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WATERPROOF STRETCHABLE OPTOELECTRONICS

CROSS REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of and priority to: U.S. Provisional

Applications 61/388,529 filed on September 30, 201 0, 61/313,397 filed on March 12,

2010, 61/314,739 filed on March 17, 201 0; U.S. Applications 12/968,637 filed on

December 15, 2010 and 12/892,001 filed on September 28, 2010; and PCT

International Applications PCT/US 10/60425 filed December 15, 201 0 and

PCT/US1 0/50468 filed September 28, 2010; each of which is hereby incorporated by

reference in its entirety to the extent not inconsistent herewith.

STATEMENT REGARDING FEDERALLY SPONSORED

RESEARCH OR DEVELOPMENT

[0002] This invention was made with United States governmental support from the

National Science Foundation under grant DMI-03281 62, the U.S. Department of

Energy under Award No. DE-FG02-07ER46471 , the U.S. Army Research Laboratory

and the U.S. Army Research Office under contract number W91 1 NF-07-1 -0618 and

by the DARPA-DSO and the National Institutes of Health P41 Tissue Engineering

Resource Center under award number P41 EB002520. The U.S. government has

certain rights in the invention.

BACKGROUND

[0003] This invention is in the field of stretchable and flexible electronics. This

invention relates generally to flexible and stretchable electronics adapted for use in

biomedical, sensing and robotics applications.

[0004] Many established forms of inorganic light emitting diodes (LEDs) and

photodetectors (PDs) incorporate rigid, flat and brittle semiconductor wafers as

supporting substrates, thereby restricting the ways that these devices can be used.

Research in organic optoelectronic materials is motivated, in part, by the potential for

alternative applications enabled by integration of thin film devices on flexible sheets

of plastic. Many impressive results have been achieved in recent years, several of

which are moving toward commercialization.



[0005] There is growing interest in the use of organic and inorganic

micro/nanomatehals and devices in similarly unusual forms on plastic, paper, textile,

rubber, and other flat or curved substrates. For example, European Patent

Application EP 1467224 discloses a flexible optical proximity detector which utilizes

organic semiconductor elements.

[0006] Additionally, sealing of electronic devices permits a variety of uses in

biological environments. For example, International Patent Application Publication

WO 2009/076088 discloses an implantable optical sensor device which is

hermetically sealed.

[0007] A variety of platforms are available for printing structures on device

substrates and device components supported by device substrates, including

nanostructures, microstructures, flexible electronics, and a variety of other patterned

structures. For example, a number of patents and patent applications describe

different methods and systems for making and printing a wide range of structures,

including U.S. Patent Nos. 7,705,280, 7,1 95,733, 7,557,367, 7,622,367 and

7,521 ,292, U.S. Patent Application Publication Nos. 2009/01 99960, 2007/0032089,

2008/01 081 7 1 , 2008/01 57235, 201 0/0059863, 201 0/00521 12, 201 0/0283069 and

2010/0002402, U.S. Patent Application Nos. 12/968,637 filed December 15, 201 0

and 12/892,001 filed September 28, 201 0; all of which are hereby incorporated by

reference in their entireties to the extent not inconsistent herewith.

SUMMARY

[0008] Provided herein are a variety of stretchable and flexible optical devices

incorporating micro-scale inorganic semiconductor elements, and methods utilizing

stretchable and flexible devices incorporating micro-scale inorganic semiconductor

elements. The devices described herein are useful in biomedical applications, for

example in applications for sensing, treating, repairing and actuating biological

tissue. A number of the devices described herein permit interaction with biological

tissues by incorporating a waterproof component protecting device elements from

exposure to water from the biological environment, for example presenting an

electrical short circuit caused by contact of water from the biological environment. A

number of the devices described herein permit interaction with biological tissues by



incorporating a barrier layer component for limiting a net leakage current from the

flexible or stretchable electronic circuit to the biological environment to an amount

that to an amount which does not adversely affect the tissue and/or biological

environment. The unique substrates and applications disclosed further permit novel

uses as sensors and actuators in robotics, medical and biomedical applications.

[0009] In embodiments, the devices described herein provide multiple component

integrated device configurations, for example devices including combinations of

active sensing components, active actuating components and/or passive

components. Useful active and passive components include flexible or stretchable

electronic devices. Useful passive device components include structural device

elements, for example sutures, threads, flexible substrates, stretchable substrates,

barrier layers, encapsulation layers, microstructured or nanostructured elements and

optical elements. Multiple component device integration is achieved in some

embodiments by contacting one device component, such as a flexible or stretchable

electronic device on a first substrate with a second device component. In certain

embodiments, adhesives or adhesive layers are provided between the individual

components in a multiple component device to unite the components a single

integrated device. Optionally, an individual component in a multiple component

device has an internal adhesive layer. In certain embodiments, the individual

components are each provided on individual substrates with an adhesive layer

provided between the substrates to unite the components into a single integrated

device. In certain embodiments, the individual components are encapsulated to

unite the components into a single integrated device. In certain embodiments, one

component is laminated on top of another component to unite the components into a

single integrated device. In certain embodiments, one component is printed on top

of another component to unite the components into a single integrated device. In

certain embodiments, one component is printed on top of an encapsulated

component to unite the components into a single integrated device. Multiple

component device integration is achieved in some embodiments by processing in

which a component, such as a lenses array, optical filter, polarizer, etc., is molded or

embossed directly into another component or molded onto a layer provided on

another component such as on a layer laminated on another layer. In an

embodiment, an optical component is molded into an intermediate elastomer layer



provided on a flexible or stretchable electronic device, for example, via a replica

molding or nano-imprinting molding technique.

[0010] In a first aspect, a multiple component integrated device is a biomedical

device. In one embodiment, provided are biomedical devices useful for treating a

tissue in a biological environment, such as an in-vivo biological environment and/or a

biological environment comprising a conductive ionic solution. Such devices are

useful, for example, for performing therapy on a tissue, for closing openings or

wounds in a tissue, for treating medical conditions and for tissue sensing and

actuation applications. Devices of this aspect include sutures incorporating

electronic devices or electronic circuits for interaction with tissues in biological

environments.

[001 1] In a specific embodiment, a device of this aspect comprises a suture having

an external surface, a flexible or stretchable electronic circuit supported by the

external surface of the suture, and a barrier layer at least partially encapsulating the

flexible or stretchable electronic circuit. In a specific embodiment, the flexible or

stretchable electronic circuit comprises one or more inorganic semiconductor

elements, such as inorganic semiconductor elements having an average thickness

less than or equal to 100 µιτι . In a specific embodiment, a device of this aspect

further comprises a controller in electrical communication with the flexible or

stretchable electronic circuit. In a specific embodiment, a device of this aspect

further comprises a flexible or stretchable substrate positioned between the external

surface of the suture and the flexible or stretchable electronic circuit, for example a

substrate comprising an elastomer, such as PDMS. In an embodiment, the

components of the biomedical device, such as the flexible or stretchable electronic

device are encapsulated by a barrier layer comprising an elastomer material.

[0012] In embodiments, one component of a multiple component integrated device

is a flexible or stretchable substrate, for example a stretchable or flexible substrate

positioned in contact with another component of a multiple component integrated

device. In specific embodiments, devices described herein further comprise an

additional flexible or stretchable substrate positioned between a flexible or

stretchable electronic device and the supporting surface, for example a PDMS

substrate. In specific embodiments, a flexible or stretchable substrate has an



average thickness selected over the range of 0.25 µηη to 1000 µητι , or an average

thickness less than or equal to 100 µηη . Useful flexible or stretchable substrates

include those having an average modulus selected over the range of 0.5 KPa to 10

GPa. In a specific embodiment, a flexible or stretchable substrate has a

substantially uniform thickness over a flexible or stretchable electronic circuit. In

embodiments, a flexible or stretchable substrate has a thickness that varies

selectively along one or more lateral dimensions over a flexible or stretchable

electronic circuit. Optionally a flexible or stretchable substrate is a flexible or

stretchable mesh structure. Useful flexible or stretchable substrates include those

comprising a biocompatible material, a bioinert material, a bioresorbable material or

any combination thereof. Specific materials useful for flexible or stretchable

substrates of this aspect include those comprising material selected from the group

consisting of a polymer, an inorganic polymer, an organic polymer, a plastic, an

elastomer, a biopolymer, a thermoset, a rubber, fabric, paper and any combination of

these. In specific embodiments, the flexible or stretchable substrate comprises an

elastomer, PDMS, parylene, or polyimide.

[0013] In embodiments, one component of a multiple component integrated device

is a suture. In embodiments, sutures useful with the devices and methods described

herein include sutures comprising a fiber or a thread. Useful sutures also include

those comprising a biocompatible material, a bioinert material or a combination of

biocompatible and bioinert materials. In a specific embodiment, a suture comprises

a bioresorbable material. Specific sutures useful with the devices and methods

described herein include those comprising a material selected from the group

consisting of a biopolymer, a synthetic polymer, a natural fiber, a synthetic fiber, a

protein, a polysaccharide, silk and any combination of these. Useful sutures further

include sutures used in medical procedures. In a specific embodiment, useful

sutures include those comprising a polymer such as polyglycolic acid (Biovek),

polylactic acid, polydioxanone, or caprolactone. In a specific embodiment, a suture

comprises silk. In a specific embodiment, a suture comprises polypropylene,

polyester or nylon. In a specific embodiment, a suture comprises stainless steel.

[0014] In specific embodiments, a suture has an average diameter over its length

less than or equal to 1000 µιτι , such as those having average diameters selected



over the range of 1 µηη to 1000 µητι , optionally 10 µηη to 1000 µητι , optionally 100 µηη

to 1000 µ η or any sub-ranges thereof. Suture in the present devices include those

having a tensile strength selected over the range of 50 MPa to 1000 MPa, preferably

for some embodiments 100 MPa to 1000 MPa, and preferably for some

embodiments 200 MPa to 1000 MPa In an embodiment, a suture has a length

selected over the range of 1 cm to 100 m . Useful sutures include those which are

stretchable or flexible, for example those having an average modulus selected over

the range of 0.5 kPa to 10 GPa, those having a net flexural rigidity less than or equal

to 1 x 10 4 Nm, those having a net bending stiffness less than or equal to 1 x 108

GPa urn4, or any combination of these properties.

[0015] In an exemplary embodiment, a device, such as a suture, has an external

surface which is nanostructured or microstructured. In embodiments, an external

surface of a device is patterned using replica molding or nano-imprint lithography.

Nanostructured and microstructured sutures include those having a plurality of

nanostructures or microstructures which accommodate a flexible or stretchable

electronic circuit or a component thereof. In an embodiment, the external surface of

a suture is provided in conformal contact with at least a portion of a flexible or

stretchable electronic circuit. In an embodiment, the external surface of a suture is

provided in physical contact with at least a portion of a flexible or stretchable

electronic circuit. Optionally, sutures useful with the devices and methods described

herein have external surfaces having one or more microstructured or nanostructured

openings, channels, vias, receiving surfaces, relief features, optically transmissive

regions, optically opaque regions or selectively permeable regions that are

permeable to one or more target molecules.

[0016] In embodiments, one component of a multiple component integrated device

is a layer, such as a barrier layer, having a nanostructured or microstructured

surface, optionally exposed to the tissue and/or biological environment. In an

embodiment, for example, a multiple component integrated device comprises a

barrier layer having a microstructured or nanostructure external surface providing a

plurality of raised or recessed features exposed to the tissue or biological

environment, such as channels, vias, pores, opening, windows, etc. Useful

nanostructured or microstructured components include those patterned using replica



molding or nano-imprint lithography techniques. In certain embodiments, a

nanostructured or microstructured component provides useful properties to a device,

for example a surface that promotes cell growth, a surface that inhibits cell growth, a

surface with enhanced wetting properties, a surface with reduced wetting properties,

a surface with altered optical properties.

[0017] Optionally, an adhesive layer is provided between a flexible or stretchable

electronic circuit and a surface, such as the external surface of a suture. In

embodiments, for example, an adhesive layer is deposited over at least a portion of

a surface, such as an external surface of a suture, for example an elastomeric layer

such as a PDMS layer. In embodiments, an adhesive layer deposited on a surface

is patterned using replica molding or nano-imprint lithography. Adhesive layers are

further useful for enhancing the attachment of elements to a surface during a printing

process, such as dry transfer contact printing. In some embodiments, adhesives

improve the structural or mechanical integrity of a device, for example by preventing,

reducing or limiting motion between two device elements in contact with the

adhesive. In some embodiments, the adhesive layer functions to laminate one or

more layers in a multilayer device, such as a 3D multilayer LED array comprising

individually encapsulated 2D LED arrays. In some embodiments, the adhesive layer

functions to at least partially encapsulate one or more device components.

[0018] Also provided are methods of making biomedical devices. A method of this

aspect comprises the steps of providing a flexible or stretchable suture having an

external surface, rolling the flexible or stretchable suture over a plurality of inorganic

semiconductor elements such that one or more inorganic semiconductor elements

are transferred to an external surface of the flexible or stretchable suture, and

encapsulating at least a portion of the one or more transferred inorganic

semiconductor elements with a barrier layer. In another embodiment, a method of

this aspect comprises the steps of: providing a flexible or stretchable suture having

an external surface, assembling a plurality of printable inorganic semiconductor

elements on an external surface of the flexible or stretchable suture using dry

transfer contact printing, and encapsulating at least a portion of the one or more

transferred inorganic semiconductor elements with a barrier layer. Another method

of this aspect comprises the steps of providing a flexible or stretchable suture,



transfer printing one or more inorganic semiconductor elements to an external

surface of the flexible or stretchable suture, and encapsulating at least a portion of

the one or more transfer printed inorganic semiconductor elements with a barrier

layer. Optionally, methods of this aspect further comprise providing an adhesive

layer on an external surface of the suture, for example, wherein the adhesive layer

comprises an elastomer layer such as a PDMS layer. In specific embodiments of

these aspects, the barrier layer comprises a bioresorbable material, a biocompatible

material, or a combination of bioresorbable and biocompatible materials.

[0019] In another aspect, methods are provided for treating a tissue in a biological

environment. A method of this aspect comprises the steps of providing the tissue

and contacting the tissue with a biomedical device, such as a device described

herein, for example a biomedical device comprising a suture. In embodiments of this

aspect, the tissue has an opening, a wound, or a surgical incision and the step of

contacting the tissue with the biomedical device comprises closing the opening,

wound or surgical incision, for example by stitching or otherwise sewing up the

opening. A specific method of treating a tissue comprises thermally, optically or

electrically activating a barrier layer of a biomedical device to release one or more

pharmaceutical compositions at least partially encapsulated by or otherwise

incorporated into the barrier layer into a biological environment, for example

including the tissue. In a specific embodiment, actuation of one or more inorganic

semiconductor elements changes a permeability of, degrades or melts at least a

portion of a barrier layer, thereby releasing at least a portion of the one or more

pharmaceutical compositions into a biological environment.

[0020] A specific method for performing therapy on a wound of a tissue comprises

the steps of providing the tissue having the wound, contacting the wound with a

biomedical device, such as a biomedical device comprising a suture having an

external surface, a flexible or stretchable array of light emitting diodes supported by

the external surface of the suture, and a barrier layer at least partially encapsulating

the flexible or stretchable electronic circuit, and exposing the wound to

electromagnetic radiation generated by the flexible or stretchable array of light

emitting diodes.



[0021] Some methods of these aspects further comprise a step of actuating or

sensing the tissue in contact with the biomedical device. For embodiments of this

aspect where the biomedical device comprises an array of light emitting diodes, the

array of light emitting diodes generate electromagnetic radiation and the method

further comprises a step of exposing the tissue to the electromagnetic radiation or

visualizing the electromagnetic radiation.

[0022] In an embodiment, a biomedical device further comprises one or more

sensors supported by the external surface of the suture, such as one or more

thermal sensors (e.g., thermocouple, thermistor, etc.), optical sensors (e.g.,

photodetector or photodetector array), or electronic sensors (e.g., measurement of

current or voltage), optionally provided in a partially or completely encapsulated

configuration, such as having an elastomeric encapsulating layer. In an

embodiment, for example, a device of this aspect further comprises one or more

temperature sensors and/or or heaters supported by the external surface of the

suture. In an embodiment, a device of this aspect further comprises one or more

optical components supported by the external surface of the suture and optionally

provided on top of the flexible or stretchable electronic device. In an embodiment,

for example, the device further comprises one or more molded or embossed optical

components in optical communication with the flexible electronic device, such as

lenses, diffusers or arrays thereof. A method for sensing or actuation of a tissue

comprises the steps of providing the tissue, contacting the tissue with a biomedical

device comprising a flexible or stretchable array of light emitting diodes (LEDs) and a

flexible or stretchable array of photodetectors (PDs), actuating at least a portion of

the flexible or stretchable array of LEDs to generate and expose the tissue

electromagnetic radiation to expose and sensing electromagnetic radiation scattered,

reflected or emitted by the tissue with at least a portion of the flexible or stretchable

PD array. In specific embodiments, the electromagnetic radiation has a wavelength

or wavelength range within the Optical window or therapeutic window of the

biological tissue. As used herein "optical window" or "therapeutic window" of a

biological tissue refers to a region of the electromagnetic spectrum over which

electromagnetic radiation has a substantial penetration depth in the biological tissue,

such as a wavelength range of 650 nm to 1300 nm. In specific embodiments, the

electromagnetic radiation has a wavelength of 680 nm or a wavelength range



including 680 nm. In specific embodiments, the electromagnetic radiation has a

wavelength of 940 nm or a wavelength range including 940 nm. In specific

embodiments, the electromagnetic radiation has a wavelength useful for sensing the

extent of oxygenation of blood in the tissue.

[0023] In another aspect, a multiple component integrated device is provided in

electrical communication with a controller. Useful controllers include those

comprising a microprocessor. Controllers useful with the devices and methods

described herein include controllers which perform one or more specific functions

such as a diagnostic and/or therapeutic function. In a specific embodiment, a

controller provides, directly or indirectly, a current or a voltage to an electronic circuit.

In a specific embodiment, a controller receives, directly or indirectly, a current or a

voltage from an electronic circuit or information corresponding to or derived from a

current or voltage, for example a current generated by a photodetector in response

to receipt of electromagnetic radiation. Useful controllers permit automatic,

autonomous or manual operation of the devices described herein. In one

embodiment, a controller receives information corresponding to an intensity of

electromagnetic radiation received by a photodetector and provides to an electronic

circuit a current or voltage having a magnitude derived from the intensity of the

electromagnetic radiation received by the photodetector. In one embodiment, a

controller receives information corresponding to an intensity of electromagnetic

radiation received by a photodetector and provides to an electronic circuit a current

or voltage that actuates at least a portion of an electronic circuit, for example a light

emitting diode or a microelectromechanical device.

[0024] In embodiments, a multiple component integrated device comprises one or

more conductive electrical interconnects providing electrical communication between

an electronic circuit of a multiple component integrated device and a controller.

Useful electrical interconnects include, but are not limited to, wire bonded

interconnects, interconnects comprising a ribbon cable, interconnects comprising

lithographically patterned conductors and combinations of these. In embodiments,

the controller is provided in wired or wireless, one-way or two-way communication

with an electronic circuit.



[0025] Devices described herein include those having one or more components

comprising one or more bioresorbable materials. For example, provided are

biomedical devices wherein the suture component is a bioresorbable material; and/or

wherein the barrier layer comprises a bioresorbable material; and/or wherein the

flexible or stretchable substrate component comprises a bioresorbable material. A

variety of bioresorbable materials are useful in the present devices, including

materials that are efficiently processed and/or remodeled without formation of

biologically active, toxic and/or harmful byproducts upon contact with a biological

environment. Useful bioresorbable materials include, for example, a biopolymer

(e.g., protein, peptide, carbohydrate, polynucleotide, etc.), a synthetic polymer, a

protein, a polysaccharide, silk, poly(glycerol-sebacate) (PGS), polydioxanone,

poly(lactic-co-glycolic acid) (PLGA), polylactic acid (PLA), collagen, chitosan, fibroin,

and combinations of these. Useful silk materials for components of the devices

described herein include, for example, silkworm fibroin, modified silkworm fibroin,

spider silk, insect silk, recombinant silk, and any combination of these. As used

herein, modified silkworm fibroin refers to a polymer composition that is derived via

chemical modification of silkworm fibroin.

[0026] The physical dimensions and physical properties of components

comprising a bioresorbable material are important parameters for supporting a range

of device functionalities and compatibility with different tissue types. In some

embodiments, the component comprising a bioresorbable material has a thickness

less than or equal to 10,000 µητι , and optionally in some embodiments less than or

equal to 1000 µητι , and optionally in some embodiments less than or equal to 100

µητι , and optionally in some embodiments less than or equal to 10 µηη ; and optionally

in some embodiments less than or equal to 1 µηη . Use of a thin component

comprising a bioresorbable material (e.g., thickness less than or equal to 100 µιτι ,

optionally less than or equal to 10 m and optionally less than or equal to 1 µιτι ) is

useful for providing a flexible, or otherwise deformable device capable of establishing

conformal contact with a wide range of tissue types, including tissues having

complex, highly contoured surfaces. In some embodiments, the component

comprising a bioresorbable material has a thickness selected over the range of 100

nm and 10000 µιτι , optionally for some applications selected over the range of 1 µιτι

and 1000 µιτι , and optionally for some embodiments selected over the range of 1 µιτι



and 10 µηη . In some embodiments, the composition and physical properties (e.g.,

Young's modulus, net bending stiffness, toughness, etc.) of the component

comprising a bioresorbable material are selected to provide sufficient structural

support for the electronic device component, while also providing an ability to

achieve a high degree of conformal contact upon deployment. In some

embodiments, the component comprising a bioresorbable material is a low modulus

layer. Alternatively, useful device include those having a component comprising a

bioresorbable material that is a high modulus layer. In some embodiments, for

example, the component comprising a bioresorbable material has a Young's

modulus less than or equal to 10 GPa, preferably for some applications a Young's

modulus less than or equal to 100 MPa, optionally for some applications less than or

equal to 10 MPa. In some embodiments, for example, the component comprising a

bioresorbable material has a Young's modulus selected over the range of 0.5 MPa

and 10 GPa, and optionally for some applications selected over the range of 0.5

MPa and 100 MPa, and optionally for some applications selected over the range of

0.5 MPa and 10 MPa. In some embodiments, for example, the component

comprising a bioresorbable material has a net bending stiffness less than or equal to

1 x 109 GPa µιτι4, optionally for some applications less than or equal to 1 x 107

GPa µιτι4 and optionally for some applications less than or equal to 1 x 106 GPa µιτι4.

In some embodiments, for example, the component comprising a bioresorbable

material has a net bending stiffness selected over the range of 0.1 x 104 GPa µιτι4

and 1 x 109 GPa µιτι4, and optionally for some applications between 0.1 x 104

GPa µηη4 and 5 x 105 GPa µηη4.

[0027] In some biological environments, such as an in vivo biological environment,

the degradation of the bioresorbable material occurs via enzymatic degradation, for

example, via protease mediated degradation. In addition, degradation occurs in

some embodiments from the surfaces of the bioresorbable material that are exposed

to the biological environment having degradation enzymes present, such as at the

interface with a tissue and/or biological fluid. Accordingly, certain parameters of the

bioresorbable material may be selected to effectively control the resorption rate. In

an embodiment, the chemical composition, physical state and/or thickness of the

bioresorbable material is selected so as to control the resorption rate. In an

embodiment, for example, the bioresorbable material comprises a biopolymer



exhibiting a useful resorption rate for a selected biological environment, such as a

silk biopolymer exhibiting a useful resorption rate. Useful bioresorbable materials

include those comprising amorphous materials, crystalline materials, partially

amorphous materials and partially crystalline materials. In an embodiment, devices

described herein include an at least partially crystalline material, wherein the extent

of crystallinity of the bioresorbable material is selected to provide a useful and/or

preselected resorption rate for a selected biological environment and device

application. In some embodiments, the larger the degree of crystallinity of the

bioresorbable material the slower the resorption rate when provided in contact with

the target tissue. For example, devices described herein include those having a

bioresorbable material with a degree of crystallinity less than or equal to 55%, and

optionally a degree of crystallinity less than or equal to 30% and optionally a degree

of crystallinity less than or equal to 20%, and optionally a degree of crystallinity less

than or equal to 5%. For example, devices described herein include those having a

bioresorbable material with a degree of crystallinity selected over the range of 0 to

55%, and optionally for some embodiments a degree of crystallinity selected over the

range of 1 to 30%, and optionally for some embodiments a degree of crystallinity

selected over the range of 5 to 20%. As used herein, 0% crystallinity refers to an

entirely amorphous material and the given degree of crystallinity corresponds to the

amount of a material provided in a crystalline state relative to the total amount of

material. In some embodiments, for example those having a silk bioresorbable

material, the degree of crystallinity refers to the beta sheet content of the silk

bioresorbable material.

[0028] In some embodiments, implantable biomedical devices advantageously

utilize silk as a bioresorbable material. Silk is biocompatible, FDA-approved,

optically transparent, mechanically robust (high mechanical modulus and

toughness), and flexible in thin film form. It is also compatible with aqueous

processing, which preserves sensitive electronic functions, and amenable to

chemical and biological functionalization. The presence of diverse amino acid side

chains facilitates coupling chemistry for functionalizing silks. Silk is also water

soluble with programmable rates of proteolytic biodegradation (yielding no n

inflammatory amino acids) over a range from minutes to hours to years.



[0029] Some other natural polymers that exhibit properties similar to or analogous

to silk include, but are not limited to, chitosan, collagen, gelatin, agarose, chitin,

polyhydroxyalkanoates, pullan, starch (amylose amylopectin), cellulose, hyaluronic

acid, or any combination of these.

[0030] Silk may be obtained from various natural sources, for example, from the

silkworm Bombyx mori or from the spider Nephila clavipes. Silk solutions used in

accordance with embodiments described herein may be obtained, for example, from

a solution containing a dissolved silkworm silk (e.g. from Bombyx mori), a dissolved

spider silk (e.g. from Nephila clavipes), or from a solution containing a recombinant

silk, such as from bacteria, yeast, mammalian cells, transgenic animals, or

transgenic plants.

[0031] In an embodiment, the silk of the bioresorbable material may be silk fibroin

protein, which consists of layers of antiparallel beta sheets and has a primary

structure consisting mainly of the recurrent amino acid sequence (Gly-Ser-Gly-Ala-

Gly-Ala ) . Fibroin is known to arrange itself in three structures, called silk I , II, and III.

Silk I is the natural, amorphous form of fibroin, as emitted from the Bombyx mori silk

glands. Silk I I refers to the crystalline arrangement of fibroin molecules in spun silk,

which has greater strength. Silk III is formed principally in solutions of fibroin at an

interface (i.e. air-water interface, water-oil interface, etc.). In the disclosed

implantable biomedical devices, silk I , I I and/or III may be used.

[0032] In another aspect, a multiple component integrated device is a proximity

sensor device. Proximity sensor devices are useful, for example, in methods for

sensing a distance between two objects, for example in a biological environment. A

device of this aspect comprises a flexible or stretchable substrate, one or more

flexible or stretchable light emitting diode (LED) arrays supported by the flexible or

stretchable substrate, one or more flexible or stretchable photodetector (PD) arrays

supported by the flexible or stretchable substrate, and one or more barrier layers at

least partially encapsulating the one or more flexible or stretchable LED arrays, at

least part of the one or more flexible or stretchable PD arrays, or at least parts of

both. In embodiments, the one or more flexible or stretchable LED arrays comprise

a large area array. In embodiments, the one or more flexible or stretchable PD

arrays comprise a large area array. In a specific embodiment, a device of this



aspect further comprises a controller in electrical communication with the one or

more flexible or stretchable LED arrays and/or PD arrays. Optionally, the one or

more flexible or stretchable LED arrays and the one or more flexible or stretchable

PD arrays are provided in one or more individually encapsulated layers in a

multilayer stacked geometry.

[0033] A method of this latter aspect for sensing a distance between two objects

comprises the steps of providing a first object having a first surface, providing a

proximity sensor on the first surface, the proximity sensor comprising: a flexible or

stretchable substrate, one or more flexible or stretchable LED arrays supported by

the flexible or stretchable substrate, each flexible or stretchable LED array

comprising one or more inorganic LEDs having an average thickness less than or

equal to 100 µιτι , and one or more flexible or stretchable PD arrays supported by the

flexible or stretchable substrate, each flexible or stretchable PD array comprising one

or more inorganic semiconductor elements having an average thickness less than or

equal to 100 µιτι , one or more barrier layers at least partially encapsulating the one

or more flexible or stretchable LED arrays and the one or more flexible or stretchable

PD arrays, wherein the barrier layer prevents water from a biological environment

from contacting at least a portion of the inorganic LEDs of the one or more flexible or

stretchable LED arrays and at least a portion of the inorganic semiconductor

elements of the one or more flexible or stretchable PD arrays; providing a current,

voltage or electromagnetic energy to the one or more flexible or stretchable LED

arrays, thereby producing electromagnetic radiation from the one or more flexible or

stretchable LED arrays; providing a second object at a distance from the first object,

the second object positioned in optical communication with at least one of the one or

more flexible or stretchable LED arrays and at least one of the one or more flexible

or stretchable PD arrays; wherein the second object receives at least a portion of the

electromagnetic and thereby generates scattered, emitted or reflected

electromagnetic radiation; and detecting at least a portion of the scattered, emitted or

reflected electromagnetic radiation with at least one of the one or more flexible or

stretchable PD arrays.

[0034] In embodiments, the proximity sensor device further comprises one or more

inorganic semiconductor elements supported by the flexible or stretchable substrate.



Optionally, the one or more inorganic semiconductor elements are provided in an

individually encapsulated layer, provided in a multilayer stacked geometry. In

embodiments, the proximity sensor device further comprises a barrier layer

encapsulating at least a portion of the one or more flexible or stretchable LED arrays,

at least a portion of the one or more flexible or stretchable PD arrays, or at least

portions of both the one or more flexible or stretchable LED array and the one or

more flexible or stretchable PD arrays. In embodiments, the barrier layer comprises

a bioresorbable material, a biocompatible material, or a combination of bioresorbable

and biocompatible materials.

[0035] In embodiments, a flexible or stretchable LED array comprises one or more

individually encapsulated LED array layers provided in a multilayer stacked

geometry, for example 2 to 1000 individually encapsulated LED array layers in a

multilayer laminated geometry. In embodiments, a flexible or stretchable PD array

comprises one or more individually encapsulated PD array layers provided in a

multilayer stacked geometry, for example 2 to 1000 individually encapsulated PD

array layers in a multilayer laminated geometry. In one embodiment, the one or

more flexible or stretchable LED arrays and the one or more flexible or stretchable

PD arrays are provided in a multilayer laminated geometry.

[0036] In embodiments, each flexible or stretchable LED array comprises one or

more inorganic LEDs having an average thickness less than or equal to 100 µιτι . In

embodiments, each inorganic LED has one or more lateral dimensions selected over

the range of 250 nm to 1000 µιτι . Optionally, each inorganic LED in a flexible or

stretchable LED array is independently selected from the group consisting of

AllnGaP LEDs, GaN LEDs, stacked inorganic LEDs, inorganic LEDs incorporating a

phosphor and any combination of these. Optionally, each LED independently

produces infrared electromagnetic radiation, visible electromagnetic radiation,

ultraviolet electromagnetic radiation, broadband electromagnetic radiation or

narrowband electromagnetic radiation. Optionally, each LED independently

produces electromagnetic radiation having a wavelength selected over the range of

100 nm to 5000 nm.

[0037] In embodiments, each flexible or stretchable PD array comprises one or

more inorganic semiconductor elements having an average thickness less than or



equal to 100 µηη . In embodiments, each inorganic semiconductor element in a

flexible PD array has one or more lateral dimensions selected over the range of 250

nm to 1000 µιτι . In embodiments, each flexible or stretchable PD array comprises

one or more inorganic LEDs operated in reverse bias mode. In embodiments, each

flexible or stretchable PD array comprises one or more GaAs diode.

[0038] In one embodiment, the flexible or stretchable substrate of a proximity

sensor device comprises a surgical glove. Optionally, the one or more flexible or

stretchable LED arrays and the one or more flexible or stretchable PD arrays are

positioned on a fingertip region of the surgical glove. In another embodiment, the

flexible substrate comprises a surgical instrument. In embodiments, a proximity

sensor is incorporated into a robotic device for autonomous sensing of distances

between objects.

[0039] In embodiments, the one or more flexible or stretchable LED arrays and the

one or more flexible or stretchable PD arrays are positioned proximate to one

another on the flexible or stretchable substrate. In embodiments, the one or more

flexible or stretchable LED arrays and the one or more flexible or stretchable PD

arrays are positioned in physical contact with one another on the flexible or

stretchable substrate. In embodiments, the one or more flexible or stretchable LED

arrays and the one or more flexible or stretchable PD arrays are positioned to

overlap one another on the flexible or stretchable substrate. In other embodiments,

the one or more flexible or stretchable LED arrays and the one or more flexible or

stretchable PD array are spatially separated from one another on the flexible or

stretchable substrate a distance selected over the range of 10 nm to 10 mm, 100 nm

to 1 mm or 1 µιτι to 100 µιτι .

[0040] In certain embodiments, at least a portion of the one or more flexible or

stretchable LED arrays is positioned proximate to a neutral mechanical surface of

the proximity sensor device. In embodiments, at least a portion of the one or more

flexible or stretchable PD arrays is positioned proximate to a neutral mechanical

surface of the proximity sensor device. Optionally, portions of the one or more LED

arrays are positioned at a distance selected over the range of 0 nm to 100 µιτι from a

neutral mechanical plane of the proximity sensor device. Optionally, portions of the



one or more PD arrays are positioned at a distance selected over the range of 0 nm

to 100 µιτι from a neutral mechanical plane of the proximity sensor device.

[0041] In embodiments, one component of a multiple component integrated device

is a flexible or stretchable electronic circuit. In embodiments, flexible or stretchable

electronic circuits, such as flexible or stretchable LED arrays or flexible or stretchable

PD arrays, are useful with the devices and methods described herein. One

embodiment of a flexible or stretchable electronic circuit comprises a plurality of

inorganic semiconductor elements having an average thickness selected over the

range of 250 nm to 100 µιτι . Useful flexible or stretchable electronic circuits include

those comprising one or more single crystalline semiconductor elements. Optionally,

inorganic semiconductor elements useful with the flexible or stretchable electronic

circuits of the devices and methods described herein include semiconductor

nanoribbons, semiconductor membranes, semiconductor nanowires and any

combination of these. In embodiments, a flexible or stretchable electronic circuit

comprises a large area array.

[0042] In specific embodiments, a flexible or stretchable electronic circuit useful in

the devices and methods described herein comprises one or more flexible or

stretchable single crystalline inorganic semiconductor elements. Useful flexible or

stretchable semiconductor elements include those having lateral dimensions

selected over the range of 250 nm to 100000 µιτι , optionally for some applications 1

µιτι to 10000 µιτι , and optionally for some applications 10 µιτι to 1000 µιτι .

Optionally, each inorganic semiconductor element in a flexible or stretchable

electronic circuit has a net flexural rigidity less than or equal to 1 x 10 4 N m .

Optionally, each inorganic semiconductor element in a flexible or stretchable

electronic circuit has a net bending stiffness less than or equal to 1 x 108 GPa µιτι4.

[0043] Useful inorganic semiconductor elements include those selected from the

group consisting of a transistor, a diode, an amplifier, a multiplexer, a light emitting

diode, a laser, a temperature sensor (e.g., thermistor), a heater (e.g., semiconductor

resistive heater), a photodiode, a photodetector, an integrated circuit, a sensor and

an actuator. In an embodiment, the inorganic semiconductor elements of the device

include one or more temperature sensors, such as a thermocouple, thermistor,

silicon diode temperature sensor or platinum resistor temperature sensor. In an



embodiment, the inorganic semiconductor elements of the device include one or

more heaters, such as resistive heaters. Use of a combination of a temperature

sensor and heater is beneficial in embodiments providing drug delivery functionality,

including controlled release drug delivery. Optionally, an inorganic LED element of

any device described herein can be substituted with an inorganic laser diode

element. Useful laser diode elements include those having an average thickness

less than or equal to 100 µιτι . Optionally, the flexible or stretchable electronic circuits

comprise one or more semiconductor elements arranged to form an active circuit, for

example, a circuit which performs one or more discrete functions, such an amplifier

circuit or a multiplexing circuit.

[0044] In specific embodiments, flexible or stretchable electronic circuits used with

the devices and methods described herein comprise a plurality of electronically

interconnected island-bridge structures. In a specific embodiment, an island

structure of an island-bridge structure comprises a semiconductor circuit element. In

a specific embodiment, a bridge structure of an island-bridge structure comprises a

flexible or stretchable electrical interconnection, such as an electrical interconnection

having a serpentine geometry.

[0045] In embodiments, a component of a multiple component integrated device is

a flexible or stretchable LED array. In embodiments, a flexible or stretchable

electronic circuit component of a multiple component integrated device is a flexible or

stretchable LED array. In some embodiments, a multiple component integrated

device comprises multiple flexible or stretchable LED arrays. In certain

embodiments, a flexible or stretchable electronic circuit useful for the devices and

methods described herein comprise a flexible or stretchable array of light emitting

diodes (LEDs). In one embodiment, a flexible or stretchable array of light emitting

diodes comprises a plurality of light emitting diodes in electrical communication with

a plurality of stretchable or flexible electrical interconnects. In a specific

embodiment, a flexible or stretchable array of light emitting diodes is an island-bridge

structure, for example where an island structure comprises a light emitting diode

element and where a bridge structure comprises a flexible or stretchable electrical

interconnection. Certain embodiments provide a density of light emitting diodes in a

flexible or stretchable array of light emitting diodes selected over the range of 1 LED



mm 2 to 1000 LEDs mm 2 . Useful light emitting diodes with the devices and methods

described herein include, but are not limited to AllnGaP LEDs, GaN LEDs, stacked

inorganic LEDs, inorganic LEDs incorporating a phosphor or any combination of

these. In embodiments, an ON/OFF state of an inorganic LED within the LED array

is independent from ON/OFF states of other inorganic LEDs within the array.

[0046] In embodiments, each LED in an array independently produces

electromagnetic radiation having a wavelength selected over the range of 1000 nm

to 5000 nm. In embodiments, each LED in the array independently produces

infrared electromagnetic radiation, visible electromagnetic radiation, ultraviolet

electromagnetic radiation, broadband electromagnetic radiation or narrowband

electromagnetic radiation. Optionally, one or more LEDs in an array comprise

stacked LEDs, for example one or more LED elements in a stacked configuration. In

embodiments, a stacked LED comprises two or more LED elements that emit light of

two or more specific wavelengths or wavelength ranges. In a specific embodiment, a

stacked LED element comprises an LED that emits red light, and LED that emits

green light and an LED that emits blue light, all provided in a stacked configuration.

In another embodiment, multiple LED arrays are provided in a multilayer stacked

geometry. In one embodiment, a multilayer stacked LED array comprises a first

layer comprising an array of LEDs that emit light of a first wavelength or wavelength

range and a second layer comprising an array of LEDs that emit light of a second

wavelength or wavelength range. Additional embodiments contemplated further

comprise an additional layer comprises an array of LEDs that emit light of an

additional wavelength or wavelength range. In a specific embodiment, a first LED

array in a multilayer stack emits red light, a second LED array in a multilayer stack

emits green light and a third LED array in a multilayer stack emits blue light.

Additional embodiments include LED arrays that emit white light or light of a broad

wavelength range.

[0047] In embodiments, a flexible or stretchable LED array generates an intensity

of electromagnetic radiation that is sufficient for visualization, for actuating a tissue,

for detection, for transmission through a plasmonic crystal, for detection by a flexible

or stretchable PD array, or sufficient for any combination of these.



[0048] In exemplary embodiments, a flexible or stretchable electronic circuit

comprises a multilayer structure. In embodiments, one or more flexible or

stretchable electronic circuits are provided in individually encapsulated layers in a

multilayer stacked geometry. In a specific embodiment, a multilayer structure of this

aspect comprises a plurality of individually encapsulated LED array layers provided

in multilayer laminated geometries. In specific embodiments, multilayer structures

include those comprising 2 to 1000 individual layers. Flexible or stretchable

electronic circuits comprising a multilayer structure are useful, for example, for

providing flexible or stretchable electronic circuits exhibiting a variety of fill factors,

such as fill factors selected over the range of 1 x 10 6 to 1 x 10 3. In one

embodiment, individually encapsulated LED array layers are provided in a laterally

offset configuration; such a configuration is useful for providing fill factors greater

than 1x1 0 6 . As used herein, the expression "laterally offset" refers to a multilayer

geometry wherein at least a portion of the LEDs in different layers of the device are

positioned such that they do not reside on top of each other. As used in this context,

the term "fill factor" refers to the fraction of the area of the footprint of the device that

is occupied by the LED structures. In certain embodiments, adhesives or adhesive

layers are provided between individual layers of a multilayer structure to unite the

components a single multilayer device. Optionally, an individual layer in a multilayer

structure has an internal adhesive layer. In certain embodiments, the individual

layers of a multilayer structure are each provided on individual substrates with an

adhesive layer provided between the substrates to unite the individual layers into a

single multilayer device. In certain embodiments, the individual layers are

encapsulated to unite the layers into a single multilayer device. In certain

embodiments, one layer is laminated on top of another layer to unite the layers into a

single multilayer device.

[0049] In certain embodiments, a flexible or stretchable electronic circuit supported

by an external surface of a suture or a flexible or stretchable substrate covers a

percentage of the external surface of the suture or the flexible or stretchable

substrate, for example a percentage selected over the range of 1% to 100%,

optionally for some applications selected over the range of 10% to 100%, optionally

for some embodiments selected over the range of 10% to 60% and optionally for

some applications selected over the range of 40% to 100%. In certain embodiments,



a flexible or stretchable electronic circuit supported by an external surface of a suture

or a flexible or stretchable substrate covers a percentage of the external surface of

the suture or the flexible or stretchable substrate, for example a percentage that is

10% or more, optionally for some embodiments 20% or more, and optionally for

some embodiments 40% or more. In specific embodiments, a flexible or stretchable

electronic circuit covers an area of the external surface of a suture selected over the

range of 1 mm2 to 10,000 mm2, selected over the range of 100 mm2 to 1000 mm2,

greater than or equal to 100 mm2 or greater than or equal to 1 mm2. In an

embodiment, a flexible or stretchable electronic circuit is a large area device.

[0050] For some embodiments, a flexible or stretchable electronic circuit is

positioned proximate to a neutral mechanical surface of a device. In some

embodiment, a thickness of a barrier layer and a thickness of a substrate are

selected so as to position one or more semiconductor circuit elements in a flexible or

stretchable electronic circuit proximate to a neutral mechanical surface of a device.

[0051] Optionally, a flexible or stretchable electronic circuit is assembled via

transfer printing, for example via dry transfer contact printing. U.S. Patent 7,557,367

describes useful transfer printing methods. A range of transfer printing methods are

useful for assembly of a flexible or stretchable electronic circuit, including those

using a conformable transfer device. In an embodiment, a step of assembling a

flexible or stretchable electronic circuit comprises the steps of: contacting one or

more contact surfaces of semiconductor components and/or electrodes with a

transfer surface of a conformable transfer device, thereby generating a conformable

transfer device having the semiconductor components and/or electrodes disposed

on a transfer surface; contacting the transfer surface of the conformable transfer

device having the semiconductor components and/or electrodes with the receiving

surface of a flexible or stretchable substrate in a manner to establish conformal

contact between the transfer surface of the conformal transfer device and the

receiving surface of the flexible or stretchable substrate; and separating the

conformable transfer device and the semiconductor components and/or electrodes,

thereby transferring the semiconductor components and/or electrodes to the

receiving surface of the flexible or stretchable substrate. In an embodiment, the

semiconductor components and/or electrodes are at least partially encapsulated by a



barrier layer and the transfer surface of the conformable transfer device contacts the

barrier layer provided on the contact surfaces of the semiconductor components or

electrodes. In an embodiment, the conformal transfer device is a stamp, such as an

elastomer stamp or a composite elastomer stamp.

[0052] A specific method of making a flexible or stretchable electronic device

comprises the steps of providing a substrate having a sacrificial layer; applying a first

dielectric layer on the sacrificial layer of the substrate; providing one or more

inorganic semiconductor components on the first dielectric layer; covering a portion

of the one or more inorganic semiconductor components with a second dielectric

layer, thereby generating a covered inorganic semiconductor component having an

exposed distal end; providing an electrode that physically contacts the exposed

distal end of an inorganic semiconductor component; removing at least a portion of

the first dielectric layer, the second dielectric layer or both, thereby generating a

mesh structure; removing the sacrificial layer on the substrate to leave a mesh

structure; and transferring the mesh structure to a receiving surface of a flexible or

stretchable substrate. In an embodiment, the step of removing at least a portion of

the first dielectric layer and the second dielectric layer to generate the mesh

structure comprises etching, for example, oxygen reactive ion etching. In an

embodiment, the step of providing one or more inorganic semiconductor components

on the first dielectric layer is carried out via transfer printing, for example, via dry

contact transfer printing. In an embodiment, the step of transferring the mesh

structure to a receiving surface of a flexible or stretchable substrate is carried out via

transfer printing, for example, via dry contact transfer printing.

[0053] In some embodiments, the geometry of electronic devices may be used to

provide stretchability, flexibility, conformability and/or compressibility. In an

embodiment, the devices may exploit inorganic semiconductor materials configured

into structural shapes that can geometrically accommodate large mechanical

deformations without imparting significant strain in the materials themselves. For

example, bridges connecting rigid device islands may be wavy, buckled, serpentine

or meandering as further described in U.S. Patent Application Publication Nos. US

2008/01 57235 and US 2010/059863. In an aspect, devices disclosed herein

comprise one or more stretchable components, such as disclosed in U.S. Patent



Application Publication Nos. US 2008/01 57235, US 201 0/059863 and US

2010/0002402, and are made by one or more of the processes disclosed therein.

U.S. Patent Application Publication Nos. US 2008/0157235, US 201 0/059863 and

US 201 0/0002402 are hereby incorporated by reference in their entireties to the

extent not inconsistent herewith.

[0054] In embodiments, one component of a multiple component integrated device

is a barrier layer, for example a barrier layer comprising a polymer or elastomer. In

exemplary embodiments, barrier layers used in the devices and methods described

herein prevent water from a biological environment or a non-biological environment

from contacting at least a portion of a flexible or stretchable electronic circuit or

components thereof. For example, a barrier layer of one embodiment provides a net

permeability with respect to transport of water low enough to prevent an electrical

short circuit in a flexible or stretchable electronic circuit. Useful barrier layers

include, but are not limited to barrier layers which limit a leakage current between a

biological environment and a flexible or stretchable electronic circuit or a component

thereof, barrier layers which limit a temperature difference between a biological

environment and a flexible or stretchable electronic circuit or a component thereof,

barrier layers which selectively permit transmission of electromagnetic radiation

between a biological environment and a flexible or stretchable electronic circuit or a

component thereof, barrier layers which selectively permit transport of one or more

compositions to or from a biological environment, and any combination of these.

[0055] In a specific embodiment, a barrier layer provides or limits a net leakage

current from a flexible or stretchable electronic to 10 µΑ or less, and for some

applications 0.01 µΑ/cm2 or less, and for some applications 0.001 µΑ/cm2 or less.

In some embodiments, a barrier layer has an electrical resistivity of 1014 Ω ητι or

greater, for example an electrical resistivity selected over the range of 1015 to 1017

Ω ητι . In some embodiments, the barrier layer prevents the rate at which charge is

leaked from the electronic device; for example, one barrier layer embodiment limits

electrical discharge from a device to 10 µ or less over a period of 1 second. In

some embodiments, the barrier layer limits leakage current or average leakage

current from the device to 10 µΑ or less or 5 µΑ or less over a long period of time,

such as 3 hours or more or 5 hours or more.



[0056] Barrier layers which selectively permit transmission of electromagnetic

radiation include those having at least portions which are optically transparent and

those having at least portions which are optically opaque. Certain barrier layers

include at least portions which have specific wavelength regions which are at least

partially transparent, such as wavelength regions selected over the range of 100 nm

to 300 µιτι or any sub-range therein. Useful barrier layers further include those

layers in which the transmission properties are modulated by an electronic circuit in

contact with the barrier layer or a component thereof.

[0057] Barrier layers which selectively permit transport of one or more compositions

to or from a biological environment include those having at least portions which have

an increased permeability for one or more compositions. Barrier layers of this class

are useful, for example for permitting introduction of one or more pharmaceutical

compositions to a biological environment from within the barrier layer or from an

electronic circuit in contact with the barrier layer. In some embodiments, the

permeability of portions of a barrier layer is modulated by an electronic circuit or a

component thereof in contact with the barrier layer.

[0058] In specific embodiments, a barrier layer has an average thickness over a

flexible or stretchable electronic circuit less than or equal to 1000 µιτι , optionally for

some embodiments less than or equal to 100 µιτι and optionally for some

embodiments less than or equal to 10 µιτι . Optionally, a barrier layer has a thickness

over at least a portion of a flexible or stretchable electronic circuit selected over the

range of 250 nm to 1000 µιτι , optionally for some embodiments selected over the

range of 1 µιτι to 500 µιτι , and optionally for some embodiments selected over the

range of 10 µιτι to 100 µιτι . In some embodiments, a barrier layer comprises a

plurality of individual layers, for example where each layer has a thickness selected

over the range of 250 nm to 1000 µιτι and/or where the total thickness of the multiple

layers is less than or equal to 1000 µιτι . In embodiments, a barrier layer is a

stretchable or flexible layer. In embodiments, a barrier layer has an average

modulus selected over the range of 0.5 kPa to 10 GPa, optionally for some

application selected over the range of 1KPa to 1 GPa, optionally for some application

selected over the range of 1 KPa to 100 MPa, optionally for some application

selected over the range of 1 KPa to 1 MPa. As will be generally understood by one



skilled in the art, use of a barrier layer with a relatively high modulus (e.g., greater

than 1 GPa) in some embodiments may require a small thickness (e.g., less than

100 µιτι or optionally less than 10 µιτι ) to provide net device mechanical properties

(e.g., bending stiffness o flexural rigidity) useful for some therapeutic and diagnostic

applications. In embodiments, a barrier layer has net flexural rigidity less than or

equal to 1 x 10 4 Nm. In embodiments, a barrier layer has a net bending stiffness

less than or equal to 1 x 108 GPa µιτι4 , optionally for some applications less than or

equal to 1 x 107 GPa µιτι4, and optionally for some applications less than or equal to

1 x 106 GPa µ η4 .

[0059] Optionally, barrier layers useful with the devices and methods described

herein comprise a biocompatible material, a bioinert material or a combination of

biocompatible and bioinert materials. In one embodiment, a barrier layer comprises

a bioresorbable material. Useful barrier layers include those comprising a material

selected from the group consisting of a polymer, an inorganic polymer, an organic

polymer, an elastomer, a biopolymer, a ceramic and any combination of these.

Specific barrier layers include those comprising PDMS, polyimide, SU-8, parylene,

parylene C, silicon carbide (SiC), or Si3N . Optionally, barrier layers useful with the

devices and methods described herein include barrier layers which are

microstructured or nanostructured layers having one or more microstructured or

nanostructured openings, channels, vias, receiving surfaces, relief features, optically

transmissive regions, optically opaque regions or selectively permeable regions that

are permeable to one or more target molecules. Optionally, an adhesive layer is

provided adjacent to a barrier layer, for example a PDMS layer.

[0060] Optionally, a barrier layer may completely or partially encapsulate inorganic

semiconductor components or electrodes of a flexible or stretchable electronic

device. In an embodiment, the barrier layer comprises a mesh structure. Such a

mesh structure may be formed, for example, by removing material from selected

regions of the barrier layer, for example, via wet or dry etching (e.g., reactive oxygen

etching).

[0061] Optionally, devices described herein further comprise one or more

pharmaceutical compositions, for example pharmaceutical compositions at least

partially encapsulated by a barrier layer or pharmaceutical compositions



incorporated into the barrier layer material. The term "pharmaceutical composition"

is used herein interchangeably with the term "drug." Useful pharmaceutical

compositions include, but are not limited to antibiotics, antiseptics, proteins, nucleic

acids, anti-inflammatories, carbohydrates, analgesics, antipyretics, anti-fungals,

antihistamines, hormones, antivirals, vitamins, antibodies, photosensitizers and any

combination of these. In a specific embodiment, the barrier layer comprises a

bioresorbable material and the device further comprises one or more pharmaceutical

compositions. In these embodiments, when the bioresorbable material is at least

partially resorbed or dissolved by a biological environment, at least a portion of a

pharmaceutical composition is released into the biological environment.

[0062] Optionally, when a device comprises a pharmaceutical composition, the

flexible or stretchable electronic circuit comprises a thermal, electrical or optical

actuator, such that a portion of the pharmaceutical composition is released to the

biological environment upon actuation of the flexible or stretchable electronic circuit.

In embodiments, actuation of a flexible or stretchable electronic circuit thermally,

optically, or electrically actuates the barrier layer such that the pharmaceutical

composition is released. In embodiments, actuation of a flexible or stretchable

electronic circuit changes a permeability of at least a portion of the barrier layer,

permitting release of a portion of the pharmaceutical composition to a biological

environment. In embodiments, actuation of a flexible or stretchable electronic circuit

melts, photolytically degrades or otherwise renders porous at least a portion of the

barrier layer, thereby releasing at least a portion of the pharmaceutical composition

to a biological environment. In certain embodiments, when a pharmaceutical

composition is released to a biological environment it is exposed to electromagnetic

radiation generated by a flexible or stretchable electronic circuit to photoactivate the

pharmaceutical composition. In certain embodiments, heating of a barrier layer by

actuation of a flexible or stretchable electronic circuit partially degrades the barrier

layer to release portions of a pharmaceutical composition contained therein.

[0063] In embodiments, components of a multiple component integrated device are

optical elements. For example, in certain embodiments, devices described herein

further comprise one or more optical elements. Optical elements useful in the

devices and methods described herein include coatings, reflectors, windows, optical



filters, collecting optics, diffusing optics, concentrating optics and combinations of

these. In embodiments, optical elements comprise molded structures. In

embodiments, the optical elements are positioned in optical communication with

other device components, for example a flexible or stretchable electronic circuit, a

flexible or stretchable LED array, a flexible or stretchable PD array, a flexible or

stretchable substrate, a detector, a plasmonic crystal and any combination of these.

In certain embodiments, an optical element comprises a molded structure, such as a

replica molded structure. In embodiments, an optical element comprises a

lithographically patterned structure, for example patterned by a conventional

lithographic method known in the art of microfabrication. In a specific embodiment,

an optical element comprises a structure patterned by nano-imprint lithography. In

one embodiment, a method of making an optical element comprises the steps of

providing a prepolymer layer, molding or patterning the prepolymer layer and curing

the prepolymer layer. Useful optical elements include those provided in optical

communication with one or more semiconductor device elements, for example LEDs

or PDs.

[0064] In another aspect, a multiple component integrated device is a fluid delivery

monitor. Fluid delivery monitors are useful, for example, in methods for monitoring

flowing fluids. A device of this aspect comprises a tube for delivery of a fluid, a

flexible or stretchable plasmonic crystal device conformally positioned on a surface

of the tube, and a detector positioned in optical communication with the plasmonic

crystal device to receive electromagnetic radiation. In one embodiment, the tube

accommodates the plasmonic crystal device. In one embodiment, the tube and

plasmonic crystal device comprise a unitary structure. In one embodiment, the

plasmonic crystal device is provided in an aperture in the tube, for example such that

a sensing surface of a plasmonic crystal is provided in physical contact with a fluid in

the tube. In an embodiment, the flexible or stretchable plasmonic crystal device is

fabricated into the tube.

[0065] A method of this aspect for monitoring a fluid flowing in a tube comprises the

steps of flowing the fluid through the tube, providing a flexible or stretchable

plasmonic crystal device conformally on a surface of the tube, passing

electromagnetic radiation from the plasmonic crystal device through the flowing fluid



and detecting at least a portion of the electromagnetic radiation which passes

through the flowing fluid with a detector.

[0066] In specific embodiments, the flexible or stretchable plasmonic crystal device

comprises a flexible or stretchable light emitting diode (LED) array supported by a

first flexible or stretchable substrate and a plasmonic crystal positioned in optical

communication with the flexible or stretchable LED array. Optionally the plasmonic

crystal is supported by a separate substrate, for example a substrate positioned

between a plasmonic crystal and a flexible or stretchable LED array. Optionally, the

device may further comprise one or more inorganic semiconductor elements

supported by the first flexible substrate, for example in individually encapsulated

layers provided in a multilayer stacked geometry. In a specific embodiment, the

plasmonic crystal is positioned in optical communication with a detector. In a

specific embodiment, the plasmonic crystal is provided in physical contact with the

fluid being monitored. In a specific embodiment, a sensing surface of the plasmonic

crystal is provided in physical contact with the fluid.

[0067] In embodiments, the flexible or stretchable LED array produces

electromagnetic radiation and the plasmonic crystal receives at least a portion of the

electromagnetic radiation and transmits at least a portion of the electromagnetic

radiation to produce transmitted electromagnetic radiation. In these embodiments,

the detector receives and detects at least a portion of the transmitted

electromagnetic radiation. Optionally, the detector detects an intensity of the

transmitted electromagnetic radiation, for example, as a function of time, as a

function of wavelength, or as a function of position, for example as a function of the

position of the plasmonic crystal that the electromagnetic radiation is transmitted

through. In some embodiments, a property of the flowing fluid is determined from

the detected intensity. For example, useful properties determined from the detected

intensity include, but is not limited to, a refractive index of the fluid, a composition of

the fluid, a presence or absence of a pharmaceutical composition in the fluid, a

concentration of a pharmaceutical composition in the fluid, a density of the fluid, a

flow rate of the fluid and any combination of these.

[0068] In embodiments, the flexible or stretchable LED array comprises a plurality

of inorganic LEDs having a thickness less than or equal to 100 µιτι . Optionally each



individual inorganic LED in the flexible or stretchable LED array has one or more

lateral dimensions selected over the range of 250 nm to 1000 µιτι . In embodiments,

the inorganic LEDS are AllnGaP LEDs, GaN LEDs, stacked inorganic LEDs,

inorganic LEDs incorporating a phosphor or any combination of these. In

embodiments, an ON/OFF state of an inorganic LED within the LED array is

independent from ON/OFF states of other inorganic LEDs within the array. In

embodiments, each LED in the array independently produces electromagnetic

radiation having a wavelength selected over the range of 1000 nm to 5000 nm. In

embodiments, each LED in the array independently produces infrared

electromagnetic radiation, visible electromagnetic radiation, ultraviolet

electromagnetic radiation, broadband electromagnetic radiation or narrowband

electromagnetic radiation.

[0069] Optionally the flexible or stretchable LED array comprises an encapsulation

layer provided over the individual inorganic LEDs in the array, such as an

encapsulation layer which prevents fluid from making direct contact with the LEDs.

The flexible or stretchable LED array may optionally comprise a plurality of

individually encapsulated LED array layers provided in a multilayer stacked

geometry. In a specific embodiment, the flexible or stretchable LED array comprises

2 to 1,000 individually encapsulated LED array layers provided in a multilayer

laminated geometry. Optionally, the LED array is assembled by transfer printing. In

a specific embodiment, the LED array is an island-bridge structure, for example

where islands of the island-bridge structure are provided by a plurality of inorganic

LEDs and bridges of the island-bridge structure are provided by a plurality of flexible

electrical interconnects positioned in electrical communication with the plurality of

inorganic LEDs. In one embodiment, a plasmonic crystal comprises a molded or

embossed structure on a flexible or stretchable LED array, for example a molded or

embossed encapsulation layer. In a specific embodiment, a plasmonic crystal and a

flexible or stretchable LED array of a flexible or stretchable plasmonic crystal device

are provided in a multilayer laminated geometry.

[0070] Useful plasmonic crystals include those fabricated by replica molding

methods or nano-imprint lithography methods. U.S. Patent 7,705,280 further

discloses plasmonic crystals useful with the methods and devices described herein.



Optionally, the plasmonic crystal is assembled by transfer printing. In a specific

embodiment, the plasmonic crystal is in physical contact with the flowing fluid. In one

embodiment, the second flexible or stretchable substrate and the plasmonic crystal

comprise a unitary structure. Optionally, the photonic crystal comprises the

substrate having a nanoimprinted or replica-molded structure.

[0071] In embodiments, the tube for flowing the fluid is flexible or stretchable.

Optionally the tube has a circular cross section. Optionally the tube has a non-

circular cross section, such as a rectangular cross section or polygonal cross

section. In embodiments, the tube has an outer diameter selected over the range of

100 µιτι to 10 mm. In embodiments, the tube has an inner diameter selected over

the range of 100 m to 10 mm. Optionally the tube has a nanostructured or

patterned surface, for example for accommodating the flexible LED array or a

component thereof or the plasmonic crystal. In one embodiment, the plasmonic

crystal is molded into the tube, for example by replica molding or nano-imprint

lithography. Optionally the plasmonic crystal comprises a nanostructured or

microstructured surface of the tube and the tube comprises the second flexible or

stretchable substrate. In one embodiment, the tube is positioned in fluid

communication with a patient or subject, for example such that the fluid is delivered

to or withdrawn from the patient or subject. Optionally, the fluid flowing through the

tube is fluid for intravenous delivery. Optionally, the tube is an intravenous delivery

tube. In one embodiment, the tube comprises a biocompatible material. Optionally

the tube has a non-circular cross section. In embodiments, the tube has an outer

lateral dimension selected over the range of 100 m to 10 mm. In embodiments, the

tube has an inner lateral dimension selected over the range of 100 m to 10 mm. In

specific embodiments, the tube is at least partially transparent to electromagnetic

radiation having a wavelength or wavelength distribution selected over 100 nm to

5000 nm.

[0072] In a specific embodiment, a plasmonic crystal comprises a substrate having

a first surface with a plurality of features provided in a first array, where the substrate

comprises a dielectric material; and one or more films comprising an electrically

conductive material, wherein at least a portion of the one or more films is supported

by the first surface, and wherein at least a portion of the one or more films



comprising the electrically conducting material is spatially aligned with each of the

features of the first surface; wherein the spatial distribution, physical dimensions or

both of the features of the first array are selected such that at least a portion of

electromagnetic radiation incident to the plasmonic crystal excites plasmonic

responses in the one or more films comprising the electrically conducting material.

In embodiments, the electrically conducting material is positioned in physical contact

with the fluid. In embodiments, the dielectric material receives electromagnetic

radiation produced by the flexible or stretchable array of LEDs.

[0073] Features of the first array of the first surface of the substrate useful in the

described embodiments include apertures, recessed features, relief features or any

combination of these. In an embodiment, for example, features of the first array

comprise apertures extending through the entire thickness of the substrate, and

optionally comprise a nanohole array. In other embodiments, features of the first

array comprise relief features extending from the substrate, including but not limited

to, arrays of cubes, columns, ribbons, posts and prisms or any combination of these

relief features. In other embodiments, features of the first array comprise recessed

features extending into the substrate including, but not limited to, depressions,

channels, grooves, bores, openings, slits or any combination of these.

[0074] Optionally, the substrate of such a plasmonic crystal comprises a polymer

material. Optionally, the substrate comprises a nanoimprinted structure or a replica-

molded structure. Optionally, the plasmonic crystal comprises a three dimensional

plasmonic crystal. Optionally, the one or more films comprising the electrically

conducting material comprise a metallic or semiconducting optical grating structure.

Optionally, the one or more films comprising an electrically conducting material

comprise one or more metal or semiconductor films having thicknesses selected

from the range of about 5 nm to about 5 µιτι . Optionally, a portion of the one or more

films of the electrically conductive material have the same cross sectional shapes as

at least a portion of the features of the first array.

[0075] In embodiments, the features of a first array in the above described

plasmonic crystal are selected from the group consisting of: apertures extending

entirely through the substrate; relief features extending from the substrate; and

recessed features extending into the substrate. Optionally at least a portion of



features of a first array of a plasmonic crystal are nanosized features or

nanostructured features. For example, in some embodiments, the features extend

heights into the substrate or extend heights away from the substrate selected from

the range of 5 nm to 5 µιτι . In specific embodiments, the features of have cross

sectional shapes selected from the group consisting of circular, square, rectangular,

trapezoidal, ellipsoid, triangular or any combination of these. Optionally, the features

of have submicron cross sectional dimensions. In a specific embodiment, the

features are provided in a periodic array. Optionally, the periodic array further

comprises at least one defect.

[0076] In embodiments, the features of the first array are recessed features, relief

features, apertures or any combination of these, wherein one or more films

comprising the electrically conductive material comprises a continuous or

discontinuous film supported by the first surface and covering at least a portion of the

features provided in the first array. Optionally, the continuous film is a unitary film.

In one embodiment, the continuous or discontinuous film is provided in physical

contact with the first surface. In one embodiment, the continuous or discontinuous

film is provided in conformal contact with the first surface. In an embodiment, each

of the features have side surfaces and a top surface or a bottom surface; wherein

the continuous film covers the side surfaces and the top surface or the bottom

surface of at least a portion of the features.

[0077] In some embodiments, a plasmonic crystal further comprises an additional

substrate in contact with the substrate having the first surface, wherein at least a

portion of the features of the first array are apertures extending through the substrate

having the first surface, wherein the additional substrate is positioned such that the

apertures in the substrate having the first surface expose exposed regions of the

additional substrate, and wherein the continuous film covers at least a portion of the

exposed regions of the additional substrate.

[0078] In specific embodiments, the one or more films comprise: a first film

supported by a portion of the first surface, and a plurality of films provided in a

second array, wherein at least one of the films of the second array is spatially

aligned with each of the features of the first surface; and wherein at least a portion of

the films of the second array are physically displaced from the first film. Optionally,



the first film is provided in a first layer and the films of the second array are provided

in a second layer, wherein the plasmonic crystal has a multilayered geometry. In an

embodiment the first layer having the first film is separated from the second layer

having the array of second films by distances selected over the range of about 5 nm

to about 5 µιτι .

[0079] In embodiments, the first array of features comprises an array of recessed

features having bottom surfaces or relief features having top surfaces; wherein at

least a portion of the films of the second array are positioned on the bottom surfaces

or the top surface of the features. In embodiments, the first array of features

comprises recessed features, relief features or apertures having side surfaces,

wherein the one or more films comprising the electrically conducting material further

comprise films covering a portion of the side surfaces of the features.

[0080] Without wishing to be bound by any particular theory, there can be

discussion herein of beliefs or understandings of underlying principles relating to the

invention. It is recognized that regardless of the ultimate correctness of any

mechanistic explanation or hypothesis, an embodiment of the invention can

nonetheless be operative and useful.

BRIEF DESCRIPTION OF THE DRAWINGS

[0081] Figure 1a provides a side plan view of a biomedical device comprising a

suture-mounted stretchable or flexible electronic circuit.

[0082] Figure 1b provides a side plan view of a biomedical device comprising a

suture-mounted proximity sensor device having a flexible or stretchable LED array

and a flexible or stretchable PD array.

[0083] Figure 1c provides a side plan view of a biomedical device comprising a

suture-mounted drug delivery device having a temperature sensor, a heater, and a

drug-containing region.

[0084] Figure 1d provides a side plan view of a biomedical device comprising a

suture-mounted drug delivery device having an optional photodetector array, an LED

array, and a drug-containing region.



[0085] Figure 2 provides a top plan view of a biomedical device comprising a

suture-mounted stretchable or flexible electronic circuit closing a wound in a tissue.

[0086] Figure 3 provides a top plan view of a portion of a biomedical device

comprising a suture-mounted stretchable or flexible electronic circuit.

[0087] Figure 4a provides a schematic showing various approaches for creating

layers of flexible or stretchable electronic circuits. Panel A provides a side plan view

of a flexible or stretchable electronic circuit comprising an array of electronically

interconnected island and bridge structures. Panels B-E provide side plan views of

stacked configurations of stretchable or flexible electronic circuits wherein the layers

are connected by an adhesive (panel B), directly connected (panel C), connected by

a substrate (panel D), and connected by substrates and adhesive (panel E).

[0088] Figure 4b provides a schematic showing various approaches for creating

layers of flexible or stretchable electronic circuits. Panels A-C provide side plan

views of stacked configurations of stretchable or flexible electronic circuits wherein

the layers are connected by encapsulation (panel A), lamination (panel C), and

printing on a laminated layer (panel C).

[0089] Figures 4c-4g provide schematic diagrams of strategies to create optical

elements on a laminated flexible or stretchable electronic circuit, including lenses

(4c), diffusers (4d), a reflective coating (4e), a reflective coating having a transparent

section (4f), and a grating (4g).

[0090] Figure 5a provides a side plan view of offset and stacked arrays of flexible or

stretchable electronic circuits and Figure 5B provides a top plan view of the same

offset and stacked arrays of flexible or stretchable electronic circuits.

[0091] Figure 6 provides a side plan view of a fluid delivery monitor device

comprising a flexible or stretchable electronic circuit.

[0092] Figure 7 provides a side plan view of a proximity sensor device comprising a

flexible or stretchable LED array and a flexible or stretchable PD array.



[0093] Figure 8 provides a flow diagram of a method employing a biomedical device

comprising a suture having a flexible or stretchable LED array for exposing a wound

to electromagnetic radiation.

[0094] Figure 9 provides a flow diagram of methods of making a biomedical device.

[0095] Figure 10 provides a flow diagram of a method of treating a tissue in a

biological environment.

[0096] Figure 11a provides an optical image of an array of µ-ILEDs (left) and a

schematic illustration (right) and corresponding photograph (inset) of a single µ-ILED

element. Figure 11b provides optical images of a stretchable array of µ-ILEDs.

Figure 11c provides data showing current-voltage (l-V) characteristics of a µ-ILED

array under different strain configurations (left) and voltage at 20 µΑ current for

different cycles of stretching (right). Figure d provides optical images of a

stretchable array of µ-ILEDs on a thin PDMS membrane in a flat configuration (top)

and in a hemispherical, balloon state (bottom) induced by pneumatic pressure.

Figure e provides a magnified view of Figure d from the top. Figure f

provides data showing l-V characteristics of the array in its flat and inflated state.

Figure g provides data showing 3D-FEM results.

[0097] Figure 12a provides optical images of an array of µ-ILEDs on a band of

PDMS twisted to different angles, collected with (left) and without (right) external

illumination. Figure 12b provides an SEM image of the array when twisted to 360°.

Figure 12c provides data showing l-V characteristics of the array twisted by various

amounts. Figure 2d provides data showing 3D-FEM modeling results. Figure 12e

provides optical images of an array of µ-ILEDs stretched on the sharp tip of a pencil,

collected with (left) and without (right) external illumination. The white arrows

indicate the direction of stretching. Figure 12f provides optical images of a

stretchable µ-ILED array wrapped and stretched downward on the head of a cotton

swab; the inset image was obtained without external illumination. Figure 12g

provides data showing l-V characteristics of the array in Figure 12e, before (initial),

during (deformed) and after (released) deformation; the inset provides a graph of the

voltage needed to generate a current of 20 µΑ , measured after different numbers of

cycles of deformation.



[0098] Figure 13a provides a schematic, exploded view illustration for a stacked

device formed by multilayer lamination. Figure 13b provides optical images of a four

layer stack of µ-ILEDs. Figure 13c provides optical images of a two layer stack of µ-

ILEDs. Figure 13d provides an optical image of an array of µ-ILEDs on a piece of

paper, in a folded state; the inset shows the device in its flat state. Figure 13e

provides an optical image of an array of µ-ILEDs on a sheet of aluminum foil in a

crumpled state; the inset shows the device in its flat state. Figure 13f provides

optical images of an array of µ-ILEDs on a catheter balloon in its inflated (inset) and

deflated states. Figure 13g provides optical images of an array of µ-ILEDs on a rigid

plastic tube; the inset shows a magnified view of a single ILED. Figure 13h provides

an optical image of an isolated µ-ILED with straight interconnects wrapped around a

glass tube; the inset provides a magnified view. Figure 13i provides an optical image

of an array of µ-ILEDs on a fiber, wrapped around a glass tube; the inset shows an

image of an array of µ-ILEDs on a fiber in a knotted state.

[0099] Figure 14a provides optical images of a light emitting suture in an animal

model with a conventional suture needle. Figure 14b provides a schematic exploded

view illustration of an array of µ-ILEDs on a thin film coated with an adhesive. Figure

14c provides an optical image of an animal model with a µ-ILED array implanted

under the skin and on top of the muscle tissue; the inset shows the device before

implantation.

[00100] Figure 15a provides a schematic illustration of a flexible plasmonic

crystal device. Figure 15b shows an optical image of a thin, molded plasmonic

crystal on a plastic substrate wrapped around a cylindrical support. Figure 15c

provides an atomic force microscope image of the surface of a plasmonic crystal.

Figure 15d provides data showing transmission spectra collected over a range of

wavelengths relevant for illumination of a plasmonic crystal by µ-LEDs. Figure 15e

provides an optical image of a sensor integrated on a flexible tube, next to the tip of

a pen; the inset shows the backside of a plasmonic crystal before integration of µ-

ILEDs. Figure 15f provides optical images of a flexible plasmonic crystal device with

different fluids in the tube. Figure 15g provides data showing measurement results

from a sensor (top), as a sequence of fluids pass through; the bottom frame shows



the percentage increase in light transmitted from the µ-ILED through the plasmonic

crystal.

[00101] Figure 16a provides a schematic illustration of a stretchable optical

proximity sensor based on an array of µ-ILEDs and µ-IPDs. Figure 16b provides an

optical image of a stretchable optical proximity sensor mounted on the fingertip

region of a vinyl glove. Figure 16c provides an optical image of an array of µ-ILEDs

transfer-printed on the fingertip region of a vinyl glove; the inset shows a plot of

photocurrent as a function of distance between the sensor and an object. Figure 16d

provide optical images of a stretchable optical proximity sensor mounted on the

fingertip region of a vinyl glove before (left) and after (right) immersion into soapy

water. Figure 16e provides data showing l-V characteristics of a µ-ILED array after

operation in saline solution for different immersion times.

[00102] Figure 17a provides a schematic illustration and composition of a µ-

ILED element. Figure 17b provides a schematic illustration showing fabrication

processes for µ-ILEDs arrays on a carrier glass substrate.

[00103] Figures 18a, 18b and 18c provide schematic illustrations (left frames)

and corresponding microscope images (top right frames) and SEM images (bottom

right frames) of devices during transfer printing.

[00104] Figure 19a provides a schematic illustration of a flexible device. Figure

19b provides a schematic illustration of the cross sectional structure at an island; the

inset shows an SEM image of a µ-ILEDs array after transfer printing to a thin PDMS

substrate. Figure 19c provides a schematic illustration of the cross sectional

structure at metal interconnection bridges.

[00105] Figure 20a provides SEM images of adjacent µ-ILEDs before (left) and

after (right) stretching along the horizontal direction. Figure 20b provides data

showing strain distributions determined by 3D-FEM.

[00106] Figures 2 1a and 2 1b provide optical microscope images of two pixels

in a µ-ILED array with a serpentine bridge design before (left frame) and after (right

frame) external stretching along the horizontal direction. Figure 2 1c provides data

showing the results of a FEM simulation.



[00107] Figure 22 provides optical images of a 6^6 µ-ILED array.

[00108] Figures 23a and 23b provide optical images of an 8x8 µ-ILED array on

a thin PDMS substrate. Figure 23c provides data showing the results of a FEM

calculation.

[00109] Figure 24a provides schematic illustrations of a 3x8 µ-ILED array

integrated on a thin PDMS substrate; the inset represents an optical microscope

image of this µ-ILED array on a handle glass substrate before transfer printing.

Figure 24b shows a magnified view of the SEM image in Figure 12b. Figure 24c

provides data showing voltage at 20 µΑ current for each twisting cycle of 360° during

a fatigue test.

[001 10] Figure 25 provides data showing the results of FEM strain contours of

axial (top), width (center), and shear (bottom) strains for 360° twisted PDMS

substrate.

[001 11] Figure 26a provides data showing l-V characteristics of a 6x6 µ-ILED

array as a function of deformation cycles. Figure 26b provides data showing voltage

needed to generate a current of 20 µΑ during a fatigue test.

[001 12] Figure 27a provides a schematic illustration of stacked devices. Figure

27b provides optical images of stacked devices collected without external

illumination.

[001 13] Figure 28a provides data showing the strain distribution of a two-layer

system in a stacked array bent to a radius of curvature 2 mm. Figure 28b provides

data showing the strain distribution in layers of a µ-ILED island.

[001 14] Figure 29a provides an optical image of a 6x6 µ-ILED array integrated

on fabric in its bent and on state; the inset shows the device in its flat and off state.

Figure 29b provides data showing l-V characteristics of this array in its bent state;

the inset provides a graph of the voltage needed to generate a current of 20 µΑ

during a fatigue test. Figure 29c provides and optical image of an 8x8 µ-ILED array

integrated on a fallen leaf in its bent and on state; the inset image was collected with

external illumination. Figure 29d provides data showing l-V characteristics in the



bent state as shown in Figure 29c. Figure 29e provides an optical image of a µ-ILED

array integrated on paper in its folded and on state. Figure 29f provides an optical

image of a µ-ILED array on crumpled Al foil; the inset shows microscope image of

four adjacent pixels in their on states.

[001 15] Figure 30a provides data showing l-V characteristics of a 6^6 µ-ILED

array integrated on paper in its flat and folded state. Figure 30b provides data

showing l-V characteristics of a 6^6 µ-ILED array integrated on Al foil in its flat and

crumpled state. Figure 30c provides data showing l-V characteristics of a µ-ILED

array integrated on paper as a function of deformation cycles (left) and voltage

needed to generate a current of 20 µΑ during a fatigue test (right). Figure 30d

provides data showing l-V characteristics of a µ-ILED array integrated on Al foil as a

function of deformation cycles (left) and voltage needed to generate a current of 20

µΑ during a fatigue test (right).

[001 16] Figure 3 1a provides SEM images of a fabric before (left frame) and

after (right frame) coating with a thin layer of PDMS. Figure 3 1b provides SEM

images of Al foil before (left frame) and after (right frame) coating with a thin layer of

PDMS. Figure 3 1c provides SEM images of paper before (left frame) and after (right

frame) coating with a thin layer of PDMS. Figure 3 1d provides SEM images of a

fallen leaf before (left frame) and after (right frame) coating with a thin layer of

PDMS.

[001 17] Figure 32a, 32b and 32c provide optical images of µ-ILEDs integrated

on flexible threads. Figure 32d provides a schematic illustration describing a 'rolling

method' for transfer printing. Figure 32e provides an optical image of a 4x6 µ-ILED

array on a glass tube using a rolling method for printing. Figure 32f provides an

optical image showing a suture demonstration using a µ-ILED array mounted on a

thread at an incision in paper.

[001 18] Figure 33 provides a schematic illustration of the encapsulation of an

implantable array of µ-ILEDs.

[001 19] Figure 34a provides data showing the light intensity spectrum of a

single µ-ILED. Figure 34b and 34c provide data showing percent transmittance and



transmitted light intensity through a plasmonic crystal device as a function of

composition of fluid in contact with the plasmonic crystal.

[00120] Figures 35a, 35b and 35c provide data from a flexible plasmonic

sensor device, showing changes in detected intensity and refractive index as

functions of composition of fluid in contact with the plasmonic crystal.

[00121] Figure 36a provides data showing l-V characteristics of photodiodes at

different distances between an optical proximity sensor and an approaching object.

Figure 36b provides data showing l-V characteristics of a 2nd layer (an array of µ-

IPDs). Figure 36c provides data showing photocurrent of an array of 6^6 µ-IPDs

that is stacked on the layer of a 6x6 µ-ILEDs array as a function of operation current

of µ-ILEDs in the stacked device. Figure 36d provides data showing current-voltage

characteristics of an array of 6x6 photodiodes as a function of distance between the

device and the approaching object in the stacked device. Figure 36e provides a re-

plotting of Figure 36d as a function of distance between approaching object and µ-

IPDs.

[00122] Figures 37a and 37b provide data showing IV characteristics of a µ-

ILED array at different immersion times.

[00123] Figure 38a provides data showing the result of Luminance (L) -

Current (I) - Voltage (V) measurement of an individual pixel with and without applied

ohmic contacts. Figure 38b provides data showing applied voltage to generate a

current of 20 µΑ , measured after different operation times.

[00124] Figure 39a provides a schematic illustration of an analytical model for

the inflation and printing-down of PDMS film. Figures 39b and 39c provide results of

the FEM models.

[00125] Figure 40 provides a schematic illustration of the cross section of µ-

ILEDs on a substrate.

[00126] Figure 4 1a provides an overview image of two smart sutures.

[00127] Figure 4 1b provides optical images of two smart sutures.



[00128] Figure 4 1c provides data showing the resistance of a platinum

temperature sensor as a function of temperature.

[00129] Figure 4 1d provides data showing temperature sensitivity of a silicon

diode temperature sensor.

[00130] Figure 4 1e provides l-V data for a temperature sensor for a number of

different temperatures.

[00131] Figure 4 1f provides an optical image of a smart suture.

[00132] Figure 4 1g provides an overview image of a two sided smart suture.

[00133] Figure 42a provides an overview of a model for determining the effect

of bending on a plasmonic crystal device and detector in a fluid monitor. Figure 42b

shows an expanded view of the model.

DETAILED DESCRIPTION

[00134] In general the terms and phrases used herein have their art-recognized

meaning, which can be found by reference to standard texts, journal references and

contexts known to those skilled in the art. The following definitions are provided to

clarify their specific use in the context of the invention.

[00135] "Transferable" or "printable" are used interchangeably and relates to

materials, structures, device components and/or integrated functional devices that

are capable of transfer, assembly, patterning, organizing and/or integrating onto or

into substrates. In an embodiment, transferring or printing refers to the direct

transfer of a structure or element from one substrate to another substrate, such as

from a multilayer structure to a device substrate or a device or component supported

by a device substrate. Alternatively, transferable refers to a structure or element that

is printed via an intermediate substrate, such as a stamp that lifts-off the structure or

element and then subsequently transfers the structure or element to a device

substrate or a component that is on a device substrate. In an embodiment, the

printing occurs without exposure of the substrate to high temperatures (i.e. at

temperatures less than or equal to about 400 degrees Celsius). In one embodiment,

printable or transferable materials, elements, device components and devices are



capable of transfer, assembly, patterning, organizing and/or integrating onto or into

substrates via solution printing or dry transfer contact printing. Similarly, "printing" is

used broadly to refer to the transfer, assembly, patterning, organizing and/or

integrating onto or into substrates, such as a substrate that functions as a stamp or a

substrate that is itself a target (e.g., device) substrate. Such a direct transfer printing

provides low-cost and relatively simple repeated transfer of a functional top-layer of a

multilayer structure to a device substrate. This achieves blanket transfer from, for

example, a wafer to a target substrate without the need for a separate stamp

substrate.

[00136] "Substrate" refers to a material having a surface that is capable of

supporting a component, including a device, component or an interconnect. An

interconnect that is "bonded" to the substrate refers to a portion of the interconnect in

physical contact with the substrate and unable to substantially move relative to the

substrate surface to which it is bonded. Unbonded portions, in contrast, are capable

of substantial movement relative to the substrate. The unbonded portion of an

interconnect generally corresponds to that portion having a "bent configuration," such

as by strain-induced interconnect bending.

[00137] The term "surface" as used herein is intended to be consistent with its

plain meaning which refers to an outer boundary of an object. In embodiments,

surfaces may be given specific names, such as "receiving surface", "contact

surface", "external surface". In some embodiments, named surfaces can refer to

their target use and/or identify subregions of a surface. In some embodiments,

named surfaces can refer to their orientation, for example relative to other nearby or

adjacent components.

[00138] "Functional layer" or "device layer" refers to a layer that imparts at least

partial functionality to that device or device component. Depending on the particular

device or device component, a functional layer can include a broad range of

compositions. In contrast, a functional layer for incorporation into electronics

(MESFETs), LEDs, or optical systems may have a different layering configuration

and/or compositions. Accordingly, the specific functional layer incorporated into a

multilayer structure depends on the final device or device component in which the

functional layer will be incorporated. For example, the functional layer may contain



semiconductor components. Alternatively, the functional layer may comprise

multiple layers, such as multiple layers including a semiconductor separated by

support layers. The functional layer may comprise a plurality of patterned elements,

such as interconnects running between electrodes or islands. The functional layer

may be heterogeneous or may have one or more properties that are

inhomogeneous. "Inhomogeneous property" refers to a physical parameter that can

spatially vary, thereby effecting the position of the neutral mechanical plane within a

multilayer device.

[00139] "Structural layer" refers to a layer that imparts structural functionality,

for example by supporting and/or encapsulating device components.

[00140] "Buffer layer" refers to a layer of a device or device component which is

useful for protecting other layers of the device component. In one embodiment, a

buffer layer protects another device layer from etching. In an embodiment, a buffer

layer does not impact or has a minimal impact on the function of the device. In one

embodiment, an etch block layer is a buffer layer.

[00141] "Release" and "releasing" refer to at least partially separating two

layers, devices or device components from one another, for example by mechanical

or physical separation, or by removal of at least a portion of one layer, device or

device component. In some embodiments, removal of a sacrificial layer results in

the release of a layer, device or device component. In some embodiments, layers,

devices or device components are released by etching away a portion of the layer,

device or device component. In certain embodiments, released components remain

attached to the object with they are released from by one or more anchors. In some

embodiments, released components are subsequently attached to the object they

are released from by one or more anchors.

[00142] The term "patterning" is used herein as in the art of microfabrication to

broadly refer to a process by which portions of a layer, device or device component

are selectively removed or deposited to create a specified structure.

[00143] "Supported by a substrate" refers to a structure that is present at least

partially on a substrate surface or present at least partially on one or more

intermediate structures positioned between the structure and the substrate surface.



The term "supported by a substrate" may also refer to structures partially or fully

embedded in a substrate.

[00144] "Printable electronic device" or "printable electronic device component"

refer to devices and structures that are configured for assembly and/or integration

onto substrate surfaces, for example by using dry transfer contact printing and/or

solution printing methods. In embodiments, a printable electronic device component

is a printable semiconductor element. In embodiments, printable semiconductor

elements are unitary single crystalline, polycrystalline or microcrystalline inorganic

semiconductor structures. In various embodiments, printable semiconductor

elements are connected to a substrate, such as a mother wafer, via one or more

bridge or anchor elements. In this context of this description, a unitary structure is a

monolithic element having features that are mechanically connected. Semiconductor

elements of various embodiments may be undoped or doped, may have a selected

spatial distribution of dopants and may be doped with a plurality of different dopant

materials, including p- and n-type dopants. Certain microstructured printable

semiconductor elements include those having at least one cross sectional dimension

greater than or equal to about 1 µιτι and nanostructured printable semiconductor

elements having at least one cross sectional dimension less than or equal to about 1

µιτι .

[00145] Printable semiconductor elements useful for a variety of applications

comprise elements derived from "top down" processing of high purity bulk materials,

such as high purity crystalline semiconductor wafers generated using conventional

high temperature processing techniques. In an embodiment, a printable

semiconductor element comprises a composite heterogeneous structure having a

semiconductor operationally connected to or otherwise integrated with at least one

additional device component or structure, such as a conducting layer, dielectric

layer, electrode, additional semiconductor structure or any combination of these. In

some methods and systems, the printable semiconductor element(s) comprises a

semiconductor structure integrated with at least one additional structure selected

from the group consisting of: another semiconductor structure; a dielectric structure;

conductive structure, and an optical structure (e.g., optical coatings, reflectors,

windows, optical filter, collecting, diffusing or concentration optic etc.). In some



embodiments a printable semiconductor element comprises a semiconductor

structure integrated with at least one electronic device component selected from the

group consisting of: an electrode, a dielectric layer, an optical coating, a metal

contact pad and a semiconductor channel. In some embodiments, printable

semiconductor elements comprise stretchable semiconductor elements, bendable

semiconductor elements and/or heterogeneous semiconductor elements (e.g.,

semiconductor structures integrated with one or more additional materials such as

dielectrics, other semiconductors, conductors, ceramics etc.). Printable

semiconductor elements include printable semiconductor devices and components

thereof, including but not limited to printable LEDs, lasers, solar cells, p-n junctions,

photovoltaics, photodiodes, diodes, transistors, integrated circuits, and sensors.

[00146] "Electronic device component" refers to a printable semiconductor or

electrical device. Exemplary electronic device component embodiments are

configured for performing a function, for example emitting electromagnetic radiation

or converting electromagnetic radiation into electrical energy. In specific

embodiments, multiple electronic device components are electrically interconnected

and perform a more complex task or function than the individual device components

perform alone. Useful electronic device components include, but are not limited to

P-N junctions, thin film transistors, single junction solar cells, multi-junction solar

cells, photodiodes, light emitting diodes, lasers, CMOS devices, MOSFET devices,

MESFET devices, photovoltaic cells, microelectricalmechanical devices and HEMT

devices.

[00147] "Vertical type LED" refers to a light emitting diode device in which the

functional components or layers of the device are arranged in a stacked

configuration and the electrical contacts are made at the top and bottom of the stack.

In some embodiments, a vertical type LED incorporates one or more phosphor

layers which absorb electromagnetic radiation of one wavelength or wavelength

region and emit electromagnetic radiation of a second wavelength or wavelength

region.

[00148] "ON/OFF state" refers to a configuration of a device component

capable of and/or configured for generation of electromagnetic radiation, such as a

light emitting diode or a laser. In one embodiment, an ON/OFF state distinguishes



between moments when a device component is generating electromagnetic radiation

and when a device component is not generating electromagnetic radiation. In an

embodiment, an ON/OFF state distinguishes between moments when a device

component is generating electromagnetic radiation having an intensity above a

threshold value and when a device component is generating electromagnetic

radiation having an intensity below a threshold value.

[00149] "Solution printing" is intended to refer to processes whereby one or

more structures, such as transferable or printable elements, are dispersed into a

carrier medium and delivered in a concerted manner to selected regions of a

substrate surface. In an exemplary solution printing method, delivery of structures

to selected regions of a substrate surface is achieved by methods that are

independent of the morphology and/or physical characteristics of the substrate

surface undergoing patterning. Solution printing methods include, but are not limited

to, ink jet printing, thermal transfer printing, and capillary action printing.

[00150] "Contact printing" refers broadly to a dry transfer contact printing

method such as with a stamp that facilitates transfer of features from a stamp

surface to a substrate surface. In an embodiment, the stamp is an elastomeric

stamp. Alternatively, the transfer can be directly to a target (e.g., device) substrate

or host substrate. The following references relate to self-assembly techniques which

may be used in methods described herein to transfer, assembly and interconnect

transferable semiconductor elements via contact printing and/or solution printing

techniques and are incorporated by reference in their entireties herein: ( 1) "Guided

molecular self-assembly: a review of recent efforts", Jiyun C Huie Smart Mater.

Struct. (2003) 12, 264-271 ; (2) "Large-Scale Hierarchical Organization of Nanowire

Arrays for Integrated Nanosystems", Whang, D.; Jin, S.; Wu, Y.; Lieber, C. M . Nano

Lett. (2003) 3(9), 1255-1 259; (3) "Directed Assembly of One-Dimensional

Nanostructures into Functional Networks", Yu Huang, Xiangfeng Duan, Qingqiao

Wei, and Charles M . Lieber, Science (2001 ) 291 , 630-633; and (4) "Electric-field

assisted assembly and alignment of metallic nanowires", Peter A . Smith et al., Appl.

Phys. Lett. (2000) 77(9), 1399-1401 .

[00151] Useful contact printing methods for assembling, organizing and/or

integrating transferable elements include dry transfer contact printing, microcontact



or nanocontact printing, microtransfer or nanotransfer printing and self-assembly

assisted printing. Use of contact printing is beneficial because it allows assembly

and integration of a plurality of transferable semiconductors in selected orientations

and positions relative to each other. Contact printing also enables effective transfer,

assembly and integration of diverse classes of materials and structures, including

semiconductors (e.g., inorganic semiconductors, single crystalline semiconductors,

organic semiconductors, carbon nanomaterials etc.), dielectrics, and conductors.

Contact printing methods optionally provide high precision registered transfer and

assembly of transferable semiconductor elements in preselected positions and

spatial orientations relative to one or more device components prepatterned on a

device substrate. Contact printing is also compatible with a wide range of substrate

types, including conventional rigid or semi-rigid substrates such as glasses, ceramics

and metals, and substrates having physical and mechanical properties attractive for

specific applications, such as flexible substrates, bendable substrates, shapeable

substrates, conformable substrates and/or stretchable substrates. Contact printing

assembly of transferable structures is compatible, for example, with low temperature

processing (e.g., less than or equal to 298K). This attribute allows optical systems to

be implemented using a range of substrate materials including those that

decompose or degrade at high temperatures, such as polymer and plastic

substrates. Contact printing transfer, assembly and integration of device elements is

also beneficial because it can be implemented via low cost and high-throughput

printing techniques and systems, such as roll-to-roll printing and flexographic printing

methods and systems.

[00152] "Stretchable" refers to the ability of a material, structure, device or

device component to be strained without undergoing fracture. In an exemplary

embodiment, a stretchable material, structure, device or device component may

undergo strain larger than about 0.5% without fracturing, preferably for some

applications strain larger than about 1% without fracturing and more preferably for

some applications strain larger than about 3% without fracturing.

[00153] The terms "foldable," "flexible" and "bendable" are used synonymously

in the present description and refer to the ability of a material, structure, device or

device component to be deformed into a curved shape without undergoing a



transformation that introduces significant strain, such as strain characterizing the

failure point of a material, structure, device or device component. In an exemplary

embodiment, a flexible material, structure, device or device component may be

deformed into a curved shape without introducing strain larger than or equal to about

5%, preferably for some applications larger than or equal to about 1%, and more

preferably for some applications larger than or equal to about 0.5%. A used herein,

some, but not necessarily all, flexible structures are also stretchable. A variety of

properties provide flexible structures (e.g., device components), including materials

properties such as a low modulus, bending stiffness and flexural rigidity; physical

dimensions such as small average thickness (e.g., less than 100 µιτι , optionally less

than 10 µιτι and optionally less than 1 µιτι ) and device geometries such as thin film

and mesh geometries.

[00154] "Semiconductor" refers to any material that is an insulator at very low

temperatures, but which has an appreciable electrical conductivity at temperatures of

about 300 Kelvin. In the present description, use of the term semiconductor is

intended to be consistent with use of this term in the art of microelectronics and

electrical devices. Useful semiconductors include element semiconductors, such as

silicon, germanium and diamond, and compound semiconductors, such as group IV

compound semiconductors such as SiC and SiGe, group lll-V semiconductors such

as AlSb, AIAs, Aln, AIP, BN, GaSb, GaAs, GaN, GaP, InSb, InAs, InN, and InP,

group lll-V ternary semiconductors alloys such as AlxGa -xAs, group ll-VI

semiconductors such as CsSe, CdS, CdTe, ZnO, ZnSe, ZnS, and ZnTe, group l-VII

semiconductors CuCI, group IV - V I semiconductors such as PbS, PbTe and SnS,

layer semiconductors such as Pb , M0S2 and GaSe, oxide semiconductors such as

CuO and Cu2O. The term semiconductor includes intrinsic semiconductors and

extrinsic semiconductors that are doped with one or more selected materials,

including semiconductor having p-type doping materials (also known as P-type or p-

doped semiconductor) and/or n-type doping materials (also known as N-type or n-

doped semiconductor), to provide beneficial electrical properties useful for a given

application or device. The term semiconductor includes composite materials

comprising a mixture of semiconductors and/or dopants. Specific semiconductor

materials useful for some embodiments include, but are not limited to, Si, Ge, Se,

diamond, fullerenes, SiC, SiGe, SiO, SiO2, SiN, AlSb, AIAs, Alln, AIN, AIP, AIS, BN,



BP, BAs, As2S3, GaSb, GaAs, GaN, GaP, GaSe, InSb, InAs, InN, InP, CsSe, CdS,

CdSe, CdTe, Cd3P2, Cd3As2, Cd3Sb2, ZnO, ZnSe, ZnS, ZnTe, Zn3P2, Zn3As2,

Zn3Sb2, ZnSiP 2, CuCI, PbS, PbSe, PbTe, FeO, FeS2, NiO, EuO, EuS, PtSi, TIBr,

CrBr3, SnS, SnTe, Pbl2, MoS2, GaSe, CuO, Cu2O, HgS, HgSe, HgTe, Hgl2, MgS,

MgSe, MgTe, CaS, CaSe, SrS, SrTe, BaS, BaSe, BaTe, SnO2, TiO, TiO2, Bi2S3,

Bi2O3, Bi2Te3, Bil3, UO2, UO3, AgGaS 2, PbMnTe, BaTiO 3, SrTiO 3, LiNbO 3, La2CuO4,

Lao .7Cao.3MnO3,CdZnTe, CdMnTe, CulnSe 2, copper indium gallium selenide (CIGS),

HgCdTe, HgZnTe, HgZnSe, PbSnTe, T I2SnTe 5, T I2GeTe5, AIGaAs, AIGaN, AIGaP,

AllnAs, AllnSb, AllnP, AllnAsP, AIGaAsN, GaAsP, GaAsN, GaMnAs, GaAsSbN,

GalnAs, GalnP, AIGaAsSb, AIGaAsP, AIGalnP, GalnAsP, InGaAs, InGaP, InGaN,

InAsSb, InGaSb, InMnAs, InGaAsP, InGaAsN, InAIAsN, GalnNAsSb, GalnAsSbP,

and any combination of these. Porous silicon semiconductor materials are useful in

the field of sensors and light emitting materials, such as light emitting diodes (LEDs)

and solid state lasers. Impurities of semiconductor materials are atoms, elements,

ions and/or molecules other than the semiconductor material(s) themselves or any

dopants provided to the semiconductor material. Impurities are undesirable

materials present in semiconductor materials which may negatively impact the

electrical properties of semiconductor materials, and include but are not limited to

oxygen, carbon, and metals including heavy metals. Heavy metal impurities include,

but are not limited to, the group of elements between copper and lead on the

periodic table, calcium, sodium, and all ions, compounds and/or complexes thereof.

[00155] "Semiconductor element", "semiconductor structure" and

"semiconductor circuit element" are used synonymously in the present description

and broadly refer to any semiconductor material, composition, structure, device or

device component, and expressly includes high quality, single crystalline and

polycrystalline semiconductors, semiconductor materials fabricated via high

temperature processing, doped semiconductor materials, inorganic semiconductors

and composite semiconductor materials and structures having one or more

additional semiconductor components and/or non-semiconductor components, such

as dielectric layers or materials and/or conducting layers or materials. In some

embodiments, for example, semiconductor element refers to a semiconductor-

containing device or component thereof, such as LEDs, lasers, solar cells,

semiconductor junctions, p-n junctions, photovoltaics, photodiodes, diodes,



transistors, integrated circuits, logic circuits, sensors, heaters, temperature sensors,

thermistors and resistive heating elements. Semiconductor elements expressly

include structures having an average thickness selected over the range of 250 nm to

100 µιτι , one or more lateral dimensions selected over the range of 250 nm to

100000 µιτι , and any combinations of these. Optionally semiconductor elements are

provided in physical contact with other dielectric or insulating materials and

structures. Optionally, semiconductor elements are provided in physical contact or

electrical communication with other metallic, doped or conducting materials and

structures. Optionally, semiconductor structures are provided in physical contact or

electrical communication with other semiconductor devices, including, but not limited

to LEDs, lasers, transistors, integrated circuits, logic circuits, photodiodes,

multiplexer circuitry and amplifier circuitry. Optionally, a plurality of semiconductor

structures are provided in array configurations, including arrays with a fixed element

pitch or a variable element pitch. Semiconductor structures may optionally be

provided in a plurality of individually encapsulated stacked layers, including stacked

layers of array structures. Semiconductor elements utilized in the devices and

methods described herein include high purity semiconductor elements having

oxygen impurities less than about 5 to 25 parts per million atoms, carbon impurities

less than about 1 to 5 parts per million atoms, and heavy metal impurities less than

or equal to about 1 part per million atoms (ppma), preferably less than or equal to

about 100 parts per billion atoms (ppba) for some applications, and more preferably

less than or equal to about 1 part per billion atoms (ppba) for some applications.

Semiconductor elements having low levels of heavy metal impurities (e.g. less than

about 1 parts per million atoms) are beneficial for applications and devices requiring

good electronic performance, as the presence of heavy metals in semiconductor

materials can severely degrade their electrical properties.

[00156] In certain embodiments, the term "orientation" refers to a specific plane

of a crystal structure, for example a semiconductor crystal. In certain embodiments,

the term "direction" refers to a specific axis, or equivalent axes, of a crystal structure.

In embodiments, use of the terms orientation and direction with a specific numeric

indicator is intended to be consistent with use in the fields of crystallography and

microfabrication.



[00157] "Quantum well" refers to an active layer of a light emitting diode device.

In one embodiment, a quantum well is a layer of an LED device having a relatively

narrow bandgap, surrounded on two sides by layers having a relatively wider

bandgap. A "quantum well barrier layer" in the context of a subcomponent of a light

emitting diode refers to a layer of a light emitting diode device which is positioned

adjacent to a quantum well layer and has a larger bandgap than the quantum well

material. In one embodiment, a quantum well layer is sandwiched between two

quantum well barrier layers. In another embodiment, multiple quantum well layers

are sandwiched between multiple quantum well barrier layers.

[00158] "Good electronic performance" and "high performance" are used

synonymously in the present description and refer to devices and device

components have electronic characteristics, such as field effect mobilities, threshold

voltages and on - off ratios, providing a desired functionality, such as electronic

signal switching and/or amplification. Exemplary printable elements exhibiting good

electronic performance may have intrinsic field effect mobilities greater than or equal

100 cm2 V 1 s~ , and for some applications, greater than or equal to about 300 cm2 V

s . Exemplary transistors exhibiting good electronic performance may have device

field effect mobilities great than or equal to about 100 cm2 V 1 s~ , for some

applications, greater than or equal to about 300 cm2 V 1 s~ , and for other

applications, greater than or equal to about 800 cm2 V 1 s~ . Exemplary transistors of

exhibiting good electronic performance may have threshold voltages less than about

5 volts and/or on - off ratios greater than about 1* 104.

[00159] "Plastic" refers to any synthetic or naturally occurring material or

combination of materials that can be molded or shaped, generally when heated, and

hardened into a desired shape. Useful plastics include, but are not limited to,

polymers, resins and cellulose derivatives. In the present description, the term

plastic is intended to include composite plastic materials comprising one or more

plastics with one or more additives, such as structural enhancers, fillers, fibers,

plasticizers, stabilizers or additives which may provide desired chemical or physical

properties.

[00160] "Prepolymer" refers to a material which is a polymer precursor and/or a

material which, when cured, is a polymer. A "liquid prepolymer" refers to a



prepolymer which exhibits one or more properties of a liquid, for example flow

properties. Specific prepolymers include, but are not limited to, photocurable

polymers, thermally curable polymers and photocurable polyurethanes.

[00161] "Curing" refers to a process by which a material is transformed such

that the transformed material exhibits one or more properties different from the

original, non-transformed material. In some embodiments, a curing process allows a

material to become solid or rigid. In an embodiment, curing transforms a prepolymer

material into a polymer material. Useful curing processes include, but are not limited

to, exposure to electromagnetic radiation (photocuring processes), for example

exposure to electromagnetic radiation of a specific wavelength or wavelength range

(e.g., ultraviolet or infrared electromagnetic radiation); thermal curing processes, for

example heating to a specific temperature or within a specific temperature range

(e.g., 150 °C or between 125 and 175 °C); temporal curing processes, for example

waiting for a specified time or time duration (e.g., 5 minutes or between 10 and 20

hours); drying processes, for example removal of all or a percentage of water or

other solvent molecules; and any combination of these. For example, one

embodiment for curing a silver epoxy comprises heating the silver epoxy to 150 °C

for a duration of 5 minutes.

[00162] "Polymer" refers to a molecule comprising a plurality of repeating

chemical groups, typically referred to as monomers. Polymers are often

characterized by high molecular masses. Polymers are typically composed of

repeating structural units connected by covalent chemical bonds or the

polymerization product of one or more monomers. The term polymer includes

homopolymers, or polymers consisting essentially of a single repeating monomer

subunit. The term polymer also includes copolymers, or polymers consisting

essentially of two or more monomer subunits, such as random, block, alternating,

segmented, graft, tapered and other copolymers. Useful polymers include organic

polymers and inorganic polymers, both of which may be in amorphous, semi-

amorphous, crystalline or partially crystalline states. Polymers may comprise

monomers having the same chemical composition or may comprise a plurality of

monomers having different chemical compositions, such as a copolymer. Cross

linked polymers having linked monomer chains are also useful for some



embodiments. Useful polymers include, but are not limited to, plastics, elastomers,

thermoplastic elastomers, elastoplastics, thermoplastics and acrylates. Exemplary

polymers include, but are not limited to, acetal polymers, biodegradable polymers,

cellulosic polymers, fluoropolymers, nylons, polyacrylonitrile polymers, polyamide-

imide polymers, polyimides, polyarylates, polybenzimidazole, polybutylene,

polycarbonate, polyesters, polyetherimide, polyethylene, polyethylene copolymers

and modified polyethylenes, polyketones, poly(methyl methacrylate,

polymethylpentene, polyphenylene oxides and polyphenylene sulfides,

polyphthalamide, polypropylene, polyurethanes, styrenic resins, sulfone based

resins, vinyl-based resins, rubber (including natural rubber, styrene-butadiene,

polybutadiene, neoprene, ethylene-propylene, butyl, nitrile, silicones), acrylic,

polystyrene, polyvinyl chloride, polyolefin or any combinations of these.

[00163] "Elastomer" refers to a polymeric material which can be stretched or

deformed and return to its original shape without substantial permanent deformation.

Elastomers commonly undergo substantially elastic deformations. Useful elastomers

may comprise polymers, copolymers, composite materials or mixtures of polymers

and copolymers. An elastomeric layer refers to a layer comprising at least one

elastomer. Elastomeric layers may also include dopants and other non-elastomeric

materials. Useful elastomer embodiments include, but are not limited to,

thermoplastic elastomers, styrenic materials, olefenic materials, polyolefin,

polyurethane thermoplastic elastomers, polyamides, synthetic rubbers, PDMS,

polybutadiene, polyisobutylene, poly(styrene-butadiene-styrene), polyurethanes,

polychloroprene and silicones. In some embodiments, an elastomeric stamp

comprises an elastomer. Exemplary elastomers include, but are not limited to silicon

containing polymers such as polysiloxanes including poly(dimethyl siloxane) (i.e.

PDMS and h-PDMS), poly(methyl siloxane), partially alkylated poly(methyl siloxane),

poly(alkyl methyl siloxane) and poly(phenyl methyl siloxane), silicon modified

elastomers, thermoplastic elastomers, styrenic materials, olefenic materials,

polyolefin, polyurethane thermoplastic elastomers, polyamides, synthetic rubbers,

polyisobutylene, poly(styrene-butadiene-styrene), polyurethanes, polychloroprene

and silicones. In an embodiment, a flexible polymer is a flexible elastomer.



[00164] "Transfer device" or "transfer substrate" refers to a substrate, device or

device component capable of and/or configured for receiving and/or relocating an

element or array of elements, such as printable elements. Useful transfer devices

include conformal transfer devices, such as devices having one or more contact

surfaces capable of establishing conformal contact with elements undergoing

transfer. An elastomeric stamp and/or transfer device is useful with a variety of the

methods and devices described herein. Useful elastomeric transfer devices include,

but are not limited to, elastomeric stamps, composite elastomeric stamps, an

elastomeric layer, a plurality of elastomeric layers and an elastomeric layer coupled

to a substrate such as a glass, ceramic, metal or polymer substrate.

[00165] "Elastomeric stamp" or "elastomeric transfer device" are used

interchangeably and refer to an elastomeric material having a surface that can

receive as well as transfer a feature. Exemplary elastomeric transfer devices include

stamps, molds and masks. The transfer device affects and/or facilitates feature

transfer from a donor material to a receiver material. Stamps and transfer device

may be used for assembling components via transfer printing, such as dry contact

transfer printing.

[00166] "Target substrate" is used broadly to refer to the desired final substrate

that will support the transferred structure. In an embodiment, the target substrate is

a device substrate. In an embodiment, the target substrate is a device component or

element that is itself supported by a substrate.

[00167] "Large area" refers to an area, such as the area of a receiving surface

of a substrate used for device fabrication, greater than or equal to about 36 square

inches.

[00168] "Pre-metalized" refers to a structure which includes metallic layers,

components or features.

[00169] "Pre-patterned" refers to a structure which includes one or more

devices, components or relief features.

[00170] "Optical communication" refers to a configuration of two or more

elements wherein one or more beams of electromagnetic radiation are capable of



propagating from one element to the other element. Elements in optical

communication may be in direct optical communication or indirect optical

communication. "Direct optical communication" refers to a configuration of two or

more elements wherein one or more beams of electromagnetic radiation propagate

directly from a first device element to another without use of optical components for

steering and/or combining the beams. "Indirect optical communication" refers to a

configuration of two or more elements wherein one or more beams of

electromagnetic radiation propagate between two elements via one or more device

components including, but not limited to, wave guides, fiber optic elements,

reflectors, filters, prisms, lenses, gratings and any combination of these device

components.

[00171] "Electrical contact" and "electrical communication" refers to the

arrangement of one or more objects such that an electric current efficiently flows

from one object to another. For example, in some embodiments, two objects having

an electrical resistance between them less than 100 Ω are considered in electrical

communication with one another. An electrical contact can also refer to a

component of a device or object used for establishing electrical communication with

external devices or circuits, for example an electrical interconnection. "Electrical

contact" also refers to the ability of two or more materials and/or structures that are

capable of transferring charge between them, such as in the form of the transfer of

electrons or ions. "Electrical communication" also refers to a configuration of two or

more components such that an electronic signal or charge carrier can be directly or

indirectly transferred from one component to another. As used herein, electrical

communication includes one way and two way electrical communication. In some

embodiments, components in electrical communication are in direct electrical

communication wherein an electronic signal or charge carrier is directly transferred

from one component to another. In some embodiments, components in electrical

communication are in indirect electrical communication wherein an electronic signal

or charge carrier is indirectly transferred from one component to another via one or

more intermediate structures, such as circuit elements, separating the components.

[00172] "Electrical resistivity" refers to a property of a material characteristic of

the resistance to flow of electrons through the material. In certain embodiments, the



resistivity of a material (p) is related to the resistance (R) of a length of material (L)

having a specific cross sectional area (A), e.g., p = RxA/L.

[00173] "Electrical interconnection" and "electrical interconnect" refers to a

component of an electrical device used for providing electrical communication

between two or more device components. In some embodiments, an electrical

interconnect is used to provide electrical communication between two device

components spatially separated from one another, for example spatially separated

by a distance greater than 50 nm, for some applications greater than 100 nm, for

other applications greater than 1 µιτι , and for yet other applications greater than 50

µιτι . "Electrode contact" refers to a component of an electronic device or device

component to which an electrical interconnect attaches or provides electrical

communication to or from.

[00174] "Embed" refers to a process by which one object or device is buried,

confornnally surrounded or otherwise placed or positioned within or below the surface

another object, layer or material.

[00175] "Encapsulate" refers to the orientation of one structure such that it is

entirely surrounded by one or more other structures. "Partially encapsulated" refers

to the orientation of one structure such that it is partially surrounded by one or more

other structures. "Completely encapsulated" refers to the orientation of one structure

such that it is completely surrounded by one or more other structures. Some

embodiments contemplate devices having partially or completely encapsulated

electronic devices, device components and/or inorganic semiconductor components

and/or electrodes.

[00176] "Replicate" refers to a process by which one or more relief features are

transferred and/or recreated during casting, molding, embedding, or embossing

processes. Replicated features generally resemble the features they originate from

except that the replicated features represent the negative of the original features;

that is where the original features are raised features, the replicated features are

recessed features and where the original features are recessed features, the

replicated features are raised features. "Replica molding" and "nano imprint

lithography" refer to specific replicating methods known in the art of microfabrication.



[00177] "Relief feature" refers to portions of an object or layer exhibiting

differences in elevation and slope between the higher and lower parts of the surface

of a given area or portion of the object or layer. "Raised features" refer to relief

features which extend above the surface or average surface level of an object or

layer or relief features which have elevations higher than other portions of the

surface of an object or layer. "Recessed feature" refer to relief features which extend

below the surface or average surface level of an object or layer or relief features

which have elevations lower than other portions of the surface of an object or layer.

[00178] "Unitary structure" refers to a structure having one or more components

within a single continuous or monolithic body, and includes structures having a

uniform or non-uniform composition.

[00179] "Conformal contact" refers to contact established between surfaces,

coated surfaces, and/or surfaces having materials deposited thereon which may be

useful for transferring, assembling, organizing and integrating structures (such as

printable elements) on a substrate surface. In one aspect, conformal contact

involves a macroscopic adaptation of one or more contact surfaces of a conformal

transfer device to the overall shape of a substrate surface or the surface of an object

such as a printable element. In another aspect, conformal contact involves a

microscopic adaptation of one or more contact surfaces of a conformal transfer

device to a substrate surface leading to an intimate contact without voids. The term

conformal contact is intended to be consistent with use of this term in the art of soft

lithography. Conformal contact may be established between one or more bare

contact surfaces of a conformal transfer device and a substrate surface.

Alternatively, conformal contact may be established between one or more coated

contact surfaces, for example contact surfaces having a transfer material, printable

element, device component, and/or device deposited thereon, of a conformal

transfer device and a substrate surface. Alternatively, conformal contact may be

established between one or more bare or coated contact surfaces of a conformal

transfer device and a substrate surface coated with a material such as a transfer

material, solid photoresist layer, prepolymer layer, liquid, thin film or fluid.

[00180] "Conformable" refers to a device, material or substrate which has a

bending stiffness sufficiently low to allow the device, material or substrate to adopt



any desired contour profile, for example a contour profile allowing for conformal

contact with a surface having a pattern of relief features. In certain embodiments, a

desired contour profile is that of a tissue in a biological environment,

[00181] "Bind" and "bond" refers to the physical attachment of one object to

another. Bind and bound can also refer the retention of one object on another. In

one embodiment an object can bind to another by establishing a force between the

objects. In some embodiments, objects are bound to one another through use of an

adhesion layer. In one embodiment, an adhesion layer refers to a layer used for

establishing a bonding force between two objects.

[00182] "Placement accuracy" refers to the ability of a transfer method or

device to transfer a printable element, to a selected position, either relative to the

position of other device components, such as electrodes, or relative to a selected

region of a receiving surface. "Good placement accuracy" refers to methods and

devices capable of transferring a printable element to a selected position relative to

another device or device component or relative to a selected region of a receiving

surface with spatial deviations from the absolutely correct position less than or equal

to 50 µιτι , more preferably less than or equal to 20 µιτι for some applications and

even more preferably less than or equal to 5 µιτι for some applications. Methods and

devices described herein include those comprising at least one printable element

transferred with good placement accuracy.

[00183] "Fidelity" refers to a measure of how well a selected pattern of

elements, such as a pattern of printable elements, is transferred to a receiving

surface of a substrate. Good fidelity refers to transfer of a selected pattern of

elements wherein the relative positions and orientations of individual elements are

preserved during transfer, for example wherein spatial deviations of individual

elements from their positions in the selected pattern are less than or equal to 500

nm, more preferably less than or equal to 100 nm.

[00184] "Undercut" refers to a structural configuration wherein the bottom

surfaces of an element, such as a printable element, bridge element and/or anchor

element, are at least partially detached from or not fixed to another structure, such

as a mother wafer or bulk material. Entirely undercut refers to a refers to a structural



configuration wherein the bottom surfaces of an element, such as printable element,

bridge element and/or anchor element, is completely detached from another

structure, such as a mother wafer or bulk material. Undercut structures may be

partially or entirely free standing structures. Undercut structures may be partially or

fully supported by another structure, such as a mother wafer or bulk material, that

they are detached from. Undercut structures may be attached, affixed and/or

connected to another structure, such as a wafer or other bulk material, at surfaces

other than the bottom surfaces.

[00185] "Anchor" refers to a structure useful for connecting or tethering one

device or device component to another. "Anchoring" refers to a process resulting in

the connection or tethering of one device or device component to another.

[00186] "Homogeneous anchoring" refers to an anchor that is an integral part

of the functional layer. In general, methods of making transferable elements by

homogenous anchoring systems is optionally by providing a wafer, depositing a

sacrificial layer on at least a portion of a wafer surface, defining semiconductor

elements by any means known in the art, and defining anchor regions. The anchor

regions correspond to specific regions of the semiconductor element. The anchor

regions can correspond to a geometrical configuration of a semiconductor layer, e.g.,

anchors defined by relatively large surface areas and are connected to transferable

elements by bridge or tether elements. Such geometry provides a means for

facilitating lift-off of specific non-anchored regions for either single-layer or multi-layer

embodiments. Alternatively, anchors correspond to semiconductor regions that are

attached or connected to the underlying wafer. Removing the sacrificial layer

provides a means for removing or transferring semiconductor elements while the

portion of semiconductor physically connected to the underlying wafer remains.

[00187] "Heterogeneous anchoring" refers to an anchor that is not an integral

part of the functional layer, such as anchors that are made of a different material

than the semiconductor layer or is made of the same material, but that is defined

after the transferable semiconductor elements are placed in the system. One

advantage of heterogeneous anchoring compared to homogeneous anchoring

relates to better transfer defining strategies and further improvement to the effective

useable wafer footprint. In the heterogeneous strategy embodiment, a wafer is



provided, the wafer is coated with a sacrificial layer, semiconductor elements are

defined, and heterogeneous anchor elements are deposited that anchor

semiconductor regions. In an aspect, the anchor is a resist material, such as a

photoresist or SiN (silicon nitride), or other material that has a degree of rigidity

capable of anchoring and resisting a lift-off force that is not similarly resisted by non-

anchored regions. The anchor may span from the top-most semiconductor layer

through underlying layers to the underlying wafer substrate. Removal of sacrificial

layer provides a means for removing unanchored regions while the anchored regions

remain connected to the wafer, such as by contact transfer, for example. In another

embodiment, for a multi-layer system, the anchor provides anchoring of a top layer to

an underlying semiconductor layer. Alternatively, the anchoring system is for single-

layer semiconductor layer systems.

[00188] "Carrier film" refers to a material that facilitates separation of layers.

The carrier film may be a layer of material, such as a metal or metal-containing

material positioned adjacent to a layer that is desired to be removed. The carrier film

may be a composite of materials, including incorporated or attached to a polymeric

material or photoresist material, wherein a lift-off force applied to the material

provides release of the composite of materials from the underlying layer (such as a

functional layer, for example).

[00189] A "NMS adjusting layer" refers to a layer whose primary function is

adjusting the position of the NMS in the device. For example, the NMS adjusting

layer may be an encapsulating layer or an add layer such as an elastomeric material.

[00190] In the context of this description, a "bent configuration" refers to a

structure having a curved conformation resulting from the application of a force.

Bent structures may have one or more folded regions, convex regions, concave

regions, and any combinations thereof. Useful bent structures useful, for example,

may be provided in a coiled conformation, a wrinkled conformation, a buckled

conformation and/or a wavy (i.e., wave-shaped) configuration.

[00191] Bent structures, such as stretchable bent interconnects, may be

bonded to a flexible substrate, such as a polymer and/or elastic substrate, in a

conformation wherein the bent structure is under strain. In some embodiments, the



bent structure, such as a bent ribbon structure, is under a strain equal to or less than

about 30%, a strain equal to or less than about 10%, a strain equal to or less than

about 5% and a strain equal to or less than about 1% in embodiments preferred for

some applications. In some embodiments, the bent structure, such as a bent ribbon

structure, is under a strain selected from the range of about 0.5% to about 30%, a

strain selected from the range of about 0.5% to about 10%, a strain selected from

the range of about 0.5% to about 5%. Alternatively, the stretchable bent

interconnects may be bonded to a substrate that is a substrate of a device

component, including a substrate that is itself not flexible. The substrate itself may

be planar, substantially planar, curved, have sharp edges, or any combination

thereof. Stretchable bent interconnects are available for transferring to any one or

more of these complex substrate surface shapes.

[00192] "Thermal contact" or "thermal communication" refers to the ability of

two materials that are capable of substantial heat transfer from the higher

temperature material to the lower temperature material, such as by conduction. Bent

structures resting on a substrate are of particular use in providing regions that are in

thermal contact (e.g., bond regions) with the substrate and other regions that are not

in thermal contact (e.g., regions that are insulated and/or physically separated from

the substrate).

[00193] "Fluid communication" refers to the configuration of two or more

components such that a fluid (e.g., a gas or a liquid) is capable of transport, flowing

and/or diffusing from one component to another component. Elements may be in

fluid communication via one or more additional elements such as tubes, containment

structures, channels, valves, pumps or any combinations of these. In some

embodiments, components in fluid communication are in direct fluid communication

wherein fluid is capable of transport directly from one component to another. In

some embodiments, components in fluid communication are in indirect fluid

communication wherein fluid is capable of transport indirectly from one component to

another via one or more intermediate structures separating the components.

[00194] "Ultrathin" refers to devices of thin geometries that exhibit extreme

levels of bendability. In an embodiment, ultrathin refers to circuits having a thickness

less than 1 µιτι , less than 600 nm or less than 500 nm. In an embodiment, a



multilayer device that is ultrathin has a thickness less than 200 µιτι , less than 50 µιτι ,

or less than 10 µιτι .

[00195] "Thin layer" refers to a material that at least partially covers an

underlying substrate, wherein the thickness is less than or equal to 300 µιτι , less

than or equal to 200 µιτι , or less than or equal to 50 µιτι . Alternatively, the layer is

described in terms of a functional parameter, such as a thickness that is sufficient to

isolate or substantially reduce the strain on the electronic device, and more

particularly a functional layer in the electronic device that is sensitive to strain.

[00196] "Isolate" refers to the presence of an elastomer layer that substantially

reduces the strain or stress exerted on a functional layer when the device undergoes

a stretching of folding deformation. In an embodiment, strain is said to be

"substantially" reduced if the strain is at least a factor of 20, at least a factor of 50 or

at least a factor of 100 times reduced compared to the strain in the same system

without the elastomer layer.

[00197] "Dielectric" and "dielectric material" are used synonymously in the

present description and refer to a substance that is highly resistant to flow of electric

current. Useful dielectric materials include, but are not limited to, S1O2, Ta2Os, Ί Ο 2,

ZrO2, Y2O3, Si3N4, STO, BST, PLZT, PMN, and PZT. In some embodiments,

dielectric materials include non-conducting or insulating materials. In an

embodiment, an inorganic dielectric comprises a dielectric material substantially free

of carbon

[00198] "Device field effect mobility" refers to the field effect mobility of an

electronic device, such as a transistor, as computed using output current data

corresponding to the electronic device. In an embodiment, an inorganic dielectric

comprises a dielectric material substantially free of carbon. Specific examples of

inorganic dielectric materials include, but are not limited to, silicon nitride and silicon

dioxide.

[00199] "Fill factor" refers to the percentage of the area between two elements,

such as between two electrodes, that is occupied by a material, element and/or

device component. In one embodiment, two electrodes are provided in electrical

contact with one or more printable semiconductor elements that provide a fill factor



between first and second electrodes greater than or equal to 20%, preferably greater

than or equal to 50% for some applications and more preferably greater than or

equal to 80% for some applications. In some embodiments, high fill factors are

provided by stacking functional layers above/below one another.

[00200] "Multilayer stacked geometry" refers to a device comprising a plurality

of functional layers in a stacked configuration. In some embodiments, stacked

multilayers are provided in an offset configuration such that one or more device

components in a first functional layer are not provided directly adjacent to one or

more device components in a second functional layer, such as a first functional layer

positioned adjacent to, above or below a second functional layer.

[00201] "Collecting" and "concentrating", as applied to optics and optical

components, refers to the characteristic of optical components and device

components that collect light from a first area, in some cases a large area, and

optionally direct that light to another area, in some cases a relatively smaller area. In

the context of some embodiments, collecting and concentrating optical components

and/or optical components are useful for light detection or power harvesting by

printed solar cells or photodiodes.

[00202] "Conductive material" refers to a substance or compound possessing

an electrical resistivity which is typical of or equivalent to that of a metal, for example

copper, silver or aluminum. In embodiments, the electrical resistivity of a conductive

material is selected over the range of 1χ 10 10 to 1*10 2 Ω -cm. In the present

description, use of the term conductive material is intended to be consistent with use

of this term in the art of electronic devices and electric circuits. In embodiments,

conductive materials are useful as electrical interconnections and/or for providing

electrical communication between two devices. A "conductive paste" refers to a

conductive material comprising a mixture which is generally soft and malleable. In

some embodiments, cured conductive pastes lose their soft and malleable nature

and generally exhibit properties of a solid or a monolithic body. Exemplary

conductive pastes comprise metal micro- and/or nano-particles. Silver epoxy refers

to a conductive paste comprising micro- and/or nano particles including metallic

silver (Ag) and which, when cured, exhibits a low electrical resistivity, for example an



electrical resistivity lower than 1χ 10 5 Ω -cim or selected over the range of 1χ 10 10 to

1 10 5 Ω -cm.

[00203] "Fill" and "filling" refer to a process of depositing a material into a

recessed feature. In one embodiment, a recessed region is filled by scraping

material across and into the recessed feature. A filling tool generally refers to a

device for moving material into a recessed feature. In an embodiment, a filling tool

refers to a device for scraping material across and/or into a recessed region. In a

specific embodiment, a filling tool comprises a layer or solid body of PDMS. For

certain embodiments, a filling process is conceptually similar to a screen printing

process where a material is scraped across a recessed feature by a tool or device

having dimensions larger than the recessed feature, thereby at least partially filling

the recessed feature with the material.

[00204] "Align" refers to a process by which two objects are arranged with

respect to one another. "Aligned off center" refers to a process by which the centers

of two objects or two areas are arranged such that the two centers are not coincident

with respect to one or more spatial dimensions. For certain embodiments, the term

aligned off center refers to alignment of the center of two objects such that the

centers of the objects are spatially separated by a distance greater than 50 nm, for

some applications greater than 100 nm, for other applications greater than 1 µιτι , and

for yet other applications greater than 50 µιτι .

[00205] "Neutral mechanical surface," "NMS," "neutral mechanical plane," and

"NMP" interchangeably refer to a position within a device or component under strain

that experiences an absence of strain. In some embodiments a NMS or NMP is a

plane positioned between two regions or layers of a device or component under

strain, such as a plane between regions under compressive strain and regions under

expansive strain. The NMP is less susceptible to bending stress than other planes

of the device that lie at more extreme positions along a vertical axis of the device

and/or within more bendable layers of the device. Thus, the position of the NMP is

determined by both the thickness of the device and the materials forming the layer(s)

of the device.



[00206] "Coincident" refers to refers to the relative position of two or more

objects, planes or surfaces, for example a surface such as a NMS or NMP that is

positioned within or is adjacent to a layer, such as a functional layer, substrate layer,

or other layer. In an embodiment, a NMS or NMP is positioned to correspond to the

most strain-sensitive layer or material within the layer.

[00207] "Proximate" refers to the relative position of two or more objects,

planes or surfaces. For example, a NMS or NMP that is proximate to or closely

follows the position of a layer, such as a functional layer, substrate layer, or other

layer while still providing desired foldability or bendability without an adverse impact

on the strain-sensitive material physical properties. "Strain-sensitive" refers to a

material that fractures or is otherwise impaired in response to a relatively low level of

strain. In general, a layer having a high strain sensitivity, and consequently being

prone to being the first layer to fracture, is located in the functional layer, such as a

functional layer containing a relatively brittle semiconductor or other strain-sensitive

device element. A NMS or NMP that is proximate to a layer need not be constrained

within that layer, but may be positioned proximate or sufficiently near to provide a

functional benefit of reducing the strain on the strain-sensitive device element when

the device is folded.

[00208] "Electronic device" is used broadly herein to refer to devices such as

integrated circuits, imagers or other optoelectronic devices. Electronic device may

also refer to a component of an electronic device such as passive or active

components such as a semiconductor, interconnect, contact pad, transistors, diodes,

LEDs, circuits, etc. Devices disclosed herein may relate to the following fields:

collecting optics, diffusing optics, displays, pick and place assembly, vertical cavity

surface-emitting lasers (VCSELS) and arrays thereof, LEDs and arrays thereof,

transparent electronics, photovoltaic arrays, solar cells and arrays thereof, flexible

electronics, micromanipulation, plastic electronics, displays, pick and place

assembly, transfer printing, LEDs, transparent electronics, stretchable electronics,

and flexible electronics.

[00209] A "component" is used broadly to refer to a material or individual

component used in a device. An "interconnect" is one example of a component and

refers to an electrically conducting material capable of establishing an electrical



connection with a component or between components. In particular, an interconnect

may establish electrical contact between components that are separate and/or can

move with respect to each other. Depending on the desired device specifications,

operation, and application, an interconnect is made from a suitable material. For

applications where a high conductivity is required, typical interconnect metals may

be used, including but not limited to copper, silver, gold, aluminum and the like, and

alloys. Suitable conductive materials further include semiconductors, such as silicon

and GaAs and other conducting materials such as indium tin oxide.

[00210] Other components include, but are not limited to, thin film transistors

(TFTs), transistors, electrodes, integrated circuits, circuit elements, control elements,

microprocessors, transducers, islands, bridges and combinations thereof.

Components may be connected to one or more contact pads as known in the art,

such as by metal evaporation, wire bonding, and application of solids or conductive

pastes, for example.

[0021 1] An interconnect that is "stretchable" or "flexible" is used herein to

broadly refer to an interconnect capable of undergoing a variety of forces and strains

such as stretching, bending and/or compression in one or more directions without

adversely impacting electrical connection to, or electrical conduction from, a device

component. Accordingly, a stretchable interconnect may be formed of a relatively

brittle material, such as GaAs, yet remain capable of continued function even when

exposed to a significant deformatory force (e.g., stretching, bending, compression)

due to the interconnect's geometrical configuration. In an exemplary embodiment, a

stretchable interconnect may undergo strain larger than about 1%, 10% or about

30% or up to about 100% without fracturing. In an example, the strain is generated

by stretching an underlying elastomeric substrate to which at least a portion of the

interconnect is bonded. For certain embodiments, flexible or stretchable

interconnects include interconnects having wavy, meandering or serpentine shapes.

[00212] A "device component" is used to broadly refer to an individual

component within an electrical, optical, mechanical or thermal device. Components

include, but are not limited to, a photodiode, LED, TFT, electrode, semiconductor,

other light-collecting/detecting components, transistor, integrated circuit, contact pad

capable of receiving a device component, thin film devices, circuit elements, control



elements, microprocessors, transducers and combinations thereof. A device

component can be connected to one or more contact pads as known in the art, such

as metal evaporation, wire bonding, application of solids or conductive pastes, for

example. Electrical device generally refers to a device incorporating a plurality of

device components, and includes large area electronics, printed wire boards,

integrated circuits, device components arrays, biological and/or chemical sensors,

physical sensors (e.g., temperature, light, radiation, etc.), solar cell or photovoltaic

arrays, display arrays, optical collectors, systems and displays.

[00213] "Sensing element" and "sensor" are used synonymously and refers to a

device component useful as a sensor and/or useful for detecting the presence,

absence, amount, magnitude or intensity of a physical property, object, radiation

and/or chemical. Sensors in some embodiments function to transduce a biological

signal into an electrical signal, optical signal, wireless signal, acoustic signal, etc.

Useful sensing elements include, but are not limited to electrode elements, chemical

or biological sensor elements, pH sensors, optical sensors, photodiodes,

temperature sensors, capacitive sensors strain sensors, acceleration sensors,

movement sensors, displacement sensors, pressure sensors, acoustic sensors or

combinations of these.

[00214] "Sensing" refers to detecting the presence, absence, amount,

magnitude or intensity of a physical and/or chemical property. Useful electronic

device components for sensing include, but are not limited to electrode elements,

chemical or biological sensor elements, pH sensors, temperature sensors and

capacitive sensors.

[00215] "Actuating element" and "actuator" are used synonymously and refers

to a device component useful for interacting with, stimulating, controlling, or

otherwise affecting an external structure, material or fluid, for example a biological

tissue. Useful actuating elements include, but are not limited to, electrode elements,

electromagnetic radiation emitting elements, light emitting diodes, lasers and heating

elements. Actuating elements include electrodes for providing a voltage or current to

a tissue. Actuating elements include sources of electromagnetic radiation for

providing electromagnetic radiation to a tissue. Actuating elements include ablation

sources for ablating tissue. Actuating elements include thermal sources for heating



tissue. Actuating elements include displacement sources for displacing or otherwise

moving a tissue. In some embodiments, actuating elements are used for interacting

with, modifying a property of or otherwise affecting a device component, for example

a barrier layer.

[00216] "Actuating" refers to stimulating, controlling, or otherwise affecting an

external structure, material or fluid, for example a biological tissue. Useful electronic

device components for actuating include, but are not limited to, electrode elements,

electromagnetic radiation emitting elements, light emitting diodes, lasers, and

heating elements.

[00217] "Visualizing" refers to a method of observing or otherwise detecting

electromagnetic radiation, for example with an eye or a photodetector.

[00218] "Island" or "device island" refers to a relatively rigid device element or

component of an electronic device comprising multiple semiconductor elements or

active semiconductor structures. "Bridge" or "bridge structure" refers to stretchable

or flexible structures interconnecting two or more device islands or one device island

to another device component. Specific bridge structures include flexible

semiconductor interconnects.

[00219] "Barrier layer" refers to a device component spatially separating two or

more other device components or spatially separating a device component from a

structure, material or fluid external to the device. In one embodiment, a barrier layer

encapsulates one or more device components. In embodiments, a barrier layer is an

encapsulation layer. In embodiments, a barrier layer separates one or more device

components from an aqueous solution, a biological tissue or both. In some

embodiments, a barrier layer is a passive device component. In some embodiments,

a barrier layer is a functional, but non-active, device component. In a specific

embodiment, a barrier layer is a moisture barrier. As used herein, the terms

"moisture barrier" and "barrier layer preventing water from contacting" refers to a

barrier layer which provides protection to other device components from water or

other solvents. In one embodiment, a moisture barrier provides protection to an

external structure, material or fluid, for example, by preventing leakage current from

escaping an encapsulated device component and reaching the external structure,



material or fluid. In a specific embodiment, a barrier layer is a thermal barrier. As

used herein, the term "thermal barrier" refers to a barrier layer which acts as a

thermal insulator, preventing, reducing or otherwise limiting the transfer of heat from

one device component to another or from a device component to an external

structure, fluid or material. Useful thermal barriers include those comprising

materials having a thermal conductivity of 0.3 W/m-K or less, such as selected over

the range of 0.001 to 0.3 W/m-K. In some embodiments, a thermal barrier

comprises active cooling components, such as components known in the art of

thermal management. Thermal barriers also include those barriers comprising

thermal management structures, such as structures useful for transporting heat away

from a portion of a device or tissue; in these and other embodiments, a thermal

barrier comprises thermally conductive material, for example material having a high

thermal conductivity, such as a thermal conductivity characteristic of a metal.

[00220] A barrier layer, and optionally a sacrificial layer on a substrate, may be

etched to produce a "mesh structure", where at least a portion of the barrier layer(s),

and optionally the sacrificial layer on a substrate, is removed. For example a portion

of the barrier layer(s) disposed approximately 10 nm or more from an inorganic

semiconductor component or additional component is removed. Removal of at least

a portion of the barrier layer(s), and optionally the sacrificial layer on the substrate,

may produce (i) one or more holes within the barrier layer(s) and/or (ii) electrical

components, which are physically joined by a barrier layer(s) at a proximal end and

physically separated at a distal end. In one embodiment, a mesh structure may be

disposed upon a contiguous bioresorbable substrate, which provides structural

support for the device during deployment into a biological environment.

[00221] "Contiguous" refers to materials or layers that are touching or

connected throughout in an unbroken sequence. In one embodiment, a contiguous

layer of a biomedical device has not been etched to remove a substantial portion

(e.g., 10% or more) of the originally provided material or layer.

[00222] "Biocompatible" refers to a material that does not elicit an

immunological rejection or detrimental effect when it is disposed within an in-vivo

biological environment. For example, a biological marker indicative of an immune

response changes less than 10%, or less than 20%, or less than 25%, or less than



40%, or less than 50% from a baseline value when a biocompatible material is

implanted into a human or animal.

[00223] "Bioinert" refers to a material that does not elicit an immune response

from a human or animal when it is disposed within an in-vivo biological environment.

For example, a biological marker indicative of an immune response remains

substantially constant (plus or minus 5% of a baseline value) when a bioinert

material is implanted into a human or animal.

[00224] "Bioresorbable" refers to a material that is susceptible to being

chemically broken down into lower molecular weight chemical moieties by reagents

that are naturally present in a biological environment. In an in-vivo application, the

chemical moieties may be assimilated into human or animal tissue. A bioresorbable

material that is "substantially completely" resorbed is highly resorbed (e.g., 95%

resorbed, or 98% resorbed, or 99% resorbed, or 99.9% resorbed, or 99.99%

resorbed), but not completely (i.e., 100%) resorbed.

[00225] "Nanostructured surface" and "microstructured surface" refer to device

surfaces having nanometer-sized and micrometer-sized relief features, respectively.

Such structured surfaces are useful, for example, for contacting and penetrating a

target tissue and improving adhesion between the implantable biomedical device

and the target tissue. The relief features extend a length, x , from a substantially

contiguous plane of the device surface. Quantitative descriptors of a structured

contact surface include surface roughness parameters, such as Rmax, Ra, and

normalized roughness (Ra/Rmax), all of which may be measured by atomic force

microscopy (AFM). Rmax is the maximum height between a highest peak to a lowest

valley. Ra is the center-line-mean roughness, which is the average of an absolute

value of a deviation from a center line of a roughness curve to the roughness curve.

The surface of a substrate or barrier layer is "substantially smooth", for the purposes

of this disclosure, if the surface has an Ra value of 100 nm or less. If the surface has

an Ra value greater than 100 nm, the surface is considered to be a "structured

surface" for purposes of this disclosure. A structured surface may contain at least

one feature selected from the group consisting of barbs, spikes, protrusions and any

combination of these.



[00226] "Accommodate" and "accommodation" refer to the configuration of one

surface or device to match the contours or relief features of another surface or

device such that the two surfaces/devices are in intimate contact. In one

embodiment, a surface which accommodates a device or device component is a

microstructured or nanostructured surface having relief features which match the

shape, contours and or dimensions of the device or device component.

[00227] "Leakage current" or "leakage" refers to electric current which flows

from an electronic device along an unintended path. Under certain conditions,

leakage of sufficient current from an electronic device can damage the device and/or

components thereof. In certain circumstances, leakage current can also or

alternatively damage the material into which it flows.

[00228] "Active circuit" and "active circuitry" refers to one or more device

components configured for performing a specific function. Useful active circuits

include, but are not limited to, amplifier circuits, multiplexing circuits, integrated

circuits and current limiting circuits. Useful active circuit elements include, but are

not limited to, transistor elements and diode elements.

[00229] "Permeability" refers to a property of a material such that one or more

substances are able to pass through the material. "Selectively permeable" refers to

a property of a material to allow certain substances to pass through the material

while preventing other substances from being passed through. In one embodiment,

a selectively permeable material allows one or more target chemicals, molecules

and/or biomolecules to be passed through the material while preventing water, salt

and other substances from being passed through the material. In an embodiment,

the barrier layer of a device has spatially patterned permeable regions, impermeable

regions or a combination of both permeable regions and impermeable regions.

[00230] The term "micro-scale" refers devices or device component having a

maximum dimension (e.g., length, width, height, thickness, diameter, etc.) of 1000

µιτι . As used herein, the term micro-scale is intended to distinguish between objects

having dimensions of cm to m and those having dimensions of nm to µιτι . Micro-

scale also refers, in some embodiments, to structures that are made using

techniques known in the art of microfabrication.



[00231] Plasmonic crystal" refers to an ordered array of micro- or nano-scale

elements which interact with electromagnetic radiation in an enhanced way due to

the array structure. U.S. Patent 7,705,280, hereby incorporated by reference,

discloses useful plasmonic crystals and methods for making plasmonic crystals.

[00232] "Suture" refers to a biomedical device used in the field of medical

surgery. In embodiments, a suture is used in a medical procedure to close an

opening, wound or surgical incision in a tissue.

[00233] "Tensile strength" refers to an ability of a material to resist strain

without undergoing fracture, damage or inelastic deformation.

[00234] "Young's modulus" refers to a mechanical property of a material,

device or layer which refers to the ratio of stress to strain for a given substance.

Young's modulus may be provided by the expression;

where E is Young's modulus, L0 is the equilibrium length, ∆ Ι_ is the length change

under the applied stress, F is the force applied and A is the area over which the force

is applied. Young's modulus may also be expressed in terms of Lame constants via

the equation:

µ (3λ + 2µ )
=

+ µ

where µ and λ are Lame constants. High Young's modulus (or "high modulus") and

low Young's modulus (or "low modulus") are relative descriptors of the magnitude of

Young's modulus in a given material, layer or device. In the present description, a

High Young's modulus is larger than a low Young's modulus, about 10 times larger

for some applications, more preferably about 100 times larger for other applications

and even more preferably about 1000 times larger for yet other applications.



[00235] "Bending stiffness" is a mechanical property of a material, device or

layer describing the resistance of the material, device or layer to an applied bending

moment. Generally, bending stiffness is defined as the product of the modulus and

area moment of inertia of the material, device or layer. A material having an

inhomogeneous bending stiffness may optionally be described in terms of a "bulk" or

"average" bending stiffness for the entire layer of material.

[00236] Described herein are flexible and stretchable semiconductor element

arrays and methods utilizing flexible and stretchable semiconductor element arrays.

Co-integration of flexible LED arrays with flexible plasmonic crystals is useful for

construction of fluid monitors, permitting sensitive detection of fluid refractive index

and composition. Co-integration of flexible LED arrays with flexible photodetector

arrays is useful for construction of flexible proximity sensors. Application of

stretchable LED arrays onto flexible threads as light emitting sutures provides novel

means for performing radiation therapy on wounds. Radiation therapy is also

achievable using biocompatible or bioinert encapsulation over stretchable LED

arrays for implantation into biological tissues.

[00237] Figure 1a provides a side plan view of a biomedical device 5 in a

biological environment comprising a suture-mounted stretchable or flexible electronic

circuit. The biomedical device comprises a suture 10 having an external surface 20

and an optional stretchable or flexible substrate 30 provided on at least a portion of

the external surface of the suture 10. The suture may comprise any suitable material,

such as a fiber or thread, among others, particularly materials having mechanical

properties (e.g., tensile strength, Young's modulus, etc.) and chemical properties

(e.g., biocompatibility, bioinertness, etc.) useful for a desired application such as

connecting tissue, therapy and/or diagnosis. In some embodiments, the suture 10 is

a bioresorbable material, such as silk, and/or substrate 30 is a bioresorbable

material, such as silk.

[00238] The biomedical device also comprises a stretchable or flexible

electronic circuit 40 comprising inorganic semiconductor elements 4 1 connected by

stretchable or flexible conducting elements 45. In an embodiment, for example,

stretchable or flexible electronic circuit 40 comprises an array of electronic devices

(e.g., LED array, electrode array, transistors, multiplexer circuit, etc.), one or more



sensors (e.g., optical sensors, chemical sensors, thermal sensors, etc.) and/or a

drug delivery system. The flexible or stretchable electronic circuit is at least partially

encapsulated in one or more barrier layers 50, which in some embodiments is a

moisture barrier that prevents fluids (e.g., water, biological fluid, blood, ionic solution,

etc.) from the biological environment from contacting at least a portion of the

stretchable or flexible electronic circuit. In some embodiments, the one or more

barrier layers 50 are a bioresorbable material, such as silk. In an embodiment,

barrier layer 50 has an external surface in contact with the biological environment

that is microstructured or nanostructured, for example, having one or more channels,

vias, trenches, apertures, etc. In an embodiment, the composition, physical

dimensions and mechanical properties of substrate 30, stretchable or flexible

electronic circuit 40, barrier layer 50 are selected such that stretchable or flexible

electronic circuit 40 is provided proximate to the neutral mechanical surface 5 1 of this

combination of components (note: the neutral mechanical surface is shown

schematically as dotted line 51).

[00239] Optionally, stretchable or flexible electronic circuit 40 further comprises

one or more electrodes 46 positioned on the surface of barrier layer 50 for

establishing electrical contact with the biological environment and/or tissue.

Electrodes may be in electrical contact with inorganic semiconductor elements of the

electronic device 40 and may be present on an external surface 52 of barrier layer

50, and optionally present in a micro- or nanostructured feature on external surface

52, such as in a channel, pore or via. The biomedical device can optionally be

connected to a controller 60 for controlling the stretchable or flexible electronic

circuit. The controller 60 can be in wired or wireless, one-way or two-way

communication with the stretchable or flexible electronic circuit using wired or

wireless communication line 70. In an embodiment, the controller 60 controls

functionality of the stretchable or flexible electronic circuit such as sensing, thermal

control, electromagnetic radiation generation and detection, drug delivery, among

others.

[00240] Figure 1b provides a side plan view of a biomedical device 5

comprising an optical sensor device mounted on the outer surface 20 of a suture 10

having a flexible or stretchable LED array 500 and a flexible or stretchable



photodetector (PD) array 710, both of which are encapsulated in one or more barrier

layers 50, such as one or more low modulus (e.g., less than or equal to 1 MPa)

elastomeric layers. In an embodiment, barrier layer 50 functions as a moisture

barrier to prevent transport of water, biological fluids, ionic solutions, soapy water,

etc. to the flexible or stretchable LED array 500 and the flexible or stretchable

photodetector array 710 components of the optical sensor device 5 . The flexible or

stretchable LED array 500 is comprised of LED island structures (schematically

illustrated in Figure 1b as rounded rectangles) and electrically conducting bridge

structures (schematically illustrated in Figure 1b as wavy lines). The flexible or

stretchable photodetector array 710 is comprised of photodiode island structures

(schematically illustrated in Figure 1b as circles) and electrically conducting bridge

structures (schematically illustrated in Figure 1b as wavy lines). The flexible or

stretchable LED array 500 and flexible or stretchable photodetector array 710 are

disposed on an optional flexible or stretchable substrate 30 which is disposed on the

surface of suture 20.

[00241] The optical sensor device comprising a flexible or stretchable LED

array 500 and a flexible or stretchable photodetector array 710 is optionally

connected to a controller 60 by wired or wireless, one-way or two way

communication line 70. In an optical sensing embodiment, the controller activates

the LED array 500 to produce electromagnetic radiation 730 within a tissue

environment 706. A portion of the electromagnetic radiation reflected, scattered or

emitted 740 by the tissue environment 706 is incident on, and detected by, the

photodetector array 710, for example to provide a measurement of the chemical or

physical properties of the tissue and/or biological environment.

[00242] In an embodiment, optical sensor device 5 has a composition, physical

dimensions and mechanical properties such that it can establish conformal contact

with the nonplanar external surface of the suture 10. In an embodiment, for

example, optical sensor device 5 is mounted on the curved external surface 20 of the

suture 10. In an embodiment, the composition, physical dimensions and mechanical

properties of a flexible or stretchable substrate 30, flexible or stretchable LED array

500, flexible or stretchable photodetector array 710, and barrier layers 50 are

selected such that flexible or stretchable LED array 500 and a flexible or stretchable



photodetector array 710 are provided proximate to the neutral mechanical surface

703 of this combination of components (note: the neutral mechanical surface is

shown schematically as dotted line 703).

[00243] In operation, the LED array 500 produces electromagnetic radiation

730, optionally having a selected intensity distribution as a function of wavelength,

which propagates away from optical sensor device 701 . For some applications, the

electromagnetic radiation 730 has wavelengths in the visible or near infrared regions

of the electromagnetic spectrum. A portion of the electromagnetic radiation 730 from

LED array 500 interacts with objects in the tissue environment 706, resulting in

generation of reflected, scattered and/or emitted electromagnetic radiation 740 at

various positions 705 within the tissue environment 706. At least a portion of the

reflected, scattered and/or emitted electromagnetic radiation 740 is detected by

photodetector array 710. By monitoring the intensity, wavelength distribution and/or

radiant power of the reflected, scattered and/or emitted electromagnetic radiation

740, certain properties of the objects can be sensed and/or monitored, including

composition and physical properties of the tissue in connection with a therapy and/or

diagnostic procedure.

[00244] Figure 1c provides a side plan view of a biomedical device 5

comprising a drug delivery device on an optional flexible or stretchable substrate 30

mounted on the outer surface 20 of a suture 10 having an optional temperature

sensor 100, a resistive heater 110, such as a semiconductor resistive heater, and a

drug-containing region 120, all of which are encapsulated in one or more barrier

layers 50, such as one or more low modulus (e.g., less than or equal to 1 MPa)

elastomeric layers. In Figure 1c, the pharmaceutical composition initially contained

in the drug-containing region 120 is represented schematically as black dots. In an

embodiment, barrier layer 50 functions as a moisture barrier to prevent transport of

water, biological fluids, ionic solutions, soapy water, etc. to the temperature sensor

100, resistive heater 110, and drug-containing region 120. The resistive heater 110

can be a coil structure, such as a thermistor, which is heated by passing current

through the coil region, thereby creating heat. In an embodiment, the composition,

physical dimensions and mechanical properties of substrate 30, temperature sensor

100, resistive heater 110, and drug-containing region 120 are selected such that



temperature sensor 100, resistive heater 110, and drug-containing region 120 are

provided proximate to the neutral mechanical surface 5 1 of this combination of

components (note: the neutral mechanical surface is shown schematically as dotted

line 51).

[00245] The suture-mounted drug delivery device comprising an optional

temperature sensor 100, a resistive heater 110, and a drug-containing region 120 is

optionally connected to a controller 60 by wired or wireless, one-way or two way

communication line 70. In a drug delivery embodiment, the controller activates the

resistive heater 110 to produce heat which melts, degrades or otherwise renders

porous, at least a portion of the barrier layer 50. In an embodiment, the controller 60

monitors the output of the temperature sensor 100 and controls the semiconductor

heater 110 in order to melt or otherwise degrade the barrier layer 50.

[00246] In an embodiment, suture-mounted drug delivery device 5 has a

composition, physical dimensions and mechanical properties such that it can

establish conformal contact with the nonplanar external surface of the suture 10. In

an embodiment, for example, suture-mounted drug delivery device 5 is mounted on

the curved external surface 20 of the suture 10. In an embodiment, the composition,

physical dimensions and mechanical properties of a flexible or stretchable substrate

30, optional temperature sensor 100, resistive heater 110, drug-containing region

120, and barrier layer 50 are selected such that optional temperature sensor 100,

resistive heater 110, and drug-containing region 120 are provided proximate to the

neutral mechanical surface 5 1 of this combination of components (note: the neutral

mechanical surface is shown schematically as dotted line 51).

[00247] The device before drug delivery is shown in panel A of Figure 1c . As

shown in panel B of Figure 1c, in operation the resistive heater 110 produces heat

which melts at least a portion of the barrier layer 30 which releases at least a portion

of the pharmaceutical composition from the drug containing region 120, resulting in

release of the pharmaceutical composition 130 to the tissue and/or biological

environment. For some applications, the optional temperature sensor 100 is used to

monitor the temperature change produced by the resistive heater 110 to ensure that

sufficient heat is created to melt at least a portion of the barrier layer 50 and to

ensure that the heat generated does not substantially damage any surrounding



tissue or impair the function of the suture 10 or suture-mounted drug delivery device

5 .

[00248] Figure 1d provides a side plan view of a biomedical device 5

comprising a drug delivery device mounted on the outer surface 20 of a suture 10

having a flexible or stretchable LED array 500, a flexible or stretchable photodetector

(PD) array 710, and a drug-containing region 120 all of which are encapsulated in

one or more barrier layers 50, such as one or more low modulus (e.g., less than or

equal to 1 MPa) elastomeric layers. In an embodiment, barrier layer 50 functions as

a moisture barrier to prevent transport of water, biological fluids, ionic solutions,

soapy water, etc. to the flexible or stretchable LED array 500, the flexible or

stretchable photodetector array 710, and drug-containing region 120 components of

the suture-mounted drug delivery device 5 . The flexible or stretchable LED array

500 is comprised of LED island structures (schematically illustrated in Figure 1d as

rounded rectangles) and electrically conducting bridge structures (schematically

illustrated in Figure 1d as wavy lines). The flexible or stretchable photodetector array

710 is comprised of photodiode island structures (schematically illustrated in Figure

1d as circles) and electrically conducting bridge structures (schematically illustrated

in Figure 1d as wavy lines). The flexible or stretchable LED array 500 and flexible or

stretchable photodetector array 710 are disposed on an optional flexible or

stretchable substrate 30 which is disposed on the surface of suture 20.

[00249] The suture-mounted drug delivery device comprising a flexible or

stretchable LED array 500 and a flexible or stretchable photodetector array 710 is

optionally connected to a controller 60 by wired or wireless, one-way or two way

communication line 70. In a suture delivery embodiment, the controller activates the

LED array 500 to produce electromagnetic radiation 730. A portion of the

electromagnetic radiation 730 is incident on the photodetector array 710 and is

detected by the controller 60.

[00250] In an embodiment, suture-mounted drug delivery device 5 has a

composition, physical dimensions and mechanical properties such that it can

establish conformal contact with the nonplanar external surface of the suture 10. In

an embodiment, for example, optical sensor device 5 is mounted on the curved

external surface 20 of the suture 10. In an embodiment, the composition, physical



dimensions and mechanical properties of a flexible or stretchable substrate 30,

flexible or stretchable LED array 500, flexible or stretchable photodetector array 710,

and barrier layers 50 are selected such that flexible or stretchable LED array 500

and a flexible or stretchable photodetector array 710 are provided proximate to the

neutral mechanical surface 5 1 of this combination of components (note: the neutral

mechanical surface is shown schematically as dotted line 51).

[00251] The device before drug delivery is shown in panel A of Figure 1d. As

shown in panel B of Figure 1d, in operation, the LED array 500 produces

electromagnetic radiation 730, optionally having a selected intensity distribution as a

function of wavelength, which photolytically degrades, or otherwise renders porous,

the barrier layer 30 sufficient to release at least a portion of the pharmaceutical

composition from the drug containing region 120, resulting in release of the

pharmaceutical composition 130 to the tissue and/or biological environment. For

some applications, the electromagnetic radiation 730 has wavelengths in the visible

or near infrared regions of the electromagnetic spectrum. In an embodiment, a

portion of the electromagnetic radiation 730 from LED array 500 is detected by

photodetector array 710, thereby providing a means for monitoring the drug delivery

process. For example, by monitoring the intensity, wavelength distribution and/or

radiant power of electromagnetic radiation 730 from LED array 500, certain

properties of the released pharmaceutical composition 120 can be determined,

including the rate of delivery and relative amount of released pharmaceutical

composition 120.

[00252] Figure 2 provides a top plan view of a biomedical device 5 in a

biological environment comprising a suture-mounted stretchable or flexible electronic

circuit wherein the suture 10 closes a wound 210 in a tissue 200. The elements of

the flexible or stretchable electronic circuit 40 are disposed on the surface of the

suture 10. In this configuration the suture 10 can be used for closing the wound 210,

for example, by sewing or stitching together tissue. In some embodiments, the

stretchable or flexible electronic circuit 40 of the biomedical device 5 supports

advanced diagnostic and/or therapeutic functionality, such providing optical emission

allowing for visualization of suture 10 or enabling drug delivery or delivery of

electromagnetic radiation to the wound 210 or tissue 200. In some embodiments,



the stretchable or flexible electronic circuit 40 of the biomedical device 5 supports

sensing functionality such as measuring the temperature and/or chemical or physical

properties of wound 210 or tissue 200, and/or measuring the amount of a therapeutic

agent provided to the wound 210 or tissue 200 as a function of time. In some

embodiments, biomedical device 5 comprises bioresorbable materials and, thus, is

capable of being at least partially resorbed upon making contact with the tissue 200

in the biological environment. In some embodiments, biomedical device 5 has a

composition and physical dimensions such that it can be removed from contact with

tissue 200 after treatment and/or diagnosis of tissue 200 in the biological

environment.

[00253] Figure 3 provides a top plan view of a portion of an example of a

biomedical device 5 comprising a suture-mounted stretchable or flexible electronic

circuit. Semiconductor elements 4 1 are disposed on the surface of the suture 10 and

are connected by stretchable or flexible conducting elements 45. The biomedical

device can optionally be connected to a controller 60 for controlling the stretchable or

flexible electronic circuit. The controller 60 can be in wired or wireless, one-way or

two-way communication with the stretchable or flexible electronic circuit using wired

or wireless communication line 70. The controller 60 can control functions of the

stretchable or flexible electronic circuit such as imaging, drug delivery,

electromagnetic radiation delivery and detection, among others.

[00254] Figure 4a provides a schematic showing various approaches for

creating layers of flexible or stretchable electronic circuits 401 optionally provided in

a multilayer laminated geometry. Panel A provides a side plan view of a flexible or

stretchable electronic circuit 401 comprising an array of electronically interconnected

island 400 and bridge 410 structures. The island structures 400 may comprise

inorganic semiconductor elements, such as semiconductor-based devices and

device arrays, such as LEDs, transistors, lasers, photodetectors, multiplex circuitry,

logic circuitry, etc. The bridge structures 410 may be comprised of conductive

material, such as a metal, and optionally are provided in a serpentine configuration

between the island 400 structures, and optionally encapsulated by a low modulus

elastomer layer. In some embodiments, the length and configuration (e.g.,

serpentine, bent, wavy, buckled, etc.) of bridge structures 410 provides overall



device flexibility and/or stretchability for a range of applications. The array 401 of

electronically interconnected island 400 and bridge 410 structures may be at least

partially encapsulated in a barrier layer, and in some embodiments are completely

encapsulated in a barrier layer. Panels B-E provide side plan views of stacked

configurations 402 of stretchable or flexible electronic circuits provided in a multilayer

geometry wherein the layers are connected by an adhesive 420 (panel B), directly

connected (panel C), connected by a flexible or stretchable substrate 30 (panel D),

and connected by flexible or stretchable substrates 30 and adhesive 420 (panel E).

As shown in panel B of Figure 4a, an array of electronically interconnected island

400 and bridge 410 structures is provided in a multilayered geometry connected by

an adhesive layer 420 and is optionally provided on a flexible or stretchable

substrate 35. As shown in panel C of Figure 4a, an array of electronically

interconnected island 400 and bridge 410 structures is provided in a multilayered

geometry wherein the stacked arrays are provided in direct contact and are

optionally provided on a flexible or stretchable substrate 35. As shown in panel D of

Figure 4a, an array of electronically interconnected island 400 and bridge 410

structures is provided in a multilayered geometry connected by a flexible and

stretchable substrate 30 and is optionally provided on a flexible or stretchable

substrate 35. As shown in panel E of Figure 4a, an array of electronically

interconnected island 400 and bridge 410 structures is provided in a multilayered

geometry connected by flexible or stretchable substrates 30 and an adhesive layer

420, and is optionally provided on a flexible or stretchable substrate 35.

[00255] A device as described herein can contain many arrays 401 of

electronically interconnected island 400 and bridge 410 structures provided in

stacked configurations 402 as set forth in Figure 4a, or any combination of the

stacked configurations 402 as set forth in Figure 4a. In an embodiment, for example,

a device as described herein comprises a plurality of arrays 401 of electronically

interconnected island 400 and bridge 410 structures provided in stacked

configurations 402 connected by adhesive 420 and a plurality of arrays 401 of

electronically interconnected island 400 and bridge 410 structures provided in

stacked configurations 402 connected by a flexible or stretchable substrate 30.



[00256] The multilayered stacked geometries of the arrays 401 of electronically

interconnected island 400 and bridge 410 structures shown in Figure 4a can be

encapsulated in various configurations, for example in a multilayer laminated

geometry. Figure 4b provides a schematic showing various approaches for creating

stacked layers of flexible or stretchable electronic circuits 402. Panels A-C provide

side plan views of stacked configurations of stretchable or flexible electronic circuits

402 wherein the individual layers are connected by an encapsulation layer 405

(panel A), lamination of encapsulated layers 405 (panel C), and printing of

electronically interconnected island 400 and bridge 410 structures on a laminated

layer 405 (panel C). The encapsulation layer 405 can serve as a surface for

lamination (as shown in panel B) or a surface for molding one or more additional

components, such as optical components (e.g., lens arrays, filters, diffusers, etc.) or

drug delivery components (e.g., encapsulated pharmaceutical compositions).

Additionally, the encapsulation layer 405 may provide for electronic isolation for a

least a portion of the arrays 401 of electronically interconnected island 400 and

bridge 410 structures from a biological environment and/or may additionally serve as

a moister barrier from a biological environment. In addition to serving as an

electronic and/or moisture barrier layer, the encapsulation layer 405 can also serve

to provide mechanical stability to the arrays 401 of electronically interconnected

island 400 and bridge 410 structures. In an embodiment of that shown in panel A,

the encapsulation layer 405 is a laminate layer. In a further embodiment of that

shown in panel A, the encapsulation layer 405 has mechanical properties chosen so

as to allow for stretching or flexing of the stretchable or flexible electronic circuit

without causing damage to the circuit or encapsulation layer 405. In an embodiment

of that shown in panel C, the electronically interconnected island 400 and bridge 410

structures are provided on the encapsulation layer 405, for example, by a printing

process, such as a dry transfer contact printing technique.

[00257] Figures 4c-4g provide schematic diagrams of strategies to create

optical elements on a laminated flexible or stretchable electronic circuit 455,

including lenses 485 (4c), diffusers 486 (4d), reflective coatings 487 (4e), reflective

coatings 487 having a transparent section 489 (4f), and a micro- or nanostructured

grating 490 (4g). In Figure 4c, the strategy includes providing an array 403 of island

400 and bridge 410 structures contained in an encapsulation layer 405, as shown in



panel A . The array 403 is then coated with a moldable layer 480, such as a

prepolymer, as shown in panel B. The moldable layer 480 is then contacted by a

pattern transfer device 495, such as a mold or stamp, to form lenses 485 on the

encapsulation layer 405, as shown in Panel C. In Figure 4d, the strategy includes

providing an array 403 of island 400 and bridge 410 structures contained in an

encapsulation layer 405, as shown in panel A . The array 403 is then coated with a

moldable layer 486 comprising diffusive elements shown as black dots, such as a

prepolymer, as shown in panel B. The moldable layer 486 is then contacted by a

pattern transfer device 495, such as a mold or stamp, to form diffusive lenses 487 on

the encapsulation layer 405, as shown in Panel C. In Figure 4e, the strategy includes

providing an array 403 of island 400 and bridge 410 structures contained in

encapsulation layer 405, as shown in panel A . The array 403 is then coated with a

reflective coating layer 488, as shown in panel B. The reflective coating layer 488

can be, for example, an antireflective coating layer, a partially reflecting layer, or an

optical filter layer. In Figure 4f, the strategy includes providing an array 403 of island

400 and bridge 410 structures contained in an encapsulation layer 405, as shown in

panel A . The array 403 is then coated with a reflective coating layer 488 having a

window region 489, as shown in panel B. The reflective coating layer 488 can be, for

example, an antireflective coating layer, a partially reflecting layer, or an optical filter

layer. In Figure 4g, the strategy includes providing an array 403 of island 400 and

bridge 410 structures contained in an encapsulation layer 405, as shown in panel A .

The array 403 is then coated with a moldable layer 480, such as a prepolymer, as

shown in panel B. The moldable layer 480 is then processed to form a micro- or

nanostructure 490 on the barrier layer laminate 405, as shown in Panel C. The

micro- or nanostructure 490 can be, for example, a grating or photonic crystal.

[00258] In some embodiments, individually encapsulated arrays of

electronically interconnected island 400 and bridge 410 structures, such as

individually encapsulated LED arrays, are provided in a multilayer stacked device

geometry to form three dimensional arrays of electronically interconnected island

400 and bridge 410 structures. Such multilayer device geometries are particularly

beneficial for providing high density arrays of inorganic light emitting diodes (ILEDS)

capable of providing radiant intensities and powers useful for biomedical

applications. An example, of a three dimensional array of ILEDS is exemplified in



Figure 5a which provides a side plan view of offset and stacked arrays of flexible or

stretchable ILED arrays while Figure 5b provides a top plan view of the same offset

and stacked arrays of flexible or stretchable ILED arrays. As shown in Figure 5b,

offset stacks of individual 2D arrays of electronically interconnected island 400 and

bridge 410 structures provides very high two dimensional density of electronically

interconnected island 400 and bridge 410 structures, while at the same time

maintaining a high degree of flexibility and/or stretchability. This configuration is

especially useful in imaging, sensing, and phototherapy applications wherein at least

a portion of the three dimensional stacked arrays of electronically interconnected

island 400 and bridge 410 structures comprise ILEDs for generation electromagnetic

radiation and/or wherein at least a portion of the three dimensional stacked arrays of

electronically interconnected island 400 and bridge 410 structures comprise

photodiodes for detecting electromagnetic radiation. LED arrays useful in this aspect

include multilayer structures comprising a plurality of individually encapsulated LED

arrays provided in a laminated device configuration.

[00259] Figure 6 provides a side plan view of a fluid delivery monitor device

601 comprising a flexible or stretchable electronic circuit. The fluid delivery monitor

device 601 comprises a tube 602 for delivery of fluid having an outer wall 600 for

containing a fluid having a flow direction indicated by arrow 640. The fluid delivery

monitor device further comprises a plasmonic crystal 610 disposed within or on the

tube wall 600 and in fluid communication with the fluid in the tube 602. Photonic

crystal has sensing surface 6 11 provided in physical contact with fluid in tube 602.

In an embodiment, sensing surface comprises: ( 1 ) a substrate having a first surface

with a plurality of features 612 provided in a first array and (2) one or more films 613

comprising an electrically conductive material, wherein at least a portion of the one

or more films 613 is supported by the first surface, and wherein at least a portion of

the one or more of the films 613 comprise the electrically conducting material is

spatially aligned with each of the features 612 of the first surface. In an

embodiment, the substrate having the first surface with a plurality of features 612

comprises a nanoimprinted or replica-molded structure.

[00260] In some embodiments, plasmonic crystal 610 is a molded or embossed

structure, and optionally is molded or embossed on the inner surface of the tube 602



to provide access of the sensing surface to the fluid in the tube 602. Alternatively,

plasmonic crystal 610 is disposed in an aperture in tube 602 to provide access of the

sensing surface to the fluid in the tube 602. In optical communication with the

plasmonic crystal 610 and tube 602 is an array of electronically interconnected island

400 and bridge 410 structures encapsulated in a barrier layer 50, wherein the island

structures are LEDs, for example provided in a 2D LED array or 3D LED array. In an

embodiment, for example, array of electronically interconnected island 400 and

bridge 410 structures is a multilayer structure comprising a plurality of individually

encapsulated LED arrays. In the configuration shown in Figure 6, an optional flexible

or stretchable substrate 620 is disposed between the plasmonic crystal 610 and the

array of electronically interconnected island 400 and bridge 410 structures. In some

embodiments, plasmonic crystal 610 is in physical contact with the LED array or

alternatively is in physical contact with optional substrate 610 provided between the

plasmonic crystal and the LED array. Alternatively, the plasmonic crystal 610 is

molded on a surface of a LED array. In an embodiment, the composition, physical

dimensions and mechanical properties of flexible or stretchable substrate 620, array

of electronically interconnected island 400 and bridge 410 structures and barrier

layer 50 are selected such that array of electronically interconnected island 400 and

bridge 410 structures is provided proximate to the neutral mechanical surface 602 of

this combination of components (note: the neutral mechanical surface is show

schematically as dotted line 602).

[00261] In some embodiments, plasmonic crystal 610, LED array and optional

substrate 610 are provided in a laminated device geometry. In some embodiments,

plasmonic crystal 610, LED array and optional substrate 620 are each flexible device

components capable of efficient integration with tube 602, e.g., able to assume a

nonplanar (e.g., curved configuration or bent configuration).

[00262] The fluid delivery monitoring device 601 of Figure 6 also comprises a

detector 630 positioned on an outer wall 600 of the tube. Detector 630 is in optical

communication with plasmonic crystal 610, and is positioned for detecting

electromagnetic radiation produced by the LED island structures 400 and transmitted

by plasmonic crystal 610. In an embodiment, for example, detector 630 is a flexible

and/or stretchable photodetector or array of photodetectors, such as an array of



inorganic semiconductor-based photodetectors. As shown in Figure 6, the detector

630 is in optical communication with plasmonic crystal 610 and the LED array. An

optional controller 60 is also shown which is provided in wired or wireless

communication with both the array of electronically interconnected island 400 and

bridge 410 structures and the detector 630. The controller 60 is in one-way or two-

way communication with the detector 630 and the array of electronically

interconnected island 400 and bridge 410 structures by wired or wireless

communication line 70. The controller 60 can control functions of the fluid delivery

monitor such as imaging, drug delivery, and electromagnetic radiation delivery and

detection, among others.

[00263] In operation, the array of LEDs of the fluid delivery monitoring device

601 generates electromagnetic radiation, at least a portion of which is transmitted

through the plasmonic crystal 610 and detected by detector 630. Interaction of the

fluid in tube 602 and one or more exposed sensing surfaces of plasmonic crystal 610

establishes, in part, the optical transmission properties of the plasmonic crystal 610,

such as the wavelengths of electromagnetic radiation transmitted by the plasmonic

crystal and the percentage transmission of the plasmonic crystal as function of

wavelength. For example, the composition of the fluid determines the refractive

index proximate to the external surface of the plasmonic crystal which significantly

impacts the transmission properties. Therefore, by monitoring the intensity and/or

wavelength of light transmitted by plasmonic crystal 610, the composition of the fluid

may be monitored, for example, monitored as a function of time. In an embodiment,

fluid delivery monitoring device 601 is a component of an intravenous delivery

system and is useful for monitoring the amount of a fluid component, such as a drug,

biological materials (e.g., proteins, blood or a component thereof) or nutrient,

administered to a patient undergoing treatment.

[00264] Figure 7 provides a side plan view of an optical sensor device 701

comprising a flexible or stretchable LED array 500 and a flexible or stretchable

photodetector array 710, both of which are encapsulated in one or more barrier

layers 50, such as one or more low modulus (e.g., less than or equal to 1 MPa)

elastomeric layers. In an embodiment, barrier layer 50 functions as a moisture

barrier for prevent transport of water, biological fluids, ionic solutions, soapy water,



etc. to the flexible or stretchable LED array 500 and the flexible or stretchable

photodetector array 710 components of the proximity sensor device 701 . The

flexible or stretchable LED array 500 comprises LED island structures (schematically

illustrated in Figure 7 as rounded rectangles) and electrically conducting bridge

structures (schematically illustrated in Figure 7 as wavy lines). The flexible or

stretchable photodetector array 710 also comprises of photodiode island structures

(schematically illustrated in Figure 7 as circles) and electrically conducting bridge

structures (schematically illustrated in Figure 7 as wavy lines). The flexible or

stretchable LED array 500 and flexible or stretchable photodetector array 710 are

disposed on an optional flexible or stretchable substrate 30 which is disposed on the

surface of device 720, such as a surgical glove, a tools, a robotic device, among

others.

[00265] The proximity sensor device comprising a flexible or stretchable LED

array 500 and a flexible or stretchable photodetector array 710 is optionally

connected to a controller 60 by wired or wireless, one-way or two way

communication line 70. In a proximity sensing embodiment, the controller activates

the LED array 500 to produce electromagnetic radiation 730 in the direction of the

surface of an object 700, optionally in a biological environment. A portion of the

electromagnetic radiation reflected, scattered or emitted 740 by the object 700 is

incident on the photodetector array 710 and is detected by the controller 60.

[00266] In an embodiment, proximity sensor device 701 has a composition,

physical dimensions and mechanical properties such that it can establish conformal

contact with the nonplanar external surface of a surgical device. In an embodiment,

for example, proximity sensor device 701 is mounted on the curved external surface

of a surgical glove or surgical tool. In an embodiment, for example, proximity sensor

device 701 is mounted on the curved or planar external surface of a robotic

manipulator or a machine part. In an embodiment, the composition, physical

dimensions and mechanical properties of a flexible or stretchable substrate, flexible

or stretchable LED array 500, flexible or stretchable photodetector array 710, and

barrier layers 50 are selected such that flexible or stretchable LED array 500 and a

flexible or stretchable photodetector array 710 are provided proximate to the neutral



mechanical surface 703 of this combination of components (note: the neutral

mechanical surface is show schematically as dotted line 703).

[00267] In operation, the LED array 500 produces electromagnetic radiation

730, optionally having a selected intensity distribution as a function of wavelength,

which propagates away from proximity sensor device 701 . For some applications,

the electromagnetic radiation 730 has wavelengths in the visible or near infrared

regions of the electromagnetic spectrum. A portion of the electromagnetic radiation

730 from LED array 500 interacts with an object 700, resulting in generation of

reflected, scattered and/or emitted electromagnetic radiation 740. At least a portion

of the reflected, scattered and/or emitted electromagnetic radiation 740 is detected

by photodetector array 710. By monitoring the intensity, wavelength distribution

and/or radiant power of the reflected, scattered and/or emitted electromagnetic

radiation 740, certain properties of the object can be sensed and/or monitored,

including position and/or distance from the proximity sensor.

[00268] The flexible or stretchable waterproof electronics described herein are

useful in a diverse array of methods. Figure 8 provides a flow diagram of a wound

treatment method employing a biomedical device comprising a suture having a

flexible or stretchable LED array for exposing the wound to electromagnetic

radiation. Figure 9 provides a flow diagram of a method of making a suture

comprising roll printing or transfer printing inorganic semiconductor elements onto a

flexible or stretchable thread and encapsulating the inorganic semiconductor

elements with a barrier layer. Figure 10 provides a flow diagram of a method of

treating a tissue in a biological environment comprising contacting the tissue with a

biomedical device comprising a suture and a flexible or stretchable electronic circuit.

The tissue can be treated using many methods, such as methods comprising

exposure to electromagnetic radiation, closing a wound in the tissue with a suture as

described herein, actuating or sensing the tissue and/or wound, and release of a

pharmaceutical composition to the wound and/or tissue from the biomedical device,

among others.

[00269] The invention may be further understood by the following non-limiting

examples.



EXAMPLE 1: Waterproof AllnGaP Optoelectronics on Flexible Tubing, Sutures,

Gloves and other Unusual Substrates, with Application Examples in Biomedicine and

Robotics

[00270] This example explores new areas and implements mechanically

optimized layouts to achieve arrays of inorganic LEDs and PDs in systems that can

accommodate extreme modes of mechanical deformation, for integration on

substrates of diverse materials and formats. Additionally, materials and design

strategies allow operation even upon complete immersion in saline solutions,

biofluids, solutions of relevance to clinical medicine and soapy water, thereby

opening new and unconventional opportunities for seamless integration of

optoelectronics with biomedical and robotic systems. Light emitting sutures, thin

implantable sheets (i.e. LED tattoos) and balloon catheters, and flexible, optical

proximity and refractive index sensors provide some examples. Specifically, this

example describes seven advances, in the following order: ( 1 ) experimental and

theoretical aspects of mechanical designs that enable freely deformable,

interconnected collections of LEDs and PDs on soft, elastomeric membranes, bands

and coatings, (2) strategies for achieving high effective fill factors in these systems,

using laminated multilayer constructs, (3) device examples on diverse substrates

and in varied geometrical forms, (4) low modulus, biocompatible encapsulation

materials that preserve key mechanical properties and, at the same time, enable

robust operation when integrated on or implanted in living systems, (5) flexible

optoelectronic components for biomedicine, with in vivo demonstrations on animal

models, (6) illuminated plasmonic crystal devices, as high performance refractive

index monitors for intravenous delivery systems and (7) waterproof optical proximity

sensors that mount on the curved fingertips of vinyl gloves, for possible use in

robotics or advanced surgical devices.

[00271] For active materials, thin epitaxial semiconductor layers grown on

GaAs wafers are prepared, and then vertically etched to define lateral dimensions of

devices built with them. Release from the wafer via selective elimination of an

underlying layer of AIAs, followed by transfer printing accomplishes integration on

substrates of interest. The fabrication scheme described here uses a dual transfer

process that involves first printing the semiconductor materials to a temporary



substrate (glass plate coated with a trilayer of epoxy / polyimide (PI) /

poly(methylmethacrylate) (PMMA)) for forming contacts, interconnections and

structural bridges, and encapsulation layers. Dissolving the PMMA releases fully

formed, interconnected collections of devices. A second transfer printing step

achieves integration on elastomeric sheets (e.g. poly(dimethylsiloxane), PDMS) or

other substrates coated with thin layers of PDMS, with strong bonding only at the

locations of the devices. For all examples described in this example, the LEDs

(referred to herein as µ-ILEDs to highlight the small sizes and the distinction over

organic devices), and the PDs (i.e. µ-IPDs) have lateral dimensions of 100x1 00 µιτι

and thicknesses of 2.5 µιτι , corresponding to volumes that are orders of magnitude

smaller than those of commercially available devices. The thin geometries are

important because they allow the use of thin film metallization for interconnect and

optimized mechanical designs, described next. Details of the processing and layouts

appear in Figures 17-1 9 .

[00272] Figures 11a and 20 present optical images, schematic illustrations,

scanning electron microscope (SEM) images, and finite element modeling of the

mechanics of arrays of µ-ILEDs connected by serpentine shaped ribbons that serve

as either structural bridges or electrical interconnects, transferred to a thin, pre-

strained sheet of PDMS (-400 µιτι thick). Here, and as described below, the devices

are connected in series (Figure 18a), such that all of them turn on and off together; a

single failed device leads to failure of the entire array. The interconnects consist of

thin films of metal with photodefined layers of epoxy on top and bottom to locate the

metal at the neutral mechanical plane. The bridges are similar, but without the

metal. Detailed geometries appear in Figure 19 . Releasing the pre-strain yields

non-coplanar layouts in the serpentines via a controlled, non-linear buckling

response, as shown in the left frame of Figure 11a (-20% pre-strain). The right

frame and inset of Figure 11a present a schematic illustration and magnified optical

image of a representative µ-ILED, respectively. These design choices are informed

by careful studies of the mechanics through three dimensional finite element

modeling (3D-FEM) of the complete systems; they represent highly optimized

versions of those used for silicon circuits and µ-ILEDs. The results enable stable

and robust operation during large scale uniaxial, biaxial, shear and other mixed

modes of deformation, as described in the following.



[00273] Figures 20a and 21a show tilted view scanning electron microscope

(SEM) images and corresponding optical microscope images of adjacent µ-ILEDs

and non-coplanar serpentine interconnects formed with -20% biaxial pre-strain

before (left) and after (right) uniaxial stretching (-60%), respectively. The

separations between adjacent pixels change by an amount expected from the pre-

strain and the applied strain, where a combination of in- and out-of-plane

conformational changes in the serpentines accommodate the resulting deformations

in a way that avoids any significant strains at the positions of the µ-ILEDs. In

particular, 3D-FEM modeling results (Figure 20b) reveal peak strains in the metal

interconnect and the µ-ILEDs that are >300 times smaller than the applied strain

(Figure 2 1c shows similar results for -59% stretching along the diagonal direction,

corresponding to Figure 2 1b). Figures 11b and 22 present two dimensional, in-plane

stretching of a 6^6 array of µ-ILEDs along horizontal (left) and diagonal (right)

directions. The uniform and constant operating characteristics of all devices are

clearly apparent in the dark and bright (without and with external illumination) images

of Figure 11b and Figure 22 as well as in the current-voltage (l-V) characteristics (left

frame of Figure 11c). The applied strains, calculated from the separations of inner

edges of adjacent pixels before and after stretching, reach -48% and -46% along

the horizontal and diagonal directions, respectively. The l-V characteristics are

invariant even after 100000 cycles of 75% stretching along the horizontal direction

(right frame of Figure 11c).

[00274] Uniaxial stretching and compressing are among the simplest modes of

deformation. Others of interest include biaxial, shear and related. The results of

Figures d-g, and 23 demonstrate the ability of the reported designs to allow these

sorts of motions, through large strains induced by pneumatic pressure, achieved by

inflation of a thin (500 µιτι ) membrane of PDMS that supports an array similar to that

of Figure 11b. Injecting air through a syringe in a specially designed cylinder that

serves as a mount for the device deforms the initially flat array (top frame of Figure

d) into a balloon shape (bottom frame of Figure d). Figure e shows four

pixels in the 'flat' (top) and 'inflated' states (bottom) during operation, with external

illumination. The area expansion induced in this manner can reach -85% without

any device failures. The l-V characteristics also show no appreciable differences

between the flat and inflated states (Figure 11f). 3D-FEM is used to model the



inflation induced deformation of a circular elastomeric membrane, with the same

thickness (500 µιτι ) and diameter (20 mm) as in experiment, but without a mounted

µ-ILED array. As illustrated in Figures g and 23c, both the circumferential and

meridional strains reach -37.3% when inflated to a height of 8.3 mm, the same as in

the bottom frame of Figure d. Measured displacements of devices in the system

of the bottom frame of Figure e indicate strains of -36%, which are comparable to

values calculated by 3D-FEM. This observation suggests an important conclusion:

with the designs reported here, the arrays provide negligible mechanical loading of

the soft, elastomeric membrane support, consistent with the very low effective

modulus provided by the optimized, non-coplanar serpentines.

[00275] Corkscrew twisting (Figure 12a) provides another well-defined mode of

deformation that is of interest. Here, large shear strains occur in addition to

stretching / compressing in the axial and width directions. The device test structure

in this case consists of a 3^8 array of µ-ILEDs transferred to a band of PDMS

without pre-strain (see Figure 24a for details). Optical images of flat, 360°, and 720°

twisting deformations with (left) and without (right) external illumination (Figure 12a)

reveal uniform and invariant emission. These strains lead to out-of-plane motions of

the serpentines, as shown in Figures 12b and 24b. The µ-ILEDs remain attached to

the PDMS substrate due to their strong bonding. Electrical measurements indicate

similar l-V characteristics with different twisting angles (Figure 12c) and at different

stages of fatigue tests, as shown in Figure 24c. Figure 2d presents distributions of

various strain components, evaluated at the surface of a band of PDMS with

thickness 0.7 mm by 3D-FEM: axial stretching (left frame), width stretching (middle

frame) and shear (right frame). (For 360° twisting, see Figure 25). The results

demonstrate that the PDMS surface undergoes both extreme axial/width stretching

and shear deformations, with shear dominating, and reaching values of -40% for the

720° twist. As for the case of Figures d and g, the distributions of strain for the

bare PDMS substrate can provide reasonably good estimates for the system. These

controlled uniaxial (Figure 11b), biaxial (Figure d) and twisting (Figure 12a) modes

suggest an ability to accommodate arbitrary deformations. As two examples,

Figures 12e and 12f show cases of stretching onto the sharp tip of a pencil and

wrapped onto a cotton swab. The array of 6^6 µ-ILEDs pulled onto the pencil (red

arrows indicate stretching directions) experiences local, peak strains of up to - 100%,



estimated from distances between adjacent devices in this region. Similar but milder

and more spatially distributed deformations occur on the cotton swab, with an 8^8

array. In both cases, observation and measurement indicate invariant

characteristics, without failures, even in fatigue tests (Figures 12g and 26).

[00276] A feature of the layouts that enable these responses is the relatively

small area coverage of active devices, such that the serpentine structures can

absorb most of the motions associated with applied strain. An associated

disadvantage, for certain applications, is that only a small part of the overall system

emits light. This limitation can be circumvented with layouts that consist of multilayer

stacks of devices, in laminated configurations, with suitable spatial offsets between

layers. The exploded view schematic illustration in Figure 13a shows this concept

with four layers. Figure 27 provides details. Integration is accomplished with thin

coatings of PDMS (-300 µιτι ) that serve simultaneously as elastomeric interlayer

dielectrics, encapsulants and adhesives. Here, each layer consists of a substrate of

PDMS (300 µιτι thick) and an array of LEDs (total thickness with interconnect, ~8

µιτι ) . The total thickness of the four layer system, including interlayers of PDMS, is

- 1.3 mm. Optical images of emission from a four layer system appear in Figure 13b

(with external illumination) and Figure 27b (without external illumination). Figure 13c

shows a two layer case, where each layer lights up in a different pattern. The inset

on the right illustrates the same system in a bent state (bending radius = 2 mm),

where the maximum strain in top and bottom GaAs layers is only 0.006% and

0.007%, respectively as shown by 3D-FEM simulation (Figure 28). The PDMS

interlayers restrict the motion of the serpentines, but by an amount that reduces only

slightly the overall deformability. The extent of free movement can be maximized by

minimizing the modulus of the encapsulant. Here, PDMS was mixed in a ratio to

yield a Young's modulus of -0.1 MPa, to retain nearly -90% of the stretchability of

the unencapsulated case.

[00277] The favorable mechanical characteristics enable integration onto a

variety of substrates that are incompatible with conventional optoelectronics. As

demonstrations, µ-ILED devices were built on swatches of fabric (Figure 29a), tree

leaves (Figure 29c), sheets of paper (Figure 13d), pieces of aluminum foil (Figure

13e) and balloon catheters (Figure 13f). In all cases, transfer printing successfully



delivers the devices to these substrates with thin (-50 µηη ) coatings of PDMS that

serve as planarizing and strain isolating layers, and as adhesives. Bending and

folding tests for each case indicate robust operation under deformed states. The

smallest bending radii explored experimentally were 4 mm, 2.5 mm, and 400 µιτι for

the fabric, leaf, and paper, respectively. Theoretical modeling, using Young's moduli

and thicknesses 1.2 MPa, 800 µ ι, 23.5 MPa, 500 µπτι , 600 MPa and 200 µηη for the

fabric, leaf and paper, respectively, shows that the fabric, leaf and paper can be

completely folded, in the sense that the strain in the GaAs remains much smaller

than its failure strain (-1 %) even when the bend radius equals the substrate

thickness. Without the strain isolation provided by the PDMS, the fabric can still be

folded, but the leaf and paper can only be bent to minimal radii of 1.3 mm and 3.5

mm, respectively. This result occurs because the Young's modulus of PDMS (0.4

MPa) is much smaller than those of leaf and paper (i.e., strain isolation), while the

Young's moduli of PDMS and fabric are more similar. Random wrinkling, including

multi-directional folding with inward and outward bending can be accommodated, as

is apparent in the devices on paper and aluminum foil (-30 µιτι ) . In images of the

latter case (Figure 13e), the number density of wrinkles reaches -200 per cm2 with

approximate radii of curvature as small as 150 µιτι (See Figures 29-34 for additional

images, plots of l-V characteristics, results of fatigue tests, and surface topography

of these substrates).

[00278] The arrays of µ -ILEDs mounted on the surface of an otherwise

conventional catheter balloon (Figure 13f) enables highly localized photodynamic

drug delivery to selectively treat a variety of intraluminal tumors and cardiovascular

disorders, including atherosclerotic plaque lesions. Phototherapy (e.g., stabilization

of plaque) and spectroscopic characterization of arterial tissue represent other uses.

Thin threads and fibers represent other substrates of biomedical interest, due to their

use as sutures and implants, as described next. Figures 13g and 13h present

images of an array of µ -ILEDs ( 1 *8) with serpentine metal bridges and a single µ -

ILED device with long ( 1 .25 cm χ 185 µιτι ) metal interconnects, both on flexible, thin

(-8 µιτι ) ribbons mounted onto cylindrical supports. Figure 13i shows related

systems, consisting of µ -ILED arrays on pieces of thread, and wrapped around a rod

and tied in a knot (inset). Figures 32 a-c provide additional images with different

thicknesses of conventional threads. Threads of nylon (Figure 13i) and cotton



(Figures 32 a-c) were explored, with diameters of -0.7 mm, -2.5 mm, and -0.7 mm,

~0.3mm, respectively. Integration on these and other small substrates is challenging

with the usual techniques for transfer printing. Instead, threads were rolled over the

glass carrier substrate in a manner that avoided the use of a separate transfer stamp

and the associated difficulties in alignment and contact (see Figures 32 d-e). As

clearly illustrated in Figure 13i, the optimized mechanical designs described

previously enable these systems to be twisted, bent and tied into knots without

affecting the operation, even when encapsulated with PDMS. The approximate

minimum bending radii for main and inset frame of Figure 13i is - 3 mm and -0.7

mm, respectively.

[00279] Figure 14a demonstrates the use of a device like those in Figure 13i as

a light emitting suture in an animal model, manipulated with a conventional suture

needle starting from the initial incision (upper left) to the completion of three stitches

(lower left; Figure 32f shows an incised paper sheet sutured with a similar device, in

a similar manner). The 1* 4 array of µ-ILEDs in this case operates without any

failures, due partly to favorable mechanics as described previously but also to a fully

encapsulating layer of PDMS as a soft, elastomeric and biocompatible barrier to the

surrounding tissue and associated biofluids. This layer prevents device degradation

and electrical shorting through the surrounding biofluid or to the tissue; its low

modulus avoids any significant alteration in the overall mechanics, as described

above. The frames in Figure 14a show a few of the µ-ILEDs in the array deployed

subcutaneously, and others on the outer epidermis layer of skin (The white and blue

arrows in the images correspond to pixels located on the subdermal and epidermal,

respectively. The yellow dotted arrows highlight the stitch directions.). Such light

emitting, 'photonic', or 'light-emitting', sutures are useful for accelerated healing and

for transducers of vital signs or physiological parameters such as blood oxygenation

and perfusion. Alternatively, for longer term implantable applications, subdermal µ-

ILEDs can overcome scattering limitations and bring in-vivo illumination to deep

layers of tissue. This approach could yield capabilities complementary to those of

fiber-optic probe-based medical spectroscopic methods, by enabling real-time

evaluation of deep-tissue pathology while allowing precise delivery of radiation in

programmable arrays. Such devices can be formed in geometries of strips or

threads, or of sheets. As an example of the latter, the left frame of Figures 14b and



S 17 show a schematic exploded view and an illustration of fabrication procedures,

respectively, for a 5^5 array of µ -ILEDs on a thin sheet of polyethylene terephthalate

(PET; Grafix DURA-RAR, 50 µιτι thickness) film coated with an adhesive layer

(epoxy) and encapsulated on top and bottom with PDMS. Thin (-500 µιτι ) ceramic

insulated gold wires that connect to metal pads at the periphery of the array provide

access to external power supplies. Figure 14c presents a picture of an animal model

with the device implanted subdermally in direct contact with the underlying

musculature (See methods section for details). The inset shows the same device

before implantation. For continuous operation at the current levels reported here,

peak increases in temperature at the tissue of a couple of degrees C are estimated.

Short pulsed mode operation could further minimize the possibility of adverse

thermal effects and also, at the same time, allow the use of phase-sensitive

detection techniques for increasingly sophisticated diagnostics, imaging and

physiological monitoring.

[00280] Use of µ -LED technologies in such applications requires integrated

photonic structures for transmission/collection of light and/or for optical sensing of

surface binding events or changes in local index of refraction. In this context,

plasmonic crystals represent a useful class of component, particularly for latter

purposes. Figure 15 summarizes an illuminated sensor device that combines thin,

molded plasmonic crystals with arrays of µ -LEDs, in a tape-like format that can be

integrated directly on flexible tubing suitable for use in intravenous (IV) delivery

systems, for monitoring purposes. Figure 15a provides an exploded view schematic

illustration of the system. The plasmonic structure consists of a uniform layer of Au

(50 nm) sputter deposited onto a thin polymer film embossed with a square array of

cylindrical holes (i.e. depressions) using the techniques of soft lithography, as

illustrated in Figures 15b and 15c. The relief geometry (depth -200 nm; hole

diameter -260 nm; pitch -520 nm; see Figure 15c, and inset of Figure 15d) and

thickness of the Au were optimized to yield measurable changes in transmission

associated with surface binding events or variations in the surrounding index of

refraction at the emission wavelength of the µ-LEDs. The full spectral responses

appear in Figure 34. Figure 15d provides transmittance data measured using a

spectrometer over a relevant range of wavelengths, for different surrounding fluids

(see below for details). The completed microsensor devices appear in Figures 15e



and 15f. As different fluids flow through the tubing, the amount of light that passes

from the µ-LEDs and through the integrated plasmonic crystal changes, to provide

highly sensitive, quantitative measurements of the index of refraction. The data of

Figure 15g show the response of a representative tube-integrated device, with

comparison to calculations based on data from corresponding plasmonic structures

on rigid substrates, immersed in bulk fluids and probed with a conventional, bench-

scale spectrometer (Figures 34 and 35). This kind of system can be used for

continuous monitoring of the dosage of nutrients, such as glucose illustrated here, or

of polyethylene glycol (PEG) as illustrated below, or other biomaterials of relevance

for clinical medicine.

[00281] Integration of µ-IPDs with such sensors can yield complete, functional

systems. To demonstrate this type of capability and also another application

example, a flexible, short range proximity sensor was built that could be mounted on

machine parts, or robotic manipulators, or for use in instrumented surgical gloves.

This device exploits co-integration of µ-ILEDs and µ-IPDs in a stretchable format that

provides both a source of light and an ability to measure backscatter from a proximal

object. The intensity of this backscatter can be correlated to the distance to the

object. The µ-IPDs use reversed biased GaAs diodes, as functional, although

inefficient, detectors of light emitted from the µ-ILEDs. A schematic diagram of the

integrated system appears in Figure 16a. Figures 16b and 16c show this type of

system, with 4x6 arrays of µ-ILEDs and µ-IPDs, integrated onto the fingertip region

of a vinyl glove. As expected, the photocurrent measured at the µ-IPDs increases

monotonically with decreasing distance to the object, as shown in the inset of Figure

16c for different reverse bias voltages (-1 0, -5, and 0 V). Figure 36a provides l-V

characteristics of µ-IPDs. Stacked geometries, such as those presented in Figure

13d, can also be used, as shown in Figures 36b-e. Similar to other devices

described here, encapsulation with PDMS renders the systems waterproof. The left

and right frames of Figures 16d show images of 4x6 array of µ-ILEDs on a vinyl

glove, before and after immersion in soapy water. The uniform light emission

characteristics of all devices in the array are clearly apparent. I-V characteristics are

invariant even after operation in saline solution (-9%) for 3 hours (Figure 16e) and

1000 cycles of immersion (Figure 37) in this solution, proving the sustainability of this

device inside the body or during use in a surgical procedure.



[00282] In summary, the advances described here in mechanics, high fill factor

multilayer layouts and biocompatible designs provide important, unusual capabilities

in inorganic optoelectronics, as demonstrated by successful integration onto various

classes of substrate and by use in representative devices for biomedical and robotics

applications.

[00283] Methods . Delineating Epitaxial Semiconductor Material for u-ILEDs

and u-IPDs . For fabrication of the µ -ILEDs and µ -IPDs, the process began with

epitaxial films that included a quantum well structure (4 x (6-nm-thick

Alo.25Gao.25lno.5P barriers / 6-nm-thick ln0 .56Gao .44P wells) / 6-nm-thick

Alo.25Gao.25lno.5P barriers) and an underlying sacrificial layer of AI0.96G0.04As on a

GaAs wafer. Details appear in Figure 17a. Inductively coupled plasma reactive ion

etching (ICP-RIE; Unaxis SLR 770 system) with Cl2/H2 through a hard mask of SiO2

formed trenches down to the AI0.96G0.04As, to delineate active materials in 6x6 or 8x8

or 3x8 or 1x4 arrays of squares with sizes of 100 µιτι x 100 µιτι . Next,

photolithography defined photoresist structures at the four corners of each square to

hold the epitaxial layers to the underlying GaAs wafer during removal of the

AI0.96G0.04As with diluted hydrofluoric (HF, Transene, USA) acid (deionized water

(Dl): 49% HF acid = 1: 1 00).

[00284] Fabricating Arrays of µ-ILEDs and µ -IPDs in Mesh Designs with

Serpentine Interconnects on Glass Substrates . The released squares of epitaxial

material formed according to procedures described above were transfer printed onto

a glass substrate coated with layers of a photodefinable epoxy (SU8-2; Microchem.;

1.2 µιτι thick), polyimide (PI; Sigma-Aldrich; 1.2 µιτι thick), and

poly(methylmethacrylate) (PMMA A2; Microchem.; 100 nm thick) from top to bottom.

Next, another layer of epoxy (SU8-2, 2.0 µιτι ) was spin-cast and then removed

everywhere except from the sidewalls of the squares by reactive ion etching (RIE;

PlasmaTherm 790 Series) to reduce the possibility of partial removal of the bottom n-

GaAs layer during the 1st step of an etching process ( 1st step: H3PO4 : H2O2 : Dl = 1

: 13 : 12 for 25 seconds / 2nd step: HCI : Dl = 2 : 1 for 15 seconds / 3rd step: H3PO4 :

H2O2 : Dl = 1 : 13 : 12 for 24 seconds) that exposed the bottom n-GaAs layer for n-

contacts. Next, another layer of epoxy ( 1 .2 µιτι thick) spin-cast and photopatterned

to expose only certain regions of the top p-GaAs and bottom n-GaAs, provided



access for metal contacts (non-Ohmic contacts) and interconnect lines (Cr / Au, 30

nm / 300 nm) deposited by electron beam evaporation and patterned by

photolithography and etching. These lines connected devices in a given row in

series, and adjacent rows in parallel. A final layer of spin cast epoxy (2.5 µιτι ) placed

the devices and metal interconnects near the neutral mechanical plane. Next, the

underlying polymer layers (epoxy / PI / PMMA) were removed in regions not

protected by a masking layer of S1O2 ( 50 nm thick) by RIE (oxygen plasma, 20

seem, 150 mtorr, 150 W, 40 min). Wet etching the remaining S1O2 with buffered

oxide etchant exposed the metal pads for electrical probing, thereby completing the

processing of arrays of µ -ILEDs (and/or µ -IPDs) with serpentine interconnects.

[00285] Transfer Printing of Stretchable Arrays of Devices to Substrates of

Interest . Dissolving the PMMA layer of the structure described above with acetone

at 75 °C for 10 minutes released the interconnected array of devices from the glass

substrate. Lifting the array onto a flat elastomeric stamp and then evaporating layers

of Cr / SiO2 (3 nm / 30 nm) selectively onto the backsides of the devices enabled

strong adhesion to sheets or strips of PDMS or to other substrates coated with

PDMS. For the PDMS balloon of Figure 11d, prestrain was applied by partially

inflating the balloon, followed by transfer printing the µ -ILEDs and then releasing

(deflating) the balloon. For small substrates, roller printing techniques were used.

See below for details.

[00286] Stretching Tests and Electrical Characterization . Stretching tests were

performed using custom assemblies of manually controlled mechanical stages,

capable of applying strains along x , y, and diagonal directions. For fatigue testing,

one cycle corresponds to deformation to a certain level and then return to the

undeformed state. Each fatigue test was performed up to 1000 cycles to levels of

strains similar to those shown in the various figures. Electrical measurements were

conducted using a probe station (41 55C; Agilent), by directly contacting metal pads

while stretched, bent, or twisted. For Figure 2d, the measurement was performed

using a lead-out conductor line, bonded to metal pads of the arrays of µ -ILEDs.

Typical voltage scan ranges for measurement of the 6x6, 8x8, and 3x8 arrays was 0

~ 60 V, 0 ~ 80V, and 0 ~ 90V, respectively.



[00287] Animal Experiments . All procedures were performed under approved

animal protocols. A female Balb/c mouse was anesthetized with an intraperitoneal

injection of a mix of ketamine/xylazine. The depth of anesthesia was monitored by

palpebral and withdrawal reflexes to confirm that the animal had reached "stage 3" of

anesthesia. Once the animal was lightly anesthetized, the back was shaved and

cleaned at the incision site with 70% ethanol, followed by a betadine surgical scrub.

Previous implants were removed from the mouse and the animal was euthanized

according to approved protocols. To validate the performance of sutures in real

conditions, the incision opened during surgery was closed with a customized 16-

gauge needle and three passes with the light emitting suture were performed to seal

the wound. The suture was then tested by verifying the proper operation of the µ-

ILEDs. For the implants, the incision was performed on the dorsal side of the mouse

and the suturing was carried out across the dermal layers (outer layers and

subcutaneous tissues) above the muscle tissue.

[00288] Fabrication of Thin Plasmonic Crystals on Plastic . Soft lithography

techniques were used to form structures of surface relief on thin layers of a

photocurable polyurethane (PU, NOA 73, Norland Products) cast onto sheets of

poly(ethylene terephthalate). Sputter deposition (5 mTorr Ar environment; AJA

sputtering system) of uniform, thin (-50 nm) layers of gold completed the fabrication.

The geometry of the relief and the thickness of the gold were selected to optimize

the performance of the plasmonic crystals at the emission wavelength of the µ-

ILEDs.

[00289] Spectroscopic Measurement of Transmission Properties of the

Plasmonic Crystals . Transmission spectra were measured using a Varian 5G UV-

Vis-NIR spectrophotometer operating in normal incidence transmission mode,

without temperature control. A flow cell was mounted on top of the plasmonic crystal

and aqueous solutions of glucose with different concentrations/refractive indexes

were injected with a syringe pump (Harvard Apparatus) at a flow rate of 0.2 mL/min.

Transmission spectra over a wavelength range of 355-1400 nm were collected

during the process to monitor changes in multiple plasmonic responses. Such data

were used in the process of optimizing the layouts of the crystals, and for interpreting

measurements collected with the flexible, illuminated and tube-integrated sensors.



[00290] Fabrication and Testing of Flexible, Illuminated Plasmonic Crystal

Sensors . The procedure for integrating a plasmonic crystal with µ -ILED light sources

on a tube (Tygon R-3603, inner and outer diameter: 0.318 mm and 0.476 mm,

respectively), began with formation of a contact window by cutting an opening in the

tube, to enable direct contact of fluid in the tube with the plasmonic crystal. The

embossed side of the crystal was placed face down against the window and then

sealed with a transparent adhesive tape. Next, a thin layer of PDMS was coated on

the tape and adjacent regions of the tubing as a bonding layer for a transfer printed,

stretchable array of µ -ILEDs aligned to the plasmonic crystal. This step completed

the integration process. Light from the device was collected with a separate,

commercial Si photodetector (ThorLabs, Model DET1 10) placed on the opposite side

of the tubing. Output from the detector was sampled digitally at a rate of 10 kHz.

Averaging times of 6 seconds were used for each recorded data point.

[00291] Photographs . Images in Figures 11a and 13e were combined images

to eliminate out-focused regions. Tens of pictures were captured at different focal

depths using a Canon I Ds Mark III with a Canon MP-E 1-5x Macro lens, and those

captured pictures are merged in the software "helicon focus" to create completely

focused image from several partially focused images.

[00292] Figure Captions . Figure 11. Device layouts of µ -ILED arrays and their

responses to uniaxial and balloon-shape biaxial stretching. Figure 11a, Optical

image of a 6^6 array of µ -ILEDs ( 100 µιτι χ 100 µιτι , and 2.5 µιτι thick, in an

interconnected array with a pitch of -830 µιτι ) with non-coplanar serpentine bridges

on a thin (-400 µιτι ) PDMS substrate (left frame). Schematic illustration (right) and

corresponding photograph (inset) of a representative device, with encapsulation.

Figure 11b, Optical images of a stretchable 6^6 array of µ -ILEDs, showing uniform

emission characteristics under different uniaxial applied strains (top left: 0%, bottom

left: 48% along horizontal direction, top right: 0%, bottom right: 46% along diagonal

direction). Figure 11c, Current-voltage (l-V) characteristics of this array measured in

the strained configurations shown in b (left) and voltage at 20 µΑ current for different

cycles of stretching to 75% along the horizontal direction (right). Figure 11d, Tilted

(left) view optical images of a stretchable array (6x6) of µ -ILEDs on a thin (-500 µιτι )

PDMS membrane in a flat configuration (top) and in a hemispherical, balloon state



(bottom) induced by pneumatic pressure. Figure e, the magnified view of Figure

d from the top. The yellow dashed boxes highlight the dimensional changes

associated with the biaxial strain. Figure 11f, l-V characteristics of the array in its flat

and inflated state. Figure g, Distribution of meridional and circumferential strains

determined by 3D-FEM.

[00293] Figure 12 . Responses of µ-ILED arrays to twisting and stretching on

sharp tips. Figure 12a, Optical images of an array of µ-ILEDs (3x8) on a band of

PDMS twisted to different angles (0° (flat), 360°, and 720° from top to bottom),

collected with (left) and without (right) external illumination. Figure 12b, SEM image

of the array when twisted to 360°. The serpentine interconnects move out of the

plane (red box) to accommodate the induced strains. Figure 12c, l-V characteristics

of the array twisted by various amounts (0 (flat), 360 and 720°). Figure 2d,

Distributions of axial (left), width (center) and shear (right) strain determined by 3D-

FEM for twisting to 720°. Figure 12e, Optical images of an array of µ-ILEDs (6x6),

tightly stretched on the sharp tip of a pencil, collected with (left) and without (right)

external illumination. The white arrows indicate the direction of stretching. Figure

12f, Optical images of a stretchable 8x8 array wrapped and stretched downward on

the head of a cotton swab. The inset image was obtained without external

illumination. Figure 12g, l-V characteristics of the array in Figure 12e, before (initial),

during (deformed) and after (released) deformation. The inset provides a graph of

the voltage needed to generate a current of 20 µΑ , measured after different numbers

of cycles of deformation.

[00294] Figure 13 . Multilayer laminated configurations of arrays of µ-ILEDs for

high effective area coverage and integration on various unusual substrates. Figure

13a, Schematic, exploded view illustration for a stacked device formed by multilayer

lamination. Figure 13b, Optical images of a four layer stack of 4x4 arrays with layer-

to-layer offsets designed to minimize overlap of interconnect lines with positions of

the µ-ILEDs. The images show emission with different numbers of layers in

operation ( 1st layer on, 1st and 2nd layers on, 1st, 2nd and 3rd layers on, and 1st,

2nd, 3rd and 4th layers on). Figure 13c, Optical images of a two layer stack of 8x8

arrays, with different layers in operation. The inset shows the device in a bent state

(bending radius ~2 mm) with both layers on. Figure 13d, Optical image of an array



of µ -ILEDs (8x8) on a piece of paper, in a folded state (bending radius -400 µηη )

during operation. The inset shows the device in its flat state. Figure 13e, Image of a

6x6 array on a sheet of aluminum foil under crumpled state. The inset shows the

device in its flat state. Figure 13f, Images of a 6x6 array on a catheter balloon in its

inflated (inset) and deflated states. Figure 13g, Images of a thin (~8 µιτι ) , narrow

(820 µιτι ) strip of µ -ILEDs ( 1x8) with serpentine interconnects on a rigid plastic tube

(diameter -2.0 mm, left). Inset shows the magnified view of a single pixel. Figure

13h, a thin strip LED device consisting of an isolated µ -ILED with straight

interconnects wrapped around a glass tube (diameter -5.0 mm, right). The insets

provide a magnified view. Figure 13i, Image of a 1x8 array with serpentine metal

bridges on a -700 µιτι diameter fiber, wrapped around a glass tube (diameter - 1.4

mm, left frame) and, in a knotted state (inset), respectively, resting on coins

(pennies) to set the scale.

[00295] Figure 14. Demonstrations of application possibilities for systems of µ -

ILEDs in biomedicine. Figure 14a, Light emitting suture consisting of a 1x4 array of

µ -ILEDs on a thread (diameter -700 µιτι ) , demonstrated in an animal model with a

conventional suture needle. The images correspond to one stitch in its off state,

after one stitch, two stitches, and three stitches in the on state, in the clockwise

direction from the top left frame, respectively. The yellow arrows indicate the

suturing directions. Figure 14b, Schematic exploded view illustration of an array of µ -

ILEDs (5x5) on a thin PET film (50 µιτι thick) coated with an adhesive. Layers of

PDMS on the top and bottom provide a soft, elastomeric encapsulation that offers

biocompatibility and an excellent barrier to biofluids and surrounding tissue. Figure

14c, Image of an animal model with this array implanted under the skin, and on top

of the muscle tissue. The inset shows the device before implantation.

[00296] Figure 15 . Refractive index microsensors based on thin, molded

plasmonic crystals integrated with arrays of µ -LEDs, in tape-like formats integrated

directly on flexible tubing suitable for use in intravenous (IV) delivery systems.

Figure 15a, Schematic exploded view of the sensor/tube system. Figure 15b, Thin,

molded plasmonic crystal on a plastic substrate wrapped around a cylindrical

support, showing colors due to diffraction. Figure 15c, Atomic force microscope

image of the surface of such a crystal. Figure 15d, Normal incidence transmission



spectra collected with a commercial spectrometer over a range of wavelengths

relevant for illumination with red µ-LEDs. Figure 15e, Image of a sensor integrated

on an flexible plastic tube (Tygon), next to the tip of a pen. The inset shows the

backside of the plasmonic crystal before integration of the µ-ILEDs. Figure 15f,

Images of the tube-integrated sensor viewed from the µ-ILED side of the device, with

different fluids in the tube. Figure 15g, Measurement results from a representative

sensor (top), operated while integrated with a tube, as a sequence of aqueous

solutions of glucose pass through. The bottom frame shows the percentage

increase in light transmitted from the µ-ILED, through the plasmonic crystal and

measured on the opposite side of the tube with a silicon photodiode, as a function of

glucose concentration. The calculations are based on the response of a separate,

conventional plasmonic crystal evaluated using bulk solutions and a commercial

spectrometer.

[00297] Figure 16 . Stretchable optical proximity sensor based on an array of µ-

ILEDs and µ-IPDs mounted on the fingertip of a vinyl glove. Figure 16a, Schematic

illustration of co-integrated 2x6 arrays of µ-ILEDs and µ-IPDs to yield a thin,

stretchable optical proximity sensor. Figure 16b, Image of the sensor, mounted on

the fingertip region of a vinyl glove. Figure 16c, Optical images of an array of µ-

ILEDs (4x6) with serpentine metal bridges, transfer-printed on the fingertip region of

a vinyl glove. The inset shows a plot of photocurrent as a function of distance

between the sensor and an object (white filter paper) for different reverse bias and

different voltages. Figure 16d, Left and right frames correspond to images before

and after immersion into soapy water. Figure 16e, IV characteristics of the same µ-

ILEDs array as shown in Figure 16c after operation in saline solution (~ 9%) for

different immersion time.

[00298] Contact Scheme . Here, simple metal (Cr/Au) to doped GaAs contacts

are used instead of ohmic contacts. For improved electrical characteristics,

conventional ohmic contacts of metal interconnects to GaAs can be implemented.

To form the ohmic contact, a series of metal stacks followed by appropriate

annealing (n ohmic contact metals: Pd/Ge/Au followed by anneal at 175 °C for 1

hour, p ohmic contact metal: Pt/Ti/Pt/Au in this paper) can be used, which results in

lower take-off voltage can be obtained as shown in Figure 38a.



[00299] Long-term operation . Long-term operation was tested using two LED

devices, connected in series, on a thin slab of PDMS was performed under the

constant current mode (0.75 mA). Both devices showed robust and reliable

performance during the continuous operation for 100 hours without affecting l-V

characteristics as shown in Figure 38b.

[00300] FEM Simulation of Balloon Deformation . Figure 39a illustrates the

mechanics model for inflating and transfer printing onto the PDMS balloon of Figure

11. The initially flat, circular thin film (initial state, upper left frame of Figure 24a) of

radius r is fixed at its outer boundary, and is inflated by air to a spherical cap of

height h (inflated state, right frame of Figure 39a). The radius of the sphere is R =

(h2 + r2)/(2h). The spherical cap is pressed down and flattened during transfer

printing, as shown in the lower left frame of Figure 39a (as-print state). The

deformation is uniform along the meridional direction during inflation, while all

material points move vertically downward during printing. Therefore, for a point of

distance xo to the film center at the initial state, its position changes to x i in the

inflated state with an arc distance to the film center, and then changes to X2 in the

state during printing, where Si= (Rxo/r) arcsin(r /R) and X = x2 = R sin[(x0/r) sin (r/R)].

These give the meridional and circumferential strains of the inflated state as:
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The meridional and circumferential strains at the state during printing are given by:
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Finite element method (FEM) was used to study this process in order to validate the

analytical model above. The contours of meridional and circumferential strains of the

inflated state appear in the upper and lower left frames of Figure 39b, respectively.

The results are compared with analytical solutions, Equations (S1 ) and (S2), in the

right frame of Figure 39b, and show good agreement. Therefore, the analytical

formulae, Equations (S1 ) and (S2), can be used to predict the PDMS strain under

different inflation, and further to estimate the strain in devices on the balloon surface.

Figure 39c shows the contours of meridional (upper left frame) and circumferential

(lower left frame) strains of the asprint state, and the comparison with analytical

solutions from Equations (S3) and (S4) (right frame). The analytical solutions, once

again, agree well with FEM simulations without any parameter fitting.

[00301] Bending of LEDs on Various Substrates . The LED, as illustrated in

Figure 40, consists of multiple layers with thicknesses h = 3.5 µιτι , h2 = 2.5 µιτι , h3 =

1.2 µιτι and h4 = 1.2 µιτι , and Young's moduli are Esus = 5 .6 GPa, ^GaAs = 85.5 GPa

and Epi = 3.2 GPa. These layers are modeled as a composite beam with equivalent

tensile and bending stiffnesses. The PDMS strain isolation layer has thickness h5 =

50 urn and Young's modulus E PDMS=0.4 MPa. The Young's modulus ESUb and

thickness H of the substrate are 1.2 MPa and 0.8 mm for the fabric, 23.5 MPa and

0.5 mm for the fallen leaf, and 600 MPa and 0.2 mm for the paper. The strain

isolation model then gives very small maximum strains in GaAs, 0.043%, 0.082%

and 0.23% for the completely folded fabric, leaf and paper, respectively. The

minimal bend radii are the same as the corresponding substrate thicknesses H, i.e.,

800 µιτι , 500 µιτι and 200 µιτι for the fabric, leaf and paper, respectively. For the Al

foil substrate, the minimum bend radius is obtained as 139 µιτι when the strain in

GaAs reaches 1% .

[00302] Without the PDMS strain isolation layer, the LED and substrate are

modeled as a composite beam. The position of neutral axis (measured from the top

surface) is given by:
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The maximunn strain in GaAs is , where Rb is

the bending radius. Therefore, the minimum bending radius of LED array on the

¾ - — — ¾ - 4- h - ¾|

substrate is , where -' -f , ! = 1% is the failure

strain of GaAs. For the fabric substrate, the maximum strain in GaAs is only 0.34%

even when it is completely folded, which gives the minimum bending radius the

same as the thickness 0.8 mm. For the fallen leaf and the paper, the minimum

bending radii are 1.3 mm and 3.5 mm.

[00303] Figure Captions . Figure 17 . Schematic illustration of epitaxial layer (a)

and fabrication processes for µ-ILEDs arrays on a carrier glass substrate after

transfer printing (b).

[00304] Figure 18 . (a) Schematic illustration (left frame) and corresponding

microscope (top right frame) and SEM (bottom right frame) images of a 6^6 µ-ILEDs

on a handle glass substrate coated with layers of polymers (epoxy / P I / PMMA). (b)

Schematic illustration (left frame) and corresponding microscope (top right frame)

and optical (bottom right frame) images of a 6x6 µ-ILEDs array which is picked up

with a PDMS stamp for transfer printing. A shadow mask for selective deposition of

Cr/SiO2 (thickness: 3nm/30nm) covers the retrieved array on a soft elastomeric

PDMS stamp (c) Schematic illustration of transfer printing to a pre-strained thin

(thickness: -400 µιτι ) PDMS substrate (left frame) and microscope (top right frame)

and SEM (bottom right frame) images of the transferred µ-ILEDs array on a

prestrained thin PDMS substrate. Prestrain value was -20%.

[00305] Figure 19 . (a) Schematic illustration of top encapsulation layers

indicating some of the key dimensions (b) Schematic illustration of the cross

sectional structure at an island, with approximate thicknesses for each layer. The



inset corresponds to an SEM image of a µ-ILEDs array after transfer printing to a thin

PDMS substrate with prestrain of -20%. (c) Schematic illustration of the cross

sectional structure at metal interconnection bridges, with approximate thicknesses of

each layer.

[00306] Figure 20. (a) Tilted view SEM images of adjacent µ-ILEDs (yellow

dashed boxes) before (left, formed with -20% pre-strain) and after (right) stretching

along the horizontal direction (red arrows) (b) Strain distributions determined by 3D-

FEM for the cases corresponding to frames in (a). The black outlines indicate the

positions of the devices and the serpentines before relaxing the pre-strain.

[00307] Figure 2 1 . (a) Optical microscope images of two pixels in a µ-ILEDs

array with a serpentine bridge design before (left frame) and after (right frame)

external stretching along the horizontal direction. The upper and lower images show

optical micrographs in emission light off (upper) and on (lower) states. The distance

between adjacent pixels appears in the lower images and used for calculation of

applied strains. The lower images were obtained without external illumination (b)

Optical micrograph images of two pixels in a µ-ILEDs array before (left frame) and

after (right frame) external stretching along the diagonal direction (c) FEM

simulation under external stretching along the diagonal direction (left frame), and

strain contours in the GaAs active island (top right frame) and the metal bridge

(bottom right frame).

[00308] Figure 22. Optical images of a 6^6 µ-ILEDs array with a serpentine

mesh design with external illumination under the same strain circumstances as

Figure 11b.

[00309] Figure 23. (a) Optical image of an 8x8 µ-ILEDs array on a thin PDMS

substrate in its on state, which is under the same kind of deformed condition as

bottom left frame of Figure . (b) Top view optical images of same array as Figure

in its 'flat' (left frame) and 'inflated' state (right frame) without external

illumination (c) Spatial distribution of FEM results of the right frame of Figure 11d

and analytical solutions calculated from Equations (S1 ) and (S2).

[00310] Figure 24. (a) Schematic illustrations of a 3x8 µ-ILEDs array integrated

on a thin PDMS substrate with detailed dimensions (upper frame: registrations of the



µ-ILEDs on a PDMS donor substrate, lower frame: entire view of the printed 3^8 µ-

ILEDs array). The inset on top represents an optical microscope image of this µ-

ILEDs array on a handle glass substrate before transfer printing (b) Magnified view

of the SEM image in Figure 12b. The white dotted rectangle highlights the non-

coplanar bridge structures (c) Voltage at 20 µΑ current for each twisting cycle of

360°.

[0031 1] Figure 25. FEM strain contours of axial (top), width (center), and shear

(bottom) strains for 360° twisted PDMS substrate.

[0031 2] Figure 26. Fatigue test result of a 6^6 µ-ILEDs array as shown in

Figure 12e. (a) Plot of l-V characteristics of a 6x6 µ-ILEDs array as a function of

deformation cycles (b) Plot of voltage needed to generate a current of 20 µΑ

measured after deformation cycles up to 1000 times. Each deformed state is

approximately same as shown in Figure 12e.

[0031 3] Figure 27. (a) Schematic illustration of stacked devices describing

states of Figure 13b. (b) Optical images of stacked devices as shown in Figure 13b,

collected without external illumination.

[0031 4] Figure 28. (a) The strain distribution of the two-layer system in the

stacked array bent to a radius of curvature 2 mm, as shown in Figure 13c. The black

dashed rectangles demonstrate the positions of µ-ILEDs. (b) The strain distribution

in GaAs layers in the µ-ILEDs island.

[0031 5] Figure 29. (a) Optical image of a 6x6 µ-ILEDs array with serpentine

metal interconnects, integrated on fabrics, in its bent and on state (bending radius

-4.0 mm). The inset shows the device in its flat and off state (b) Plot of l-V

characteristics of this array in its bent state. Inset provides a graph of the voltage

needed to generate a current of 20 µΑ , measured after different numbers of cycles of

bending deformation (c) Optical image of an 8x8 µ-ILEDs array with a human

pattern, integrated on a fallen leaf, in its bent and on state. The inset image was

collected with external illumination (d) Plot of l-V characteristics in the bent state as

shown in Figure 29c. (e) Optical image of a µ-ILEDs array integrated on a paper in

its folded and on state (f) Optical image of the same µ-ILEDs array as shown in



Figure 13e in its mildly crumbled state. Inset represents microscope image of

adjacent four pixels in their on states.

[00316] Figure 30. (a) Plot of l-V characteristics of a 6x6 µ-ILEDs array

integrated on paper in its flat (Figure 13d inset) and folded (Figure 13d) state (b)

Plot of l-V characteristics of a 6^6 µ-ILEDs array integrated on aluminum foil in its

flat (Figure 13e inset) and crumbled (the center frame of Figure 13e) state (c)

Fatigue tests of arrays of 6x6 µ-ILEDs as shown in Figure 29e. Plot of l-V

characteristics of a µ-ILEDs array integrated on paper as a function of deformation

cycles (left frame). Plot of voltage needed to generate a current of 20 µΑ measured

after deformation cycles up to 1000 times (right frame) (d) Fatigue tests of arrays of

6x6 µ-ILEDs as shown in Figure 29f. Plot of l-V characteristics of a µ-ILEDs array

integrated on aluminum foil as a function of deformation cycles (left frame). Plot of

voltage needed to generate a current of 20 µΑ measured after deformation cycles up

to 1000 times (right frame).

[00317] Figure 3 1 . SEM images of various substrate such as fabrics (a), Al

foils (b), paper (c), and fallen leaves (d) before (left frame) and after (right frame)

coating of thin layer of PDMS.

[00318] Figure 32. Optical image of single µ-ILED with long straight

interconnects, integrated on a flexible thread with diameter of diameter -2.5 mm (a),

and diameter -0.7 mm (b), respectively (c) Optical image of a single LED device

with long interconnects, integrated on -300 µηη -wide threads in its bent and un-

deformed (inset) states, respectively (d) Schematic illustration describing 'rolling

method' (e) Optical image of a 4x6 µ-ILEDs array with serpentine bridge

interconnects integrated on a glass tube using a rolling method for printing (f) The

suture demonstration using µ-ILEDs array mounted on a thread for radiation therapy

with an incision in paper (thread diameter -700 µιτι ) .

[00319] Figure 33. Schematic illustration of the encapsulation of an

implantable array of µ-ILEDs as described in Figures 14b and 14c.

[00320] Figure 34. (a) Light intensity spectrum of single µ-ILED, measured with

conventional spectrometer (Ocean Optics, USA) (b) Percent transmittance

spectrum through plasmonic nanohole array, measured with conventional



spectrometer (CARY, Varian, USA) (c) Transmitted light intensity spectrum through

plasmonic nanohole array at the relevant wavelength range, calculated by

multiplying single LED intensity in (a) and % transmittance in (b).

[00321 ] Figure 35. (a) Measurement results from a representative sensor (top),

operated while integrated with a tube, as a sequence of aqueous solutions of PEG

(polyethylene glycol) pass through (b) The percentage increase in light transmitted

from the µ-ILED, through the plasmonic crystal and measured on the opposite side

of the tube with a silicon photodiode, as a function of PEG concentration (c)

Refractive indexes change with different glucose and PEG concentrations.

[00322] Figure 36. (a) Plot of l-V characteristics of photodiodes at different

distances between an optical proximity sensor and an approaching object as

explained in Figures 16a-c. (b) Plot of l-V characteristics of 2nd layer (an array of

photodiode) as a function of the current level of 1st layer (an array of µ-ILEDs) under

negative bias in the stacked device (c) Plot of photocurrent of an array of 6^6 µ-

PDs that is stacked on the layer of a 6x6 µ-ILEDs array as a function of operation

current of µ-ILEDs in the stacked device (d) Plot of current-voltage characteristics

of an array of 6x6 photodiodes as a function of distance between the device and the

approaching object in the stacked device. Voltage range of an array of 6x6 µ-PDs

was from 0 V to - 10 V during the 6x6 µ-ILEDs array was in emission light up state

(operation current of µ-ILEDs array: 3 mA). (e) Re-plotting of Figure 36d as a

function of distance between approaching object and µ-PDs.

[00323] Figure 37. IV characteristics of the same µ-ILEDs array as shown in

Figure 16c at different immersion times.

[00324] Figure 38. (a) Result of Luminance (L) - Current (I) - Voltage (V)

measurement of an individual pixel with and without applied ohmic contacts (b)

Applied voltage to generate a current of 20 µΑ , measured after different operation

time. The inset provides l-V characteristics with different operation time.

[00325] Figure 39. (a) Schematic illustration of analytical model for the inflation

and printing-down of PDMS f ilm (b) FEM contours of meridional (upper left) and

circumferential (lower left) strains of the inflated state and its comparison with

analytical solutions calculated from Equations (S1 ) and (S2). (c) FEM contours of



meridional (upper left) and circumferential (lower left) strains of the as-printed state

and its comparison with analytical solutions Equations (S3) and (S4) (right frame).

[00326] Figure 40. Schematic illustration of the cross section of µ-ILEDs on a

substrate.

EXAMPLE 2 : Smart Sutures

[00327] Figure 4 1a provides typical designs smart suture thread embodiments.

Thin (~1 mm) and long (-30 mm) threads that include a silicon diode based

temperature sensor or a platinum resistor based temperature sensor can be

fabricated on a rigid handle substrate, such as a wafer or glass substrate. The top

image shows a smart suture design including four individually addressable silicon

diode temperature sensors. The bottom image shows a smart suture including two

individually addressable platinum resistor temperature sensors and two individually

addressable resistive heating elements. Each of these smart sutures thread designs

feature a 6 mm inter-element spacing and electrical interconnections to an external

controller.

[00328] Figure 4 1b shows optical images of two smart suture thread

embodiments with expanded view images of silicon diode (top) and platinum resistor

(bottom right) temperature sensors. Additional functions can also be added beyond

temperature sensing. For example, a gold microheater that uses resistive Joule

heating can be integrated together for local heating, as shown in the expanded view

image (bottom left). Local heating, together with appropriate polymers containing

pharmaceutical compositions, can be utilized to selectively release the

pharmaceutical compositions controllably at a desired time and location.

[00329] Figure 4 1e shows typical current-voltage (IV) curves at different

temperatures. The voltages at fixed current, for example at 10 µΑ , can be plotted

versus temperature, as shown in Figure 4 1d, which shows a linear calibration curve

for the temperature sensing. Platinum resistors exhibit different resistance values at

different temperatures, as plotted in Figure 4 1c . When combined or used separately,

these temperature sensors integrated on smart suture threads and sutured around

target tissues, can monitor the local temperature to detect abnormal temperature

increases, for example as caused by a local inflammation.



[00330] Figure 4 1f shows an optical image the resulting smart suture thread

including a silicon diode temperature sensor on one side of the suture and a gold

heating element on the other side of the suture.

[00331] Intentionally offset temperature sensors, as shown in the two sided

smart suture thread design shown in Figure 4 1g, provides spatially increased

detection ability versus a smart suture thread having temperature sensors aligned on

opposite sides of the smart suture thread.

EXAMPLE 3 : Effect of Bending on Fluid Monitors

[00332] Figure 42a shows a schematic diagram of a fluid monitor embodiment,

shown here as a refractive index micro-sensor which has a thin, molded plasmonic

crystal integrated with µ-LEDs on a flexible tube in flat and bent states. In the device

shown, the µ-LED array has fixed dimensions of 100 m x 100 µιτι ; the bending

radius of the tube as is limited to be smaller than 4 x the tube diameter to avoid

folding. Additionally, the µ-LEDs and the µ-PDs are in conformal contact on a tube

under any bent condition. A simple geometric calculation of collection apertures and

outermost light path length based on the illustration shown Figure 42a establishes

the effects of bending on µ-PDs size and separation distance between the µ-LEDs

and the µ-PDs (i.e. the outer diameter of the tube) on sensitivity. Here, sensitivity is

defined as the difference of light amount that the µ-PDs can collect in flat and bent

states.

[00333] Figure 42b shows an enlarged view. The geometric calculation by light

tracing reveals that the sensitivity with bending deformation is affected by µ-PDs size

and tube diameter but, it change in sensitivity is negligible (<0.5%), partly due to the

very small µ-LED array size and invariant solid angle of light from µ-LEDs to µ-PDs.

The sensitivity due to bending can be further decreased by use of a small µ-PD

array.

[00334] For the configuration shown in Figure 4 1a, the effective µ-PD array

area decreases by 0.22% with an increase in the outermost path of light of 0.2%.

For a configuration with a tube of 2.5 mm, a µ-PD array of 1 x 1 mm, a µ-LED array

of 100 x 100 µιτι , an outer radius of curvature of 20 mm and inner radius of curvature

of 17.5 mm, the effective µ-PD array area decreases by 0.1 2% with an increase in



the outermost path of light of 0.2%. For a configuration with a tube of 2.5 mm, a µ -

PD array of 500 x 500 µιτι , an LED array of 100 x 100 µιτι and an outer radius of

curvature of 20 mm and inner radius of curvature of 17.5 mm, the effective µ -PD

array area decreases by 0.04% with an increase in the outermost path of light of

0.1 5%. These latter results demonstrate that the sensitivity to bending deformation

is dependent upon the µ-PD array size when all other factors remain constant.
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formed using the substituents are disclosed separately. When a Markush group or

other grouping is used herein, all individual members of the group and all

combinations and subcombinations possible of the group are intended to be

individually included in the disclosure. As used herein, "and/or" means that one, all,

or any combination of items in a list separated by "and/or" are included in the list; for
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skill in the art can name the same material differently. One of ordinary skill in the art
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methods other than those specifically exemplified can be employed in the practice of
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equivalents, of any such methods, device elements, starting materials, and synthetic
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composition or in a description of elements of a device, is understood to encompass

those compositions and methods consisting essentially of and consisting of the

recited components or elements. The invention illustratively described herein suitably

may be practiced in the absence of any element or elements, limitation or limitations

which is not specifically disclosed herein.



The terms and expressions which have been employed are used as terms of

description and not of limitation, and there is no intention in the use of such terms

and expressions of excluding any equivalents of the features shown and described

or portions thereof, but it is recognized that various modifications are possible within

the scope of the invention claimed. Thus, it should be understood that although the

present invention has been specifically disclosed by preferred embodiments and

optional features, modification and variation of the concepts herein disclosed may be

resorted to by those skilled in the art, and that such modifications and variations are

considered to be within the scope of this invention as defined by the appended

claims.



CLAIMS

We claim:

1. A biomedical device for treating a tissue in a biological environment, the

biomedical device comprising:

a suture having an external surface;

a flexible or stretchable electronic circuit supported by said external

surface of said suture, said flexible or stretchable electronic circuit

comprising one or more inorganic semiconductor elements having an

average thickness less than or equal to 100 µιτι ; and

a barrier layer at least partially encapsulating said flexible or stretchable

electronic circuit, wherein said barrier layer prevents water from said

biological environment from contacting at least a portion of said inorganic

semiconductor elements.

2 . The device of claim 1, wherein said biological environment is an in-vivo

biological environment.

3 . The device of any of claims 1-2, wherein said biological environment

comprises a conductive ionic solution.

4 . The device of any of claims 1-3, wherein said device is for closing an opening,

wound or surgical incision in said tissue in said biological environment.

5 . The device of any of claims 1-4, wherein said suture comprises a fiber or a

thread.

6 . The device of any of claims 1-5, wherein said suture and said electronic circuit

are stretchable.

7 . The device of any of claims 1-6, wherein said suture comprises a

biocompatible material, a bioinert material or a combination of a biocompatible

material and a bioinert material.



8 . The device of any of claims 1-7, wherein said suture comprises a material

selected from the group consisting of: a biopolymer, a synthetic polymer, a

fiber, a protein, a polysaccharide, silk and any combination of these.

9 . The device of any of claims 1-8, wherein said suture comprises a material

selected from the group consisting of: a biopolymer (e.g., protein, peptide,

carbohydrate, polynucleotide, etc.), a synthetic polymer, a protein, a

polysaccharide, silk, poly(glycerol-sebacate) (PGS), polydioxanone,

poly(lactic-co-glycolic acid) (PLGA), polylactic acid (PLA), collagen, chitosan,

fibroin, silkworm fibroin, modified silkworm fibroin, spider silk, insect silk,

recombinant silk, and any combination of these.

10 .The device of any of claims 1-9, wherein said suture has an average diameter

less than or equal to 1000 µιτι or has an average diameter selected over the

range of 10 m to 1000 µιτι .

11.The device of any of claims 1- 10, wherein said external surface of said suture

is nanostructured or microstructured.

12 .The device of claim 11, wherein said nanostructured or microstructured

external surface has a plurality of microstructures or nanostructures that

accommodate said flexible or stretchable electronic circuit or a component

thereof.

13 .The device of any of claims 1- 12, wherein said barrier layer provides a net

permeability with respect to transport of water in said biological environment

to said flexible or stretchable device low enough to prevent an electrical short

circuit in said flexible or stretchable electronic circuit.

14. The device of any of claims 1- 13, wherein said barrier layer provides a net

leakage current from said flexible or stretchable electronic circuit to said tissue

of 10 µΑ or less or 0.1 µΑ cm2 or less.

15 .The device of any of claims 1-14, wherein said barrier layer comprises a

biocompatible material, a bioinert material or a combination of biocompatible

and bioinert materials.



16 .The device of any of claims 1- 15, wherein said barrier layer comprises a

material selected from the group consisting of: a polymer, an inorganic

polymer, an organic polymer, synthetic polymer, an elastomer, a biopolymer,

a ceramic, a protein, a polysaccharide, silk, poly(glycerol-sebacate) (PGS),

polydioxanone, poly(lactic-co-glycolic acid) (PLGA), polylactic acid (PLA),

collagen, chitosan, fibroin and any combination of these.

17 .The device of any of claims 1- 16, wherein said barrier layer comprises an

elastomer or a silk.

18 .The device of any of claims 1- 17, wherein said barrier layer comprises PDMS,

polyimide, SU-8, parylene, parylene C, silicon carbide (SiC), Si3N , silkworm

fibroin, modified silkworm fibroin, spider silk, insect silk, or recombinant silk.

19 .The device of any of claims 1- 18, wherein said barrier layer has a thickness

over at least a portion of said flexible or stretchable electronic circuit selected

over the range of 0.25 µιτι to 1000 µιτι .

20. The device of any of claims 1- 19, wherein said barrier layer has an average

thickness over of said flexible or stretchable electronic circuit less than or

equal to 1000 µιτι .

2 1 .The device of any of claims 1-20, wherein said barrier layer has an average

modulus selected over the range of 0.5 kPa to 10 GPa.

22. The device of any of claims 1-21 , wherein said barrier layer is a

microstructured or nanostructured layer having one or more microstructured

or nanostructured openings, channels, vias, optically transmissive regions,

optically opaque regions or selectively permeable regions that are permeable

to one or more target molecules.

23. The device of any of claims 1-22, wherein at least a portion of said flexible or

stretchable electronic circuit is in conformal contact with said external surface

of said suture.



24. The device of any of claims 1-23, wherein said flexible or stretchable

electronic circuit covers a percentage of said external surface of said suture

selected over the range of 1% to 100%.

25. The device of any of claims 1-24, wherein said flexible or stretchable

electronic circuit covers 10% or more of said external surface of said suture.

26. The device of any of claims 1-25, wherein said flexible or stretchable

electronic circuit covers an area of said external surface of said suture

selected over the range of 1 mm2 to 10,000 mm2.

27. The device of any of claims 1-26, wherein said flexible or stretchable

electronic circuit covers an area of said external surface of said suture greater

than or equal to 1 mm2.

28. The device of any of claims 1-27, wherein said one or more inorganic

semiconductor elements of said flexible or stretchable electronic circuit are

single crystalline semiconductor elements.

29. The device of any of claims 1-28, wherein said one or more inorganic

semiconductor elements of said flexible or stretchable electronic circuit are

flexible or stretchable single crystalline inorganic semiconductor elements.

30. The device of any of claims 1-29, wherein said one or more inorganic

semiconductor elements of said flexible or stretchable electronic circuit are

assembled on said external surface via transfer printing.

3 1 .The device of any of claims 1-30, wherein said one or more inorganic

semiconductor elements of said flexible or stretchable electronic circuit each

independently have an average thickness selected over the range of 250 nm

to 100 m.

32. The device of any of claims 1-31 , wherein said one or more inorganic

semiconductor elements of said flexible or stretchable electronic circuit each

independently have lateral dimensions selected over the range of 250 nm to

100000 µηη .



33. The device of any of claims 1-32, wherein each of said inorganic

semiconductor elements has a net flexural rigidity less than or equal to 1 x

10 4 Nm.

34. The device of any of claims 1-33, wherein each of said inorganic

semiconductor elements has a net bending stiffness less than or equal to 1 x

108 GPa m4.

35. The device of any of claims 1-34, wherein each of said inorganic

semiconductor elements is independently a semiconductor nanoribbon,

semiconductor membrane, semiconductor nanowire or any combination of

these.

36. The device of any of claims 1-35, wherein said one or more inorganic

semiconductor elements each independently comprise a component selected

from the group consisting of a transistor, a diode, an amplifier, a multiplexer, a

light emitting diode, a laser, a photodiode, an integrated circuit, a sensor, a

temperature sensor, a thermistor, a heater, a resistive heater, and an

actuator.

37. The device of any of claims 1-36, wherein said flexible or stretchable

electronic circuit comprises a plurality of electronically interconnected island

and bridge structures.

38. The device of claim 37, wherein said island structures comprise said one or

more semiconductor circuit elements.

39. The device of claim 37, wherein said bridge structures comprise one or more

flexible or stretchable electrical interconnections.

40. The device of claim 39, wherein at least a portion of said flexible or

stretchable electrical interconnections have a serpentine geometry.

4 1 .The device of any of claims 1-40, wherein said flexible or stretchable

electronic circuit comprises a flexible or stretchable array of light emitting

diodes comprising a plurality of light emitting diodes in electrical



communication with a plurality of stretchable or flexible electrical

interconnects.

42. The device of claim 4 1, wherein said stretchable or flexible array of light

emitting diodes is an island-bridge structure, wherein said light emitting diodes

provide islands of said island-bridge structure and said stretchable or flexible

electrical interconnects provide bridge structures of said island-bridge

structure.

43. The device of claim 4 1, wherein said stretchable or flexible array of light

emitting diodes comprises a multilayer structure comprising a plurality of

individually encapsulated LED array layers provided in a multilayer stacked

geometry.

44. The device of claim 43, wherein said individually encapsulated LED array

layers are laterally offset so as to provide a fill factor greater than 1 x 10 6 .

45. The device of claim 43, wherein the individually encapsulated LED array

layers are laterally offset so as to provide a fill factor selected over the range

of 1 x 10 6 to 1 x 10 3.

46. The device of claim 4 1, wherein said stretchable or flexible array of light

emitting diodes comprises 2 to 1,000 individually encapsulated LED array

layers provided in a multilayer laminated geometry.

47. The device of claim 4 1, wherein said stretchable or flexible array of light

emitting diodes has a density of light emitting diodes selected from the range

of 1 LED mm 2 to 1000 LEDs mm 2 .

48. The device of claim 4 1, wherein an ON/OFF state of each LED within said

flexible or stretchable array of LEDs is independent from ON/OFF states of

other LEDs within said flexible or stretchable array of LEDs.

49. The device of claim 4 1, wherein at least one or more of said plurality of LEDs

are AllnGaP LEDs, GaN LEDs, stacked inorganic LEDs, inorganic LEDs

incorporating a phosphor or any combination of these.



50. The device of claims 1-49 further comprising one or more temperature

sensors or one or more heaters supported by said external surface of said

suture.

5 1 .The device of any of claims 1-50, wherein said one or more inorganic

semiconductor elements is positioned proximate to a neutral mechanical

surface of a combination of said flexible or stretchable electronic circuit and

said barrier layer.

52. The device of claim 5 1, wherein a thickness of said barrier layer is selected so

as to position at least a portion of said inorganic semiconductor circuit

elements proximate to a neutral mechanical surface of said combination of

said flexible or stretchable electronic circuit and said barrier layer.

53. The device of any of claims 1-52 further comprising an adhesive layer

positioned between said external surface of said suture and said flexible or

stretchable electronic circuit.

54. The device of any of claims 1-53 further comprising a flexible or stretchable

substrate in contact with said flexible or stretchable electronic circuit, wherein

said flexible or stretchable substrate is provided between said external

surface of said suture and said flexible or stretchable electronic circuit.

55. The device of claim 54, wherein said flexible or stretchable substrate has an

average thickness selected over the range of 0.25 µιτι to 1000 µιτι .

56. The device of claim 54, wherein said flexible or stretchable substrate has an

average thickness less than or equal to 100 µιτι .

57. The device of claim 54, wherein said flexible or stretchable substrate has an

average modulus selected over the range of 0.5 KPa to 10 GPa.

58. The device of claim 54, wherein said flexible or stretchable substrate has a

substantially uniform thickness over said flexible or stretchable electronic

circuit.



59. The device of claim 54, wherein said flexible or stretchable substrate has a

thickness that varies selectively along one or more lateral dimensions over

said flexible or stretchable electronic circuit.

60. The device of claim 54, wherein said flexible or stretchable substrate is a

flexible or stretchable mesh structure.

6 1 .The device of claim 54, wherein said flexible or stretchable substrate

comprises a biocompatible material, a bioinert material or a combination of

biocompatible and bioinert materials.

62. The device of claim 54, wherein said flexible or stretchable substrate

comprises a material selected from the group consisting of: a polymer, an

inorganic polymer, an organic polymer, a plastic, an elastomer, a biopolymer,

a thermoset, a rubber, fabric, paper, silk and any combination of these.

63. The device of claim 54, wherein said flexible or stretchable substrate

comprises PDMS, parylene, polyimide, Si3N , silkworm fibroin, modified

silkworm fibroin, spider silk, insect silk, or recombinant silk.

64. The device of any of claims 1-63 further comprising one or more

pharmaceutical compositions, wherein said one or more pharmaceutical

compositions are at least partially encapsulated or otherwise incorporated into

said barrier layer.

65. The device of claim 64, wherein said one or more pharmaceutical

compositions are selected from the group consisting of: an antibiotic, an

antiseptic, a protein, a nucleic acid, an anti-inflammatory, a carbohydrate, an

analgesic, an antipyretic, an anti-fungal, an antihistamine, a hormone, an

antiviral, a vitamin, an antibody, a photosensitizer and any combination of

these.

66. The device of claim 64, wherein said barrier layer comprises a bioresorbable

material, and wherein said one or more pharmaceutical compositions is

released upon at least partial resorption or dissolution of said bioresorbable

material.



67. The device of claim 64, wherein said flexible or stretchable electronic circuit

comprises a thermal, electrical or optical actuator, wherein at least a portion of

said one or more pharmaceutical compositions is released to said biological

environment upon thermal, optical or electrical actuation of said barrier layer.

68. A method of treating a tissue in a biological environment, the method

comprising the steps of:

providing said tissue; and

contacting said tissue with a biomedical device, thereby treating said

tissue; said biomedical device comprising:

a suture having an external surface;

a flexible or stretchable electronic circuit supported by said external

surface of said suture, said flexible or stretchable electronic circuit

comprising one or more inorganic semiconductor elements having an

average thickness less than or equal to 100 µιτι ; and

a barrier layer at least partially encapsulating said flexible or

stretchable electronic circuit, wherein said barrier layer prevents water

from said biological environment from contacting at least a portion of

said inorganic semiconductor elements.

69. The method of claim 68, wherein said tissue has an opening, a wound or a

surgical incision, wherein said step of contacting said tissue with said

biomedical device comprises closing said opening, said wound or said

surgical incision.

70. The method of any of claims 68-69, further comprising a step of actuating or

sensing said tissue in contact with said biomedical device.

7 1 .The method of any of claims 68-70, wherein said flexible or stretchable

electronic circuit comprises an array of light emitting diodes for generating

electromagnetic radiation, and said method further comprises a step of



visualizing said electromagnetic radiation from said array of light emitting

diodes.

72. The method of any of claims 68-71 , wherein said flexible or stretchable

electronic circuit comprises an array of light emitting diodes for generating

electromagnetic radiation, and said method further comprises a step of

exposing said tissue to said electromagnetic radiation.

73. The method of any of claims 68-72, wherein said device further comprises

one or more pharmaceutical compositions, wherein said pharmaceutical

compositions are at least partially encapsulated or otherwise incorporated into

said barrier layer; said method further comprising a step of thermally, optically

or electrically actuating said barrier layer to release said one or more

pharmaceutical compositions to said biological environment.

74. The method of claim 73, further comprising a step of actuating one or more of

said inorganic semiconductor elements to change a permeability of, degrade

or melt at least a portion of said barrier layer, thereby releasing at least a

portion of said one or more pharmaceutical compositions to said biological

environment.

75. A method of performing therapy on a wound of a tissue, the method

comprising the steps of:

providing said tissue having said wound;

contacting said wound with a biomedical device, said biomedical

device comprising:

a suture having an external surface;

a flexible or stretchable array of light emitting diodes supported

by said external surface of said suture, said flexible or

stretchable array of light emitting diodes comprising a plurality of

inorganic light emitting diodes each having an average thickness

less than or equal to 100 µιτι ; and



a barrier layer at least partially encapsulating said flexible or

stretchable electronic circuit, wherein said barrier layer prevents

water from said biological environment from contacting at least a

portion of said inorganic light emitting diodes; and

exposing said wound with electromagnetic radiation generated by said

flexible or stretchable array of light emitting diodes.

76. A method of making a biomedical device, the method comprising the steps of:

providing a flexible or stretchable suture;

rolling said flexible or stretchable suture over a plurality of inorganic

semiconductor elements, wherein one or more inorganic semiconductor

elements are transferred to an external surface of said flexible or

stretchable suture; and

encapsulating at least a portion of said one or more transferred inorganic

semiconductor elements with a barrier layer, said barrier layer comprising

a bioresorbable material, a biocompatible material, or a combination of

bioresorbable and biocompatible materials.

77. A method of making a biomedical device, the method comprising the steps of:

providing a flexible or stretchable suture;

transfer printing one or more inorganic semiconductor elements to an

external surface of said flexible or stretchable suture; and

encapsulating at least a portion of said one or more transfer printed

inorganic semiconductor elements with a barrier layer, said barrier layer

comprising a bioresorbable material, a biocompatible material, or a

combination of bioresorbable and biocompatible materials.

78. A fluid delivery monitor comprising:

a tube for delivery of a fluid;



a flexible or stretchable plasmonic crystal device conformally positioned on

a surface of said tube, said flexible plasmonic crystal device comprising:

a flexible or stretchable light emitting diode (LED) array supported

by a first flexible or stretchable substrate, said flexible or

stretchable LED array comprising a plurality of inorganic LEDs

having an average thickness less than or equal to 100 µιτι , said

flexible or stretchable LED array producing electromagnetic

radiation; and

a plasmonic crystal positioned in optical communication with said

flexible or stretchable LED array to receive at least a portion of

said electromagnetic radiation, wherein said plasmonic crystal

transmits at least a portion of said electromagnetic radiation,

thereby producing transmitted electromagnetic radiation; and

a detector positioned in optical communication with said plasmonic crystal

to receive at least a portion of said transmitted electromagnetic radiation.

79. The fluid delivery monitor of claim 78, wherein said plasmonic crystal is

provided in physical contact with said fluid.

80. The fluid delivery monitor of claim 78, wherein said plasmonic crystal

comprises: a second substrate having a first surface with a plurality of

features provided in a first array, said second substrate comprising a dielectric

material; and one or more films comprising an electrically conductive material,

wherein at least a portion of said one or more films is supported by said first

surface, wherein at least a portion of said one or more of said films comprising

said electrically conducting material is spatially aligned with each of said

features of said first surface; and wherein said one or more films of said

plasmonic crystal are provided in physical contact with said fluid.

8 1 .The fluid delivery monitor of claim 80, wherein said features of said first array

are: nanosized or microsized features provided in a periodic array.



82. The fluid delivery monitor of claim 80, wherein said one or more films

comprising an electrically conducting material comprise one or more metal or

semiconductor films having thicknesses selected from the range of about 5

nm to about 5 µιτι .

83. The fluid delivery monitor of claim 80, wherein said features of said first array

are recessed features, relief features, apertures or any combination of these,

wherein said one or more films comprising said electrically conductive

material comprises a continuous or discontinuous film supported by said first

surface and covering at least a portion of said features provided in said first

array.

84. The fluid delivery monitor of claim 83, wherein said continuous or

discontinuous film is provided in physical contact with said first surface of said

second substrate.

85. The fluid delivery monitor of claim 80, wherein said second substrate

comprises a nanoimprinted or replica-molded structure.

86. The fluid delivery monitor of any of claims 78-85, wherein said flexible or

stretchable LED array comprises a plurality of LEDs selected from the group

consisting of: AllnGaP LEDs, GaN LEDs, stacked inorganic LEDs, inorganic

LEDs incorporating a phosphor and any combination of these.

87. The fluid delivery monitor of any of claims 78-86, wherein said flexible or

stretchable LED array further comprises an encapsulation layer over said

plurality of inorganic LEDs, said encapsulation layer preventing said fluid from

making direct contact with said plurality of inorganic LEDs.

88. The fluid delivery monitor of any of claims 78-87, wherein said plasmonic

crystal and said flexible or stretchable light emitting diode (LED) array are

provided in a multilayer laminated geometry.

89. The fluid delivery monitor of any of claims 78-88, wherein said plasmonic

crystal comprises a molded or embossed structured on said flexible or

stretchable LED array.



90. The fluid delivery monitor of any of claims 78-89, wherein said detector

detects an intensity of said transmitted electromagnetic radiation as a function

of time, as a function of wavelength or as a function of position.

9 1 .The fluid delivery monitor of any of claims 78-90, wherein said plasmonic

crystal device is provided in an aperture in said tube, such that a sensing

surface of said plasmonic crystal is provided in physical contact with said fluid.

92. The fluid delivery monitor of any of claims 78-91 , wherein said flexible or

stretchable light emitting diode array comprises a plurality of said inorganic

light emitting diodes in electrical communication with a plurality of stretchable

or flexible electrical interconnects.

93. The fluid delivery monitor of claim 92, wherein said flexible or stretchable light

emitting diode array is an island-bridge structure, wherein said inorganic light

emitting diodes provide islands of said island-bridge structure and said

stretchable or flexible electrical interconnects provide bridge structures of said

island-bridge structure.

94. The fluid delivery monitor of claim 92, wherein said flexible or stretchable light

emitting diode array comprises a multilayer structure comprising a plurality of

individually encapsulated LED array layers provided in a multilayer stacked

geometry.

95. The fluid delivery monitor of claim 94 wherein said individually encapsulated

LED array layers are laterally offset so as to provide a fill factor greater than 1

x 10 6 .

96. The fluid delivery monitor of claim 92, wherein said flexible or stretchable LED

array comprises 2 to 1,000 individually encapsulated LED array layers

provided in a multilayer laminated geometry.

97. The fluid delivery monitor of any of claims 78-96, wherein said tube has an

outer diameter or an inner diameter selected over the range of 100 µιτι to 10

mm.



98. The fluid delivery monitor of any of claims 78-97, wherein said tube is an

intravenous delivery tube.

99. The fluid delivery monitor of any of claims 78-98, wherein said tube has a

nanostructured or patterned surface, wherein said nanostructured or

patterned surface accommodates said stretchable or flexible LED array or a

component thereof.

100. The fluid delivery monitor of any of claims 78-98, wherein said

plasmonic crystal is a molded structure formed by replica molding or nano

imprint lithography.

10 1 . The fluid delivery monitor of any of claims 78-1 00, wherein said

plasmonic crystal and said tube comprise a unitary structure.

102. The fluid delivery monitor of any of claims 78-1 0 1 , wherein said flexible

or stretchable plasmonic crystal device is fabricated into said tube.

103. The fluid delivery monitor of any of claims 78-1 02, wherein said flexible

or stretchable plasmonic crystal is replica molded into said tube.

104. The fluid delivery monitor of any of claims 78-1 03, wherein said flexible

or stretchable LED array further comprises one or more inorganic

semiconductor elements supported by said first flexible or stretchable

substrate.

105. The fluid delivery monitor of any of claims 78-1 04, wherein said

plurality of inorganic LEDs each independently produce infrared

electromagnetic radiation, visible electromagnetic radiation, ultraviolet

electromagnetic radiation, broadband electromagnetic radiation or

narrowband electromagnetic radiation.

106. The fluid delivery monitor of any of claims 78-1 05, wherein said

plurality of inorganic LEDs each independently produce electromagnetic

radiation having a wavelength selected over the range of 100 nm to 5000 nm.



107. The fluid delivery monitor of any of claims 78-1 06, wherein said tube is

positioned in fluid communication with a patient or subject.

108. The fluid delivery monitor of claim 107, wherein said fluid is delivered to

or withdrawn from said patient or subject.

109. The fluid delivery monitor of any of claims 107-1 08, wherein said tube

comprises a biocompatible material.

110 . The fluid delivery monitor of any of claims 78-1 09, wherein said flexible

or stretchable LED array is assembled by transfer printing.

111. The fluid delivery monitor of any of claims 78-1 10, further comprising a

third substrate, wherein said plasmonic crystal is supported by said third

substrate.

112 . The fluid delivery monitor of any of claims 111, wherein said third

substrate is positioned between said plasmonic crystal and said flexible or

stretchable LED array.

113 . A method for monitoring a fluid flowing in a tube, the method

comprising:

flowing said fluid through said tube;

providing a flexible or stretchable plasmonic crystal device conformally on

a surface of said tube, wherein said flexible or stretchable plasmonic

crystal device comprises:

a flexible or stretchable light emitting diode (LED) array supported

by a first flexible or stretchable substrate, said flexible or

stretchable LED array comprising a plurality of inorganic LEDs

having an average thickness less than or equal to 100 µιτι , said

flexible or stretchable LED array producing electromagnetic

radiation; and

a plasmonic crystal positioned in optical communication with said

stretchable LED array to receive at least a portion of said



electromagnetic radiation, wherein said plasmonic crystal

transmits at least a portion of said electromagnetic radiation,

thereby producing transmitted electromagnetic radiation;

passing at least a portion of said transmitted electromagnetic radiation

through said flowing fluid; and

detecting at least a portion of said transmitted electromagnetic radiation

which passes through said flowing fluid with a detector, thereby monitoring

said flowing fluid.

14. The method of claim 113, wherein said step of detecting comprises

detecting an intensity of said transmitted electromagnetic radiation as a

function of time, as a function of wavelength or as a function of position.

15 . The method of any of claims 113-1 14, further comprising the step of

determining a property of said flowing fluid from said intensity.

16 . The method of claim 115, wherein said property of said flowing fluid is

selected from the group consisting of: a refractive index of said flowing fluid,

a composition of said flowing fluid, a presence or absence of a

pharmaceutical composition in said flowing fluid, a concentration of a

pharmaceutical composition in said fluid, a concentration of oxygen in said

fluid, a density of said flowing fluid, a flow rate of said fluid and any

combination of these.

17 . A proximity sensor for sensing an environment comprising:

a flexible or stretchable substrate;

one or more flexible or stretchable light emitting diode (LED) arrays

supported by said flexible or stretchable substrate, each flexible or

stretchable LED array comprising one or more inorganic LEDs having an

average thickness less than or equal to 100 µιτι ;

one or more flexible or stretchable photodetector (PD) arrays supported by

said flexible or stretchable substrate, each flexible or stretchable PD array



comprising one or more inorganic semiconductor elements having an

average thickness less than or equal to 100 µιτι ; and

one or more barrier layers at least partially encapsulating said one or more

flexible or stretchable light emitting diode (LED) arrays and said one or

more flexible or stretchable photodetector (PD) arrays, wherein said

barrier layer prevents water from said environment from contacting at least

a portion of said inorganic LEDs of said one or more flexible or stretchable

light emitting diode (LED) arrays and at least a portion of said inorganic

semiconductor elements of said one or more flexible or stretchable

photodetector (PD) arrays.

118 . The proximity sensor of claim 117, wherein said inorganic LEDs are

each independently selected from the group consisting of AllnGaP LEDs,

GaN LEDs, stacked inorganic LEDs, inorganic LEDs incorporating a phosphor

and any combination of these.

119 . The proximity sensor of any of claims 117-1 19, wherein said one or

more inorganic LEDs each independently produce infrared electromagnetic

radiation, visible electromagnetic radiation, ultraviolet electromagnetic

radiation, broadband electromagnetic radiation or narrowband

electromagnetic radiation.

120. The proximity sensor of any of claims 117-1 20, wherein said one or

more inorganic LEDs each independently produce electromagnetic radiation

having a wavelength selected over the range of 100 nm to 5000 nm.

12 1 . The proximity sensor of any of claims 117-121 , wherein at least one of

said one or more flexible or stretchable PD arrays comprises one or more

inorganic LEDs having an average thickness less than or equal to 100 µιτι and

operated in reverse bias mode.

122. The proximity sensor of any of claims 117-121 , wherein at least one of

said one or more flexible or stretchable PD arrays comprises one or more

GaAs diodes.



123. The proximity sensor of any of claims 117-121 , wherein said proximity

sensor further comprises an encapsulation layer over at least a portion of said

stretchable LED array, wherein said encapsulation layer prevents water from

contacting at least a portion of said inorganic LEDs.

124. The proximity sensor of any of claims 117-1 23, wherein said proximity

sensor further comprises an encapsulation layer over at least a portion of said

stretchable PD array, wherein said encapsulation layer prevents water from

contacting at least a portion of said inorganic semiconductor elements.

125. The proximity sensor of any of claims 117-1 24, wherein said one or

more flexible or stretchable LED arrays comprises one or more individually

encapsulated LED array layers provided in a multilayer stacked geometry.

126. The proximity sensor of any of claims 117-1 25, wherein said one or

more flexible or stretchable LED arrays comprises 2 to 1,000 individually

encapsulated LED array layers provided in a multilayer laminated geometry.

127. The proximity sensor of any of claims 117-1 26, wherein said one or

more flexible or stretchable PD arrays comprises one or more individually

encapsulated PD array layers provided in a multilayer stacked geometry.

128. The proximity sensor of any of claims 117-1 27, wherein said one or

more flexible or stretchable PD arrays comprises 2 to 1,000 individually

encapsulated PD array layers provided in a multilayer laminated geometry.

129. The proximity sensor of any of claims 117-1 28 wherein said one or

more flexible or stretchable LED arrays and said one or more flexible or

stretchable PD arrays are provided in a multilayer laminated geometry.

130. The proximity sensor of any of claims 117-1 29, wherein said inorganic

LEDs each have one or more lateral dimensions selected over the range of

250 nm to 1000 µηη .

13 1 . The proximity sensor of any of claims 117-1 30, wherein said inorganic

PDs each have one or more lateral dimensions selected over the range of 250

nm to 1000 µιτι .



132. The proximity sensor of any of claims 117-1 3 1 , wherein said proximity

sensor further comprises one or more inorganic semiconductor elements

supported by said flexible or stretchable substrate.

133. The proximity sensor of any of claims 117-1 32, wherein said flexible or

stretchable substrate comprises a surgical glove.

134. The proximity sensor of claim 133, wherein said one or more flexible or

stretchable LED arrays and said one or more flexible or stretchable PD arrays

are positioned on a fingertip region of said surgical glove.

135. The proximity sensor of any of claims 117-1 32, wherein said flexible

substrate comprises a surgical instrument.

136. The proximity sensor of any of claims 117-1 35, wherein said one or

more flexible or stretchable LED arrays and said one or more flexible or

stretchable PD arrays are positioned proximate to one another, in physical

contact with one another or overlapping one another.

137. The proximity sensor of any of claims 117-1 36, wherein said one or

more flexible or stretchable LED arrays and said one or more flexible or

stretchable PD arrays are spatially separated from one another on said

flexible or stretchable substrate a distance selected over the range of 10 nm

to 10 mm, 100 nm to 1 mm or 1 µιτι to 100 µιτι .

138. The proximity sensor of any of claims 117-1 37, wherein said one or

more barrier layers comprise a bioresorbable material, a biocompatible

material, or a combination of bioresorbable and biocompatible materials.

139. The proximity sensor of any of claims 117-1 38, wherein at least

portions of said one or more flexible or stretchable LED arrays, at least

portions of said one or more flexible or stretchable PD arrays or at least

portions of both said one or more flexible or stretchable LED arrays and said

one or more flexible or stretchable PD arrays are positioned proximate to a

neutral mechanical surface of said proximity sensor.



140. The proximity sensor of any of claims 117-1 39, wherein at least

portions of said one or more flexible or stretchable LED arrays, at least

portions of said one or more flexible or stretchable PD arrays or at least

portions of both said one or more flexible or stretchable LED arrays and said

one or more flexible or stretchable micro-scale PD arrays are positioned a

distance selected over the range of 0 nm to 100 µιτι from a neutral mechanical

surface of said proximity sensor.

141 . A method for sensing a distance between two objects, the method

comprising the steps of:

providing a first object having a first surface;

providing a proximity sensor on said first surface, said proximity sensor

comprising:

a flexible or stretchable substrate;

one or more flexible or stretchable light emitting diode (LED)

arrays supported by said flexible or stretchable substrate, each

flexible or stretchable LED array comprising one or more inorganic

LEDs having an average thickness less than or equal to 100 µιτι ;

and

one or more flexible or stretchable photodetector (PD) arrays

supported by said flexible or stretchable substrate, each flexible or

stretchable PD array comprising one or more inorganic

semiconductor elements having an average thickness less than or

equal to 100 µιτι ;

one or more barrier layers at least partially encapsulating said one

or more flexible or stretchable LED arrays and said one or more

flexible or stretchable PD arrays, wherein said barrier layer

prevents water from contacting at least a portion of said inorganic

LEDs of said one or more flexible or stretchable LED arrays and



at least a portion of said inorganic semiconductor elements of said

one or more flexible or PD arrays;

providing a current, voltage or electromagnetic energy to said one or more

flexible or stretchable LED arrays, thereby producing electromagnetic

radiation from said one or more flexible or stretchable LED arrays;

providing a second object at said distance from said first object, said

second object positioned in optical communication with at least one of said

one or more flexible or stretchable LED arrays and at least one of said one

or more flexible or stretchable PD arrays; wherein said second object

receives at least a portion of said electromagnetic radiation and thereby

generates scattered, emitted or reflected electromagnetic radiation; and

detecting at least a portion of said scattered, emitted or reflected

electromagnetic radiation with said one or more flexible or stretchable PD

arrays.

. The method of claim 141 , wherein said detecting step comprises

monitoring an intensity of scattered or reflected electromagnetic radiation

detected by said one or more flexible or stretchable PD arrays as said

distance between said first object and said second object is varied.
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Group III: Claims 78-86 and 113-116, drawn to a fluid monitor and method for monitoring fluid, comprising a flexible light emitting diode
array supported by a flexible substrate .
Group IV: Claims 117-1 19 and 141-141 , drawn to a proximity sensor and method for sensing distance, comprising a flexible light
emitting diode array supported by a flexible substrate and a barrier layer to prevent water from contacting the array.
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