

device upon the fuel cell device. In order to function as a power source for a medical 

device, an appropriate fuel cell may need to meet the full electrical requirements of the 

system when operating in a non-connected or non-externally powered mode. An emerging 20 

field of non-connected or non-externally powered biomedical devices may include, for 

example, vision-correcting contact lenses, health monitoring devices, pill cameras, and 

novelty devices. Recent developments in integrated circuit (IC) technology may permit 

meaningful electrical operation at very low current levels, for example, picoamps of 

standby current and microamps of operating current. IC’s may also permit very small 25 

devices.  

Micro-fuel cells for biomedical applications may be required to meet many 

simultaneous, challenging requirements. For example, the micro-fuel cell may be required 

to have the capability to deliver a suitable operating voltage to an incorporated electrical 

circuit. This operating voltage may be influenced by several factors including the IC 30 
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process “node,” the output voltage from the circuit to another device, and a particular 

current consumption target which may also relate to a desired device lifetime.  

With respect to the IC process, nodes may typically be differentiated by the 

minimum feature size of a transistor, such as its “so-called” transistor channel. This 

physical feature, along with other parameters of the IC fabrication, such as gate oxide 5 

thickness, can be associated with a resulting rating standard for turn-on, or threshold, 

voltages of field-effect transistors (FET’s) fabricated in the given process node. For 

example, in a node with a minimum feature size of 0.5 microns it may be common to find 

FET’s with turn-on voltages of 5.0 V. However, at a minimum feature size of 90 nm the 

FET’s may turn-on at 1.2, 1.8, or 2.5 V. The IC foundry may supply standard cells of 10 

digital blocks, for example, inverters and flip-flops that have been characterized and are 

rated for use over certain voltage ranges. Designers chose an IC process node based on 

several factors including density of digital devices, analog/digital mixed signal devices, 

leakage current, wiring layers, and availability of specialty devices such as high-voltage 

FET’s. Given these parametric aspects of the electrical components which may draw 15 

power from a micro-fuel cell, it may be important for the micro-fuel cell power source to 

be matched to the requirements of the chosen process node and IC design especially in 

terms of available voltage and current. 

In some examples, an electrical circuit powered by a micro-fuel cell, may connect 

to another device. In non-limiting examples, the micro-fuel cell powered electrical circuit 20 

may connect to an actuator or a transducer. Depending on the application these may 

include a light-emitting diode (LED), a sensor, a microelectromechanical system (MEMS) 

pump, or numerous other such devices. In some examples, such connected devices may 

require higher operating voltage conditions than common IC process nodes, for example, a 

variable-focus lens may require 35 V to activate. The operating voltage provided by the 25 

fuel cell may therefore be a critical consideration when designing such a system. In some 

examples of this type of consideration, the efficiency of a lens driver to produce 35 V 

from a 1 V fuel cell may be significantly less than it might be when operating from a 2 V 

fuel cell. Further requirements such as die size may be dramatically different considering 

the operating parameters of the micro-fuel cell as well. 30 
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Individual fuel cell cells may typically be rated with open-circuit, loaded, and 

cutoff voltages. The open-circuit voltage is the potential produced by the fuel cell with 

infinite load resistance. The loaded voltage is the potential produced by the cell with an 

appropriate, and typically also specified, load impedance placed across the cell terminals. 

In some examples, capacitors or batteries may supplement the fuel cell and may be used to 5 

buffer temporary and dynamic load conditions where the power density of a fuel cell may 

be insufficient. 

Shelf life typically refers to the period of time which a fuel cell may survive in 

storage and still maintain useful operating parameters. Shelf life may be particularly 

important for biomedical devices for several reasons. Electronic devices may displace 10 

non-powered devices, as for example may be the case for the introduction of an electronic 

contact lens. Products in these existing market spaces may have established shelf life 

requirements, for example, three years, due to customer, supply chain, and other 

requirements. It may typically be desired that such specifications not be altered for new 

products. Shelf life requirements may also be set by the distribution, inventory, and use 15 

methods of a device comprising a micro-fuel cell. Accordingly, micro-fuel cells for 

biomedical devices may have specific shelf life requirements, which may be measured in 

the number of years for example.  

In some examples, a fuel cell may function to provide the electrical energy for an 

electrical system. In these examples, the fuel cell may be electrically connected to the 20 

circuit of the electrical system. The connections between a circuit and a fuel cell may be 

classified as interconnects. These interconnects may become increasingly challenging for 

biomedical micro-fuel cells due to several factors. In some examples, powered biomedical 

devices may be very small thus allowing little area and volume for the interconnects. The 

restrictions of size and area may impact the electrical resistance and reliability of the 25 

interconnections.  

In other respects, a fuel cell may contain liquids which could boil at high 

temperature. This restriction may directly compete with the desire to use a solder 

interconnect which may, for example, require relatively high temperatures such as 250 

degrees C to melt. Although in some examples the fuel cell chemistry and the heat source 30 

used to form solder based interconnects may be isolated spatially from each other, in the 
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cases of emerging biomedical devices, the small size may preclude the separation of 

aqueous solutions and solder joints by sufficient distance to reduce heat conduction. 

 

Interconnects 

Interconnects may allow current to flow from the fuel cell in connection with an 5 

external circuit. Such interconnects may interface with the environments inside and 

outside the fuel cell, and may cross the boundary or seal between those environments. 

These interconnects may be considered as traces, making connections to an external 

circuit, passing through the fuel cell seal, and then connecting to the current collectors 

inside the fuel cell. As such, these interconnects may have several requirements. Outside 10 

the fuel cell, the interconnects may resemble typical printed circuit traces. They may be 

soldered to or otherwise connect to other traces. In an example where the fuel cell is a 

separate physical element from a circuit board containing an integrated circuit, the fuel 

cell interconnect may allow for connection to the external circuit. This connection may be 

formed with solder, conductive tape, conductive ink or epoxy, or other means. The 15 

interconnect traces may need to survive in the environment outside the fuel cell, for 

example not corroding in the presence of oxygen. 

As the interconnect passes through the fuel cell seal, it may be of critical 

importance that the interconnect coexist with the seal and permit sealing. Adhesion may 

be required between the seal and interconnect in addition to the adhesion which may be 20 

required between the seal and fuel cell package. Seal integrity may need to be maintained 

in the presence of aqueous solutions and other materials inside the fuel cell. Interconnects, 

which may typically be metallic, may be known as points of failure in fuel cell packaging. 

The electrical potential and/or flow of current may increase the tendency for solutions 

within the fuel cell to “creep” along the interconnect. Accordingly, an interconnect may 25 

need to be engineered to maintain seal integrity. 

Inside the fuel cell, the interconnects may interface with the current collectors or 

may actually form the current collectors. In this regard, the interconnect may need to meet 

the requirements of the current collectors as described herein, or may need to form an 

electrical connection to such current collectors. 30 
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One class of candidate interconnects and current collectors is metal foils. Such 

foils are available in thickness of 25 microns or less, which make them suitable for very 

thin fuel cells. Such foil may also be sourced with low surface roughness and 

contamination, two factors which may be critical for fuel cell performance. The foils may 

include zinc, nickel, brass, copper, titanium, other metals, and various alloys. Metal foils 5 

may also have coatings of various types that may be applied to their surfaces. In an 

example, a carbon or graphite coating may be applied to a copper foil, wherein the coating 

may be a conductive film with a rough surface topology which may increase surface area 

of the electrode to adjacent solutions. Furthermore, the coating may provide a barrier of 

various kinds between adjacent solutions and the metal films, which may have different 10 

aspect of chemical reactivity. There may be numerous films and coating applied to the 

electrode foils. 

 

Modular Fuel Cell Components 

In some examples, a modular fuel cell component may be formed according to 15 

some aspects and examples of the present disclosure. In these examples, the modular fuel 

cell assembly may be a separate component from other parts of the biomedical device. In 

the example of an ophthalmic contact lens device, such a design may comprise a modular 

fuel cell that is separate from the rest of a media insert. There may be numerous 

advantages of forming a modular fuel cell component. For example, in the example of the 20 

contact lens, a modular fuel cell component may be formed in a separate, non-integrated 

process which may alleviate the need to handle rigid, 3D-formed optical plastic 

components. In addition, the sources of manufacturing may be more flexible and may 

operate in a more parallel mode to the manufacturing of the other components in the 

biomedical device. Furthermore, the fabrication of the modular fuel cell components may 25 

be decoupled from the characteristics of 3D-shaped devices. For example, in applications 

requiring three-dimensional final forms, a modular fuel cell system may be fabricated in a 

flat or roughly two-dimensional perspective and then shaped to the appropriate three-

dimensional shape. A modular fuel cell component may be tested independently of the rest 

of the biomedical device, and yield loss due to fuel cell components may be sorted before 30 

assembly. The resulting modular fuel cell component may be utilized in various media 
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insert constructs that do not have an appropriate rigid region upon which the fuel cell 

components may be formed, and, in a still further example, the use of modular fuel cell 

components may facilitate the use of different options for fabrication technologies than 

would otherwise be utilized, for example, web-based technology (roll to roll), sheet-based 

technology (sheet-to-sheet), printing, and lithography processing. In some examples of a 5 

modular fuel cell, the discrete containment aspect of such a device may result in additional 

material being added to the overall biomedical device construct. Such effects may set a 

constraint for the use of modular fuel cell solutions when the available space parameters 

require minimized thickness or volume of solutions.  

In some of the examples of the fuel cell applications in the present disclosure 10 

where the fuel cell may be employed in a variable optic lens, the form factor may require a 

three-dimensional curvature of the fuel cell component where a radius of that curvature 

may be on the order of approximately 8.4 mm. The nature of such a curvature may be 

considered to be relatively steep and for reference may approximate the type of curvature 

found on a human fingertip. The nature of a relative steep curvature creates challenging 15 

aspects for manufacture. In some examples of the present disclosure, a modular fuel cell 

component may be designed such that it may be fabricated in a flat, two-dimensional 

manner and then formed into a three-dimensional form of relative high curvature. 

 

Fuel Cell Module Thickness 20 

In designing fuel cell components for biomedical applications, tradeoffs amongst 

the various parameters may be made balancing technical, safety and functional 

requirements. The thickness of the fuel cell component may be an important and limiting 

parameter. For example, in an optical lens application the ability of a device to be 

comfortably worn by a user may have a critical dependence on the thickness across the 25 

biomedical device. Therefore, there may be critical enabling aspects in designing the fuel 

cell for thinner results. In some examples, fuel cell thickness may be determined by the 

combined thicknesses of top and bottom sheets, spacer sheets, and adhesive layer 

thicknesses. Practical manufacturing aspects may drive certain parameters of film 

thickness to standard values in available sheet stock. In addition, the films may have 30 

minimum thickness values to which they may be specified base upon technical 



 
 

   
 

17 
 

considerations relating to chemical compatibility, moisture / gas impermeability, surface 

finish, and compatibility with coatings that may be deposited upon the film layers.  

In some examples, a desired or goal thickness of a finished fuel cell component 

may be a component thickness that is less than 220 µm. In these examples, this desired 

thickness may be driven by the three-dimensional geometry of an exemplary ophthalmic 5 

lens device where the fuel cell component may need to be fit inside the available volume 

defined by a hydrogel lens shape given end user comfort, biocompatibility, and acceptance 

constraints. This volume and its effect on the needs of fuel cell component thickness may 

be a function of total device thickness specification as well as device specification relating 

to its width, cone angle, and inner diameter. Another important design consideration for 10 

the resulting fuel cell component design may relate to the volume available for active fuel 

cell chemicals and materials in a given fuel cell component design with respect to the 

resulting chemical energy that may result from that design. This resulting chemical energy 

may then be balanced for the electrical requirements of a functional biomedical device for 

its targeted life and operating conditions 15 

 

Fuel Cell Module Flexibility 

Another dimension of relevance to fuel cell design and to the design of related 

devices that utilize fuel cell based energy sources is the flexibility of the fuel cell 

component. There may be numerous advantages conferred by flexible fuel cell forms. For 20 

example, a flexible fuel cell module may facilitate the previously mentioned ability to 

fabricate the fuel cell form in a two-dimensional flat form. The flexibility of the form may 

allow the two-dimensional fuel cell to then be formed into an appropriate three-

dimensional shape to fit into a biomedical device such as a contact lens. 

In another example of the benefits that may be conferred by flexibility in the fuel 25 

cell module, if the fuel cell and the subsequent device is flexible then there may be 

advantages relating to the use of the device. In an example, a contact lens form of a 

biomedical device may have advantages for insertion/removal of the media insert based 

contact lens that may be closer to the insertion/removal of a standard, non-filled hydrogel 

contact lens. Furthermore, flexibility of the fuel cell module and associated biomedical 30 

devices may allow for important advantages to the use of these devices. As a non-limiting 
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example, an intraocular lens may provide an example of a biomedical device using a 

flexible fuel cell module since a typical insertion of such a lens during a surgical 

procedure may place a folded lens body through a small incision before unfolding it into 

place. For this type of surgery and others, a smaller incisions site may result in improved 

results, quicker healing and other such benefits.  5 

The number of flexures may be important to the engineering of the fuel cell. For 

example, a fuel cell which may only flex one time from a planar form into a shape suitable 

for a contact lens may have significantly different design from a fuel cell capable of 

multiple flexures. The flexure of the fuel cell may also extend beyond the ability to 

mechanically survive the flexure event. For example, an electrode may be physically 10 

capable of flexing without breaking, but the mechanical and electrochemical properties of 

the electrode may be altered by flexure. Flex-induced changes may appear instantly, for 

example as changes to impedance, or flexure may introduce changes which are only 

apparent in long-term shelf life testing. 

 15 

Fuel Cell Module Width 

There may be numerous applications into which the biocompatible energization 

elements or fuel cells of the present disclosure may be utilized. In general, the fuel cell 

width requirement may be largely a function of the application in which it is applied. In an 

exemplary case, a contact lens fuel cell system may have constrained needs for the 20 

specification on the width of a modular fuel cell component. In some examples of an 

ophthalmic device where the device has a variable optic function powered by a fuel cell 

component, the variable optic portion of the device may occupy a central spherical region 

of about 7.0 mm in diameter. The exemplary fuel cell elements may be considered as a 3-

dimensional object, which fits as an annular, conical skirt around the central optic and 25 

formed into a truncated conical ring. If the required maximum diameter of the rigid insert 

is a diameter of 8.50 mm, and tangency to a certain diameter sphere may be targeted (as 

for example in a roughly 8.40 mm diameter), then geometry may dictate what the 

allowable fuel cell width may be. There may be geometric models that may be useful for 

calculating desirable specifications for the resulting geometry which in some examples 30 

may be termed a conical frustum flattened into a sector of an annulus.  
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Flattened fuel cell width may be driven by two features of the fuel cell element, the 

active fuel cell components and seal width. In some examples relating to ophthalmic 

devices a target thickness may be between 0.100 mm and 0.500 mm per side, and the 

active fuel cell components may be targeted at roughly 0.800 mm wide. Other biomedical 

devices may have differing design constraints but the principles for flexible flat fuel cell 5 

elements may apply in similar fashion. 

 

Cavities as Design Elements in Fuel Cell Component Design 

In some examples, fuel cell elements may be designed in manners that segment the 

regions of active fuel cell chemistry. There may be numerous advantages from the 10 

division of the active fuel cell components into discrete segments. In a non-limiting 

example, the fabrication of discrete and smaller elements may facilitate production of the 

elements. The function of fuel cell elements including numerous smaller elements may be 

improved. Defects of various kinds may be segmented and non-functional elements may 

be isolated in some cases to result in decreased loss of function. This may be relevant in 15 

examples where the loss of fuel cell solution may occur. The isolation of individualized 

components may allow for a defect that results in leakage of fluids out of the critical 

regions of the fuel cell to limit the loss of function to that small segment of the total fuel 

cell element whereas the fluid loss through the defect could empty a significantly larger 

region for fuel cells configured as a single cell. Smaller cells may result in lowered 20 

volume of active fuel cell chemicals on an overall perspective, but the mesh of material 

surrounding each of the smaller cells may result in a strengthening of the overall structure.  

 

Pressure-Sensitive Adhesive 

In some examples, the plurality of components comprising the laminar micro-fuel 25 

cells of the present disclosure may be held together with a pressure-sensitive adhesive 

(PSA) that also serves as a sealant. As set forth below, alternatives to pressure sensitive 

adhesives may be utilized.  While a myriad of commercially available pressure sensitive 

adhesive formulations may exist, such formulations may include components that may 

make them unsuitable for use within a biocompatible laminar micro-fuel cell. Examples of 30 

undesirable components in pressure sensitive adhesives may include low molecular mass 
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leachable components, antioxidants e.g. BHT and/or MEHQ, plasticizing oils, impurities, 

oxidatively unstable moieties containing, for example, unsaturated chemical bonds, 

residual solvents and/or monomers, polymerization initiator fragments, polar tackifiers, 

and the like.  

Suitable PSAs may on the other hand exhibit the following properties. They may 5 

be able to be applied to laminar components to achieve thin layers on the order of 2 to 20 

microns. As well, they may contain a minimum of, preferably zero, undesirable or non-

biocompatible components. Additionally, they may have sufficient adhesive and cohesive 

properties so as to bind the components of the laminar fuel cell together. And, they may be 

able to flow into the micron-scale features inherent in devices of the present construction 10 

while providing for a robust sealing of fluids within the fuel cell. In some examples of 

suitable PSAs, the PSAs may have a low permeability to water vapor in order to maintain 

a desirable aqueous solution composition within the fuel cell even when the fuel cell may 

be subjected to extremes in humidity for extended periods of time.  

In consideration of these requirements, polyisobutylene (PIB) may be a 15 

commercially-available material that may be formulated into PSA compositions meeting 

many if not all desirable requirements. Furthermore, PIB may be an excellent barrier 

sealant with very low water absorbance and low oxygen permeability. An example of PIB 

useful in the examples of the present disclosure may be Oppanol B15 by BASF 

Corporation. Oppanol B15 may be dissolved in hydrocarbon solvents such as toluene, 20 

dodecane, mineral spirits, and the like. A preferred PSA composition may comprise 30 % 

Oppanol B15 (w/w) in a solvent mixture comprising 70% (w/w) toluene and 30% 

dodecane. The adhesive and rheological properties of PIB based PSA's may be determined 

in some examples by the blending of different molecular mass grades of PIB. A common 

approach may be to use a majority of low molar mass PIB, e.g. Oppanol B10 to effect 25 

wetting, tack, and adhesion, and to use a minority of high molar mass PIB to effect 

toughness and resistance to flow. Consequently, blends of any number of PIB molar mass 

grades may be envisioned and may be practiced within the scope of the present disclosure. 

Furthermore, tackifiers may be added to the PSA formulation so long as the 

aforementioned requirements may be met. By their very nature, tackifiers impart polar 30 

properties to PSA formulations, so they may need to be used with caution so as to not 



 
 

   
 

21 
 

adversely affect the barrier properties of the PSA. Furthermore, tackifiers may in some 

cases be oxidatively unstable and may include an antioxidant, which could leach out of the 

PSA. For these reasons, preferred tackifiers for use in PSA's for biocompatible laminar 

micro fuel cells may include fully- or mostly hydrogenated hydrocarbon resin tackifiers 

such as the Regalrez series of tackifiers from Eastman Chemical Corporation.  5 

In numerous examples herein, examples of processing may include the use of a 

pressure sensitive adhesive. In many cases other types of adhesion or sealing may be 

employed in similar manners with similar results. In some examples, additional processing 

to that used to adhere parts together may be employed to increase the ability of the 

adhered surfaces to be sealed. For example, laser welding may join or further support 10 

sealing. In other examples, ultrasonic welding or thermal welding may be used to support 

sealing aspects. Still further examples may include photo-patterned polymer seals. In some 

examples a work piece may be assembled into a general structure with the use of pressure 

sensitive adhesives and then after a number of structural elements have been joined, 

additional processing may ensure to enhance or define appropriate sealing surfaces. 15 

 

Additional Package and Substrate Considerations in Biocompatible Fuel Cell Modules 

There may be numerous packaging and substrate considerations that may dictate 

desirable characteristics for package designs used in biocompatible laminar micro fuel 

cells. For example, the packaging may desirably be predominantly foil and/or film based 20 

where these packaging layers may be as thin as possible, for example, 10 to 50 microns. 

Additionally, the packaging may provide a sufficient diffusion barrier to moisture gain or 

loss during the shelf life. In many desirable examples, the packaging may provide a 

sufficient diffusion barrier to oxygen ingress. 

In some examples, the packaging may provide a finite permeation pathway to any 25 

gasses that may evolve.  

In some examples, top and bottom packaging layers may  comprise metallic foils 

or polymer films. In some examples, such polymer films may themselves be coated in 

numerous manners including in a non-limiting sense to be evaporated, sputtered or coated 

in other manners by layers of metallic compounds or elements or other non-metallic 30 

compounds such as silicon dioxide for example. Top and bottom packaging layers may be 
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comprised of multi-layer film constructs containing a plurality of polymer and/or barrier 

layers. Such film constructs may be referred to as coextruded barrier laminate films. An 

example of a commercial coextruded barrier laminate film of particular utility in the 

present disclosure may be 3M Scotchpak 1109 backing which consists of a PET carrier 

web, a vapor-deposited aluminum barrier layer, and a polyethylene layer comprising a 5 

total average film thickness of 33 microns. Numerous other similar multilayer barrier 

films may be available and may be used in alternate examples of the present disclosure. 

In design constructions comprising a PSA, packaging layer surface roughness may 

be of particular importance, because the PSA may also need to seal opposing packaging 

layer faces. Surface roughness may result from manufacturing processes used in foil and 10 

film production, for example processes employing rolling, extruding, embossing and/or 

calendaring, among others. If the surface is too rough, PSA may be not able to be applied 

in a uniform thickness when the desired PSA thickness may be on the order of the surface 

roughness Ra. Furthermore, PSA’s may not adequately seal against an opposing face if the 

opposing face has roughness that may be on the order of the PSA layer thickness. In the 15 

present disclosure, packaging materials having a surface roughness, Ra, less than 10 

microns may be acceptable examples. In some examples, surface roughness values may be 

5 microns or less. And, in still further examples, the surface roughness may be 1 micron or 

less. Surface roughness values may be measured by a variety of methods including but not 

limited to measurement techniques such as white light interferometry, stylus profilometry, 20 

and the like. There may be many examples in the art of surface metrology that surface 

roughness may be described by a number of alternative parameters and that the average 

surface roughness, Ra, values discussed herein may be meant to be representative of the 

types of features inherent in the aforementioned manufacturing processes. 

 25 

Fuel Cell Architecture and Fabrication 

Fuel cell architecture and fabrication technology may be closely intertwined. As 

has been discussed in earlier sections of the present disclosure, a fuel cell has the 

following elements: a cathode region with an inert electrode, an anode typically with 

enzymes for catalysis of the fuel cell reaction, a fuel source, and a membrane which may 30 

be called an electrolyte, a cathode current collector, an anode current collector, and 
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packaging. In some examples, the design may have dual-use components, for example, the 

process of using a metal package to double as a current collector. From a relative volume 

and thickness standpoint, these elements may be nearly all the same volume, except for 

the cathode and fuel source.  

In these examples, the relative scale of the various components may be 5 

approximated in the following thicknesses of the elements: Anode current collector = 1 

µm; Cathode current collector = 1 µm; Membrane/Electrolyte = as thin or thick as 

effective for isolation of gaseous compounds and effective for diffusion of ionic species 

where the planned thickness may be approximately 10 µm; Anode cavity thickness = 50 

µm; fuel cell cavity thickness approximately 50-60 µm and the Cathode = 5 µm. For these 10 

examples of elements the packaging needed to provide sufficient protection to maintain 

fuel cell chemistry in use environments may have a planned maximal thickness of 

approximately 50 µm. 

In some examples, which may be fundamentally different from large, prismatic 

constructs such as cylindrical or rectangular forms and which may be different than wafer-15 

based solid state construct, such examples may assume a “pouch”-like construct, using 

webs or sheets fabricated into various configurations, with fuel cell elements arranged 

inside. The containment may have two films or one film bended over onto the other side 

either configuration of which may form two roughly planar surfaces, which may be then 

sealed on the perimeter to form a container. This thin-but-wide form factor may make fuel 20 

cell elements themselves thin and wide. Furthermore, these examples may be suitable for 

application through coating, gravure printing, screen printing, sputtering, or other similar 

fabrication technology. 

In some examples, the processing of the fuel cell structure may be classified as 

laminate assembly, which may involve using films, either in a web or sheet form, to build 25 

up a fuel cell layer by layer. Sheets can be bonded to each other using adhesives, such as 

pressure-sensitive adhesives, thermally activated adhesives, or chemical reaction-based 

adhesives. In some examples the sheets can be bonded by welding techniques such as 

thermal welding, ultrasonic welding and the like. Sheets may lend themselves to standard 

industry practices as roll-to-roll (R2R), or sheet-to-sheet assembly. As indicted earlier, an 30 

interior volume for the fuel may need to be substantially larger than the other active 
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elements in the fuel cell. Much of a fuel cell construct may have to create the space for the 

fuel, and support it from migration during flexing of the fuel cell. Another portion of the 

fuel cell construct that may consume significant portions of the thickness budget may be 

the membrane material. In some examples, a sheet form of membrane may create an 

advantageous solution for laminate processing. In other examples, the membrane may be 5 

formed by dispensing polymer material into a layer to act as the membrane. For the sheet 

membrane approach, another laminate layer may be introduced to contain this element. 

For a dispensed polymer membrane, the thickness of the formed device may increase in 

order to accommodate and contain the necessary spacer material volume to contain the 

membrane. 10 

In these laminate fuel cell assembly examples, the product may have an anode 

sheet, which may be a combination of a package layer and an anode current collector, as 

well as substrate for the anode layer. The forming product may also have an optional 

membrane spacer sheet, a cathode spacer sheet, and a cathode sheet. The cathode sheet 

may be a combination of a package layer and a cathode current collector layer. 15 

Intimate contact between electrodes and current collectors is of critical importance 

for reducing impedance and increasing discharge capacity. If portions of the electrode are 

not in contact with the current collector, resistance may increase since conductivity is then 

through the electrode (typically less conductive than the current collector) or a portion of 

the electrode may become totally disconnected. An embossing step may be performed 20 

after assembly of the laminar stack, introducing compression into the stack.  

 

Exemplary Illustrated Processing of Fuel Cells – Placed Membrane  

An example of the steps that may be involved in processing fuel cell elements may 

be found referring to Figs. 4A – 4N. The processing at some of the exemplary steps may 25 

be found in the individual figures. In Fig. 4A, a combination of a PET Anode Spacer 401 

and a PET Cathode Spacer 404 is illustrated. The PET Anode Spacer 401 may be formed 

by applying films of PET 403 which, for example, may be roughly 3 mils thick. In some 

examples, two PET layers may surround a metal sealed cavity 407 between the two layers. 

The metal seal may include electrical connecting layers within the space between the PET 30 

layers to allow for electrically driven removal of the metal seal. On either side of the PET 
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layer may be found PSA layers or these may be capped with a polyvinylidene fluoride 

(PVDF) release layer 402 which may be roughly 1 mil in thickness. The PET Cathode 

Spacer 404 may be formed of a PVDF layer 409 which may be roughly 3 mils of 

thickness. There may be a capping PET layer 405 which may be roughly 0.5 mils in 

thickness. Between the PVDF layer 409 and the capping PET layer 405, in some 5 

examples, may be a layer of PSA. 

Proceeding to Fig. 4B, a hole 406 in the Cathode Spacer layer 404 may be cut by 

laser cutting treatment. Next at Fig. 4C, the cut PET Cathode Spacer layer may be 

laminated 408 to the PET Anode Spacer layer 401. Proceeding to Fig. 4D, a cathode 

spacer hole 410 and a fuel cavity hole 411 may be cut by laser cutting treatment. The 10 

alignment of this cutting step may be registered to the previously cut features in the PET 

Cathode Spacer layer 404. At Fig. 4E, a layer of membrane 412, may be bonded to a 

carrier 413. Proceeding to Fig. 4F, the membrane material may be cut to figures that are 

between the size of the previous two laser-cut holes surrounding the cathode and anode 

cavities, and approximately the size of the PET Cathode Spacer hole, forming a precut 15 

membrane 420. Proceeding to Fig. 4G, a pick and place tool 421 may be used to pick and 

place discrete pieces of membrane into their desired locations on the growing device. At 

Fig. 4H, the placed membrane pieces 422 are fastened into place. A cavity solution 423, 

which may be a slurry of ice in some examples, may be filled into the cathode cavity. If 

the cavity solution 423 is in liquid form, the filling may occur with the layers inverted 20 

from the depicted direction. Proceeding to Fig. 4I, the growing device structure may be 

bonded to a cathode contact 425.  

Proceeding to Fig. 4J, a mixture of the fuel for the fuel cell may be added to the 

anode cavity 430 and the fuel cavity 432. A squeegee 431 may be used in some examples 

to spread the cathode mix across a work piece and in the process fill the gaps of the fuel 25 

cell devices being formed. After filling, the remaining PVDF release layer 433 may be 

removed which may result in the structure transformation illustrated from Fig. 4K to 4L. 

At Fig. 4L additional materials 440 such as enzymes and buffers may be added to the 

anode cavity to also be at the height of the PET layer top. In some examples, the enzymes 

included in the anode cavity may include glucose-6-phosphate dehydrogenase, α-glucan 30 

phosphorylase, phosphoglucomutase, and 6-phosphogluconate dehydrogenase as well as 
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other examples of enzymes. Proceeding to Fig. 4M, an anode contact layer 450 which may 

include a bound layer of enzymes on an anode 451, may be bonded to the growing 

structure. In a final illustration at Fig. 4N a laser cutting process may be performed to 

remove side regions 460 and yield a fuel cell element. There may be numerous alterations, 

deletions, changes to materials and thickness targets that may be useful within the intent of 5 

the present disclosure.  

 

Fuel Cell Elements 

 The laminate layer based cavity approaches may be useful in forming a fuel cell. 

An energization element with fuel cells may utilize the cavity approach described in the 10 

present disclosure and may include multiple cavities, with a number of cavities being a 

cathode, anode, or fuel source. A cathode cavity may contain a cathode fluid composition. 

An anode cavity may contain an anode fluid composition which may contain a number of 

enzymes to facilitate catabolic oxidation of a fuel source. A fuel source cavity may contain 

a fuel source for the fuel cell. This fuel source may include a hydrocarbon biofuel such as 15 

glucose or maltodextrin, as non-limiting examples. The membrane layers of these cavities, 

which may also be called the electrolyte, keep the reaction intermediaries from each other 

while allowing small ionic species such as hydrogen ions to diffuse across the electrolyte 

region. The electrolyte may include different materials, including semi-permeable 

materials, as a non-limiting example. In some examples, the energization element may 20 

include both fuel cells as well as battery elements. The battery elements may be useful to 

activate the fuel cell for use conditions and may allow fuel to flow into the fuel cell from a 

storage location 

 Referring now to Fig. 5A, a cavity-based fuel cell may have three main cavities for 

operation: a fuel source cavity 510, an anode cavity 520, and a cathode cavity 530. In 25 

some examples a single cavity may have a stacked implementation with the one or more 

of the anode, cathode and fuel source cavity occupying a single cavity with intervening 

layers separating the different functions. The interaction and interconnection of these 

cavities or elements in a cavity may allow for the functioning as a fuel cell. The fuel 

source cavity 510 and anode cavity 520 may be connected by means of a bridge 540 30 

between the two cavities that contains a gate 545 to separate the two cavities until it may 
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be opened upon desired operation of the cavity fuel cell. The anode cavity 520 and 

cathode cavity 530 may be separated by a semi-permeable membrane or electrolyte 550 

that separates the general contents of each cavity, but may allow the transfer of protons 

from the anode cavity 520 to the cathode cavity 530, as may be necessary for the 

functioning of the cavity fuel cell. The anode cavity 520 and cathode cavity 530 may be 5 

connected by an external circuit 560 that may utilize the energy released in reactions 

within the fuel cell. Interconnections may facilitate the transfer of electrons from an 

electrode 561 in the anode cavity 520 to an electrode 562 in the cathode cavity 530, as 

may be necessary for the functioning of the cavity fuel cell. There may be numerous 

examples of materials and processing related to cavity-based processing discussed earlier 10 

in this specification in relationship to fuel cells that may be employed. It may be apparent 

in some examples, that the anode cavity may contain the fuel source without an additional 

fuel source cavity being employed. 

In some examples of fuel cells, the effective surface areas of the electrodes in the 

anode and cathode may be important factors in the performance of the fuel cells. High 15 

surface area platinum based electrodes may be utilized in some examples. Other examples 

of forming high surface area films such as texturing of a surface physically, growing 

dendritic features of high surface area, electroplating, sputter coating, laser milling, 

chemical etching, and other such examples may provide desirable electrodes.  

 In a fuel cell, it may be particularly important for the diffusion of molecular 20 

species to be regulated within the device. The electrolyte may play a key function in 

preventing reactants from crossing between the anode and cathode while also allowing 

hydrogen ions to diffuse through the cell to complete the electrochemical circuit. Other 

parts of the construction reaction process have similar important functions. The adhesives, 

570 may be an example where diffusion control and material choice may be important, 25 

and the seals formed at the adhesive layers may have supplemental sealing such as laser 

based melt flow sealing as examples. The laminate material such as layer 571 may be 

another example, where materials that are non-permeable are desirable. In one example, a 

supplemental laminate piece 572 may be found which may add a non-permeable 

characteristic between the electrolyte 550 and the fuel source cavity 510. Referring to Fig. 30 
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5B the volume of the fuel cavity may be altered with an impervious layer 573 which may 

be used to isolate the fuel from the membrane/electrolyte region.  

There may be other species such as oxygen that should be controlled to be present 

only in the cathode cavity 530. The various layers may be formed to be impermeable to 

oxygen to support this function. Alternatively, there are regions of the fuel cell that should 5 

be permeable to oxygen since it is used in the reaction process in the fuel cell. The anode 

electrode itself may have perforations or gaps that allow for gasses to diffuse into the 

cathode cell. Other structures such as electrical interconnects 575 and support layers 576 

may also be designed to have permeability to oxygen. As the fuel source reacts in the fuel 

cell, oxygen is consumed in the cathode cell while carbon dioxide may be evolved in the 10 

anode cell. In some examples, the carbon dioxide may be evolved and diffuse out of the 

cell, or in other examples, the carbon dioxide may be dissolved in the reactant solution 

with buffers present to limit the change in pH that occurs as carbon dioxide is solvated. 

In some examples, an oxidant source may be incorporated within the cathode 

solution even when the various regions are kept from allowing diffusion of molecules such 15 

as oxygen across boundaries. General zeolites formed to absorb oxygen or nanotubes may 

be configured to adsorb oxygen molecules and surrender them during an oxidation 

reaction. In a similar vein, adsorbant surfaces of zeolytes may be used to segregate carbon 

dioxide formed in the anode during the course of the generation of electricity in a fuel cell. 

There may be numerous active species that have a useful function in the examples 20 

of fuel cells discussed. Since a powered device may need to be stored over a relatively 

long shelf life, there may be important considerations that may stabilize the components of 

biocompatible fuel cells such as the variety of enzymes which may be connected to 

electrode surfaces. One important consideration may be the segregation of a fuel source 

from the anode cell until such a time that energy derived from it is used. Referring now to 25 

Figs. 6A and 6B, a fuel cell activation element may be depicted. The fuel source cavity 

510 may contain the fuel source for the fuel cell’s operation, which may include 

maltodextrin, glucose or other biofuels, as non-limiting examples. In some examples, the 

fuel source may be an aqueous solution of maltodextrin, glucose or other biofuels. In other 

examples, a solid or highly concentrated solution of the fuel may be stored in the fuel 30 

cavity. A closed gate 610 may prevent the fuel source from transferring from the fuel 
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source cavity 510 into the anode cavity 520. As a non-limiting example, this gate 610 

which is closed may consist of an electrically conductive metal sheet. In other examples, 

the gate may be an electrically controlled expansive element that may be programmed to 

open and close multiple times, to allow fuel to move from the fuel cavity to the anode 

cavity. A separate power source 620, which may include a cavity-formed battery as 5 

described in the referenced related applications of the present disclosure, may be 

connected to the closed gate 610 at connection points 621, 622 to create a circuit that may 

be connected or broken by means of an electrical switch 630. The operating voltage of the 

separate power source 620 may be high enough that when the electrical switch 630 is 

connected to complete the circuit, the voltage across the closed gate 610 may very quickly 10 

increase power enough to melt the thin film like an electric fuse. Thus in some examples, 

the current flow may cause the closed gate 610 to rupture,  resulting in an open gate 640 as 

depicted in Fig. 6B. When this occurs, the fuel source in the fuel source cavity 510 may 

now transfer to the anode cavity 520. Thus, an activation signal may be received by 

electronic circuitry powered by a small battery cell. The battery cell’s capacity may be  15 

based on that needed to support a receiver of the activation signal and the energy required 

to rupture the seal in the fuel cell fuel source cavity at the closed gate 610. In some 

example, the battery may have a small additional energy capacity to operate the 

biomedical device for a period of time while the fuel cell initiates. In some examples, the 

materials that comprise a fuel cell may be more biologically compatible than battery 20 

chemistry and in those cases, the use of a fuel cell based energization element of this 

composite design may maximize the usage of biocompatible materials in the fuel cell. 

Referring now to Fig. 7, an exemplary active anode cavity may be seen. With an 

open gate 640 between the fuel source cavity 510, not found in Fig. 7 but as referenced in 

Fig. 5A, and anode cavity 520, the fuel source may be able to travel in the direction 25 

indicated by arrow710 into the anode cavity 520. The active anode cavity may contain a 

combination of ingredients including a buffer solution to maintain a stable pH of the 

solution, a single or possible combination of reaction catalysts, and specific concentrations 

of other ingredients that may react with the fuel source when it is exposed to these 

ingredients. The reaction catalysts may consist of a single or combination of specific 30 

enzymes, to function as reaction catalysts in a desired catabolic reaction with a biofuel, 
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such as, but not limited to, maltodextrin or other glucose molecules. This catabolic 

reaction may generate a number of free protons, which may travel in the direction 

indicated by arrow 730 across the membrane (also called an electrolyte in previous 

discussions) into the cathode cavity 530, which is depicted in following Fig. 8, as well as 

an equal number of free electrons, which may travel in the direction indicated by arrow 5 

735 through an external circuit 560 to the cathode as well. Depending on the specific 

catabolic reaction taking place in the active anode cavity it may be desirable for the active 

anode cavity to be oxygen-impermeable. To achieve this, the outer anode boundary 740, 

which may be an electrical interconnect, may be composed of an oxygen-impermeable 

material, such as a metal, as a non-limiting example. In some examples, films of brass, 10 

titanium, aluminum and metals like this may be used. For certain types of fuel source the 

catabolic oxidation reactions may produce carbon dioxide as a byproduct 750. Since the 

anode cavity may be designed to not allow oxygen to diffuse into the cavity, this same 

impervious active anode cavity may not be able to dispel generated carbon dioxide. In 

some examples the carbon dioxide as generated may be dissolved in the aqueous solution 15 

of the anode. In dissolving, the carbon dioxide may alter the pH of the ingredient solution 

present in the active anode cavity. Thus, a buffering solution may be useful in the solution 

to increase the amount of carbon dioxide that may be evolved before the pH of the anode 

lowers enough to effect the reactions. Thus, buffers may be introduced to keep the pH 

within operational levels. 20 

Referring now to Fig. 8, an active cathode cavity may be seen. This active cathode 

cavity may contain an electrically conductive electrode 810 that may serve as the site for 

the reduction reaction 820 present in the cathode. This reduction reaction 820 may be 

caused by an influx of protons and electrons from the anode cavity. In order for the 

reduction reaction 820 to occur, oxygen may be introduced into the active cathode cavity 25 

from the environment 830; as such, the cathode cavity 530 may be constructed with 

oxygen-permeable materials including, but not limited to, a hydrogel. As a product of the 

reduction reaction 820 in the active cathode cavity, water may be generated 840. In some 

examples, it may be desirable to design a fuel cell of the types discussed herein such that 

the cathode region is located within a biomedical device such that it is in a proximity to a 30 

source of oxygen. In a non-limiting example, a contact lens may have an “outer curve” 
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surface and an “inner curve” surface. The inner curve surface may rest upon or in closest 

proximity to the surface of the eye. The “outer curve” may therefore sit facing the 

atmosphere surrounding the ocular environment. Even though the lens surface may still be 

bathed in tear fluid during use, there may be an expectation that the oxygen concentration 

in proximity to atmosphere is relatively higher.  5 

If the biomedical device is packaged in a container that keeps the biomedical 

device in an environment devoid of oxygen, it may be possible to suspend the operation of 

the fuel cell. In the absence of oxygen, the reactions will ultimately stop. Therefore, in 

examples of this type, the opening of a package may allow oxygen from the atmosphere to 

flood into the biomedical device and diffuse into the fuel cell. As the oxygen diffuses into 10 

the fuel cell it may begin to generate electrical current as its fuel source is consumed. 

Thus, another type of activation may result from such an example.  In the example of Fig. 

8, electrons flow into the cathode cell and are illustrated by the arrow pointing towards the 

electrical load 560.  After flowing through the electrical load 560, electrons enter into the 

cathode through conductive electrode 810 and then participate in the reduction reaction 15 

820.   

Referring now to Fig. 9, an exemplary combination of cavity-based fuel cells may 

be seen. Depending on the device that may be powered by the combination of cavity fuel 

cells, it may be desirable to supply the device with a greater voltage or current than may 

be supplied by just a single cavity fuel cell. As such, multiple cavity-based fuel cells may 20 

be connected in parallel 910 as shown in Fig. 9A to increase the supplied current. In 

another example, a combination may be formed to increase the supplied voltage, such as 

in series 920 as shown in Fig. 9B. Many different series and parallel combinations 930, in 

Fig. 9C, of cavity based fuel cells may be possible to achieve a resulting supply voltage 

and current. The laminate cavity based approach may result in a straight forward manner 25 

to define multiple fuel cell examples in a small volume that may be combined in an 

equally straight forward manner. Additionally, to increase the overall life of a device 

powered by cavity fuel cells, this exemplary combination of cavity fuel cells may contain, 

as a non-limiting example, cavity fuel cells that are activated immediately upon powering 

on the device, as well as cavity fuel cells that are activated at a later moment. Because 30 

cavity based fuel cells may have a finite lifespan, limited by a finite fuel source or 
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degradation of active components, as non-limiting examples, the lifespan of a device 

powered by these cavity fuel cells, may be limited to the lifespan of the cavity fuel cells. If 

however, multiple groups of fuel cells, each having the ability to power the device alone, 

are powered on in succession, the life span of the device may be doubled, tripled, or 

increased by a larger amount, depending on how many of these such groups are utilized. 5 

The activation of subsequent cavity fuel cell groups may be triggered, for example, by 

control circuitry that measures the loaded voltage dropping below a certain value, as a 

non-limiting example. 

  Fuel cells may be designed and incorporated into numerous types of biomedical 

devices. In some examples, fuel cells based on cavity based architectures may result in 10 

desirable solutions. The biomedical devices may be, for example, implantable electronic 

devices, such as pacemakers and micro-energy harvesters, electronic pills for monitoring 

and/or testing a biological function, surgical devices with active components, ophthalmic 

devices, microsized pumps, defibrillators, stents, and the like. 

Specific examples have been described to illustrate embodiments for the 15 

formation, methods of formation, and apparatus of formation of biocompatible 

energization elements comprising fuel cells. These examples are for said illustration and 

are not intended to limit the scope of the claims in any manner. Accordingly, the 

description is intended to embrace all embodiments that may be apparent to those skilled 

in the art. 20 
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WHAT IS CLAIMED IS: 

 

1) A biocompatible energization element comprising 

an anode spacer layer; 

a first hole located in the anode spacer layer; 

a cathode spacer layer; 

at least a second hole, wherein the second hole is located in the cathode 

spacer layer, wherein the second hole is aligned to the first hole, and wherein the second 

hole is larger than the first hole such that when the first hole and the second hole are 

aligned there is a ridge of anode spacer layer exposed in the second hole;  

a membrane layer, wherein the membrane layer is placed within the second 

hole and is adhered to the ridge of anode spacer layer;  

a first cavity between sides of the first hole and a first surface of the 

membrane layer, wherein the first cavity is filled with an anode solution;  

a second cavity between sides of the second hole and a second surface of 

the membrane layer, wherein the second cavity is filled with a cathode solution; and 

a third cavity wherein the third cavity is filled with a fuel solution and 

wherein a channel connects the third cavity to the first cavity. 

 

2) The biocompatible energization element according to claim 1 wherein the anode 

solution comprises a first enzyme. 

 

3) The biocompatible energization element according to claim 2 wherein the anode 

solution comprises glucose-6-phosphate dehydrogenase. 

 

4) The biocompatible energization element according to claim 2 wherein the anode 

solution comprises α-glucan phosphorylase. 

 

5) The biocompatible energization element according to claim 2 wherein the anode 

solution comprises phosphoglucomutase. 
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6) The biocompatible energization element according to claim 2 wherein the anode 

solution comprises 6-phosphogluconate dehydrogenase. 

 

7) The biocompatible energization element of claim 3 wherein the biocompatible 

energization element is electrically connected to an electroactive element within a 

biomedical device. 

 

8) The biocompatible energization element of claim 1 wherein the biocompatible 

energization element is electrically connected to an electroactive element within a 

biomedical device. 

 

9) The biocompatible energization element of claim 7 wherein the biomedical device 

is an ophthalmic device. 

 

10) The biocompatible energization element of claim 9 wherein the ophthalmic device 

is a contact lens. 

 

11) The biocompatible energization element according to claim 10 further comprising 

maltodextrin. 

 

12) The biocompatible energization element according to claim 10 further comprising 

glucose. 

 

13)  The biocompatible energization element according to claim 1 additionally 

comprising a seal between the anode spacer layer and the cathode spacer layer, wherein 

the seal also comprises any layers between the anode spacer layer and the cathode spacer 

layer. 

 

14) The biocompatible energization element according to claim 13 wherein the seal is 

formed by laser welding. 
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15) The biocompatible energization element according to claim 13 wherein the seal is 

formed by ultrasonic welding. 

 

16) The biocompatible energization element according to claim 13 wherein the seal is 

formed by photo-patterning of polymer seals.  

 

17) A biocompatible energization element comprising: 

an anode spacer layer; 

a first hole located in the anode spacer layer; 

a cathode spacer layer; 

at least a second hole, wherein the second hole is located in the cathode 

spacer layer, wherein the second hole is aligned to the first hole, and wherein the second 

hole is larger than the first hole such that when the first hole and the second hole are 

aligned there is a ridge of anode spacer layer exposed in the second hole;  

a membrane layer, wherein the membrane layer is placed within the second 

hole and is adhered to the ridge of anode spacer layer;  

a first cavity between sides of the first hole and a first surface of the 

membrane layer, wherein the first cavity is filled with an anode solution;  

a second cavity between sides of the second hole and a second surface of 

the membrane layer, wherein the second cavity is filled with a cathode solution;  

a third cavity wherein the third cavity is filled with a fuel solution and 

wherein a channel connects the third cavity to the first cavity; and 

an electrically actuated channel blocking mechanism, wherein the channel blocking 

mechanism blocks the channel connecting the third cavity to the first cavity, and wherein 

the electrical actuation allows fuel to flow from the third cavity into the first cavity. 

 

18) The biocompatible energization element according to claim 17 wherein the anode 

solution comprises a first enzyme. 

 

19) The biocompatible energization element according to claim 18 wherein the anode 

solution comprises glucose-6-phosphate dehydrogenase. 



 
 

   
 

36 
 

 

20) The biocompatible energization element according to claim 18 wherein the anode 

solution comprises α-glucan phosphorylase. 

 

21) The biocompatible energization element according to claim 18 wherein the anode 

solution comprises phosphoglucomutase. 

 

22) The biocompatible energization element according to claim 18 wherein the anode 

solution comprises 6-phosphogluconate dehydrogenase. 

 

23) The biocompatible energization element of claim 19 wherein the biocompatible 

energization element is electrically connected to an electroactive element within a 

biomedical device. 

 

24) The biocompatible energization element of claim 17 wherein the biocompatible 

energization element is electrically connected to an electroactive element within a 

biomedical device. 

 

25) The biocompatible energization element of claim 24 wherein the biomedical 

device is an ophthalmic device. 

 

26) The biocompatible energization element of claim 25 wherein the ophthalmic 

device is a contact lens. 

 

27) The biocompatible energization element according to claim 24 further comprising 

maltodextrin. 

 

28) The biocompatible energization element according to claim 24 further comprising 

glucose. 
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29) The biocompatible energization element according to claim 17 additionally 

comprising a seal between the anode spacer layer and the cathode spacer layer, wherein 

the seal also comprises any layers between the anode spacer layer and the cathode spacer 

layer. 

 

30) The biocompatible energization element according to claim 29 wherein the seal is 

formed by laser welding. 

 

31) The biocompatible energization element according to claim 29 wherein the seal is 

formed by ultrasonic welding. 

 

32) The biocompatible energization element according to claim 29 wherein the seal is 

formed by photo-patterning of polymer seals.  

 

33) The biocompatible energization element according to claim 17 further comprising 

a battery cell. 

 

34) The biocompatible energization element according to claim 33  wherein the battery 

cell provides energy for the electrical actuation. 

 

  


