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FIBER STRUCTURES WITH EMBEDDED SENSORS

STATEMENT REGARDING GOVERNMENT RIGHTS

[0001] Certain aspects of this invention were made with United States Government
support under a U.S. Department of Energy Award DE-SC0011954. Accordingly, the U.S.

Government may have certain rights in this invention.
CROSS-REFERENCE TO RELATED APPLICATIONS

[0002] This application claims the benefit of U.S. Provisional Application Serial No.
63/212,799, filed June 21, 2021, entitled “Smart Fibers Making Intelligent Composites,
Including a Fiber Micro-Embedded Wireless Heat Flux Sensor Network”, which is
incorporated herein by reference in its entirety. Further, this application also relates to the
following U.S. Letters Patents and/or U.S. Patent Publications, each of which of which is
hereby incorporated herein by reference in its entirety: U.S. Patent No. 10,047,015 B2, issued
August 14, 2018, and entitled “High Strength Ceramic Fibers and Methods of Fabrication™;
U.S. Letters Patent No. 10,546,661 B2, issued January 28, 2020, and entitled “An Additive
Manufacturing Technology for the Fabrication and Characterization of Nuclear Reactor
Fuel”; U.S. Serial No. 15/592,726, filed May 11, 2017, published November 16, 2017, as
U.S. Patent Publication No. 2017/0331022 A1, and entitled “Multilayer Functional Fiber and
Method of Making”; and U.S. Serial No. 16/019,839, filed June 27, 2018, published on
December 27, 2018, as U.S. Patent Publication No. 2018/0370860 A1, and entitled

“Functional High-Performance Fiber Structure”.
BACKGROUND

[0003] The present invention relates generally to the field of raw materials in fiber form,
fibers for reinforcing material, and more specifically, to printed fibers with enhanced
functionalities, such as, for instance, for structural reinforcement, sensing, actuating, energy

absorption, energy storage, or combinations thereof.
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SUMMARY

[0004] In accordance with one or more aspects, a method of producing a fiber structure
with embedded sensor is provided, which includes: growing, using laser induced chemical
vapor deposition, a scaffold fiber, and forming, by 1'%-D printing using laser induced
chemical vapor deposition, circuitry on the scaffold fiber to provide the fiber structure with
embedded sensor. The forming includes printing a solid state oscillator about the scaffold
fiber. The forming also includes printing a sensing device about the scaffold fiber
electrically coupled to the solid state oscillator to effect, oscillations of the solid state
oscillator. In addition, the forming includes printing an antenna about the scaffold fiber
electrically connected to the solid state oscillator to facilitate in operation wireless
transmitting of a signal from the fiber structure with embedded sensor. Advantageously,
producing a fiber structure with embedded sensor incorporates enhanced functionality into
a fiber, such as, for instance, sensing, actuating, stress-signaling, impact identification, flaw
progression tracking, heat-flux mapping, energy absorption, energy storage, or
combinations thereof. The fiber structure with embedded sensor can be used to generate

data to facilitate predicting, for instance, a structural incident, before irreparable damage or
injury.

[0005] In one or more embodiments, printing the solid state oscillator includes printing
an annular solid state oscillator about the scaffold fiber. In one implementation, printing
the annular solid state oscillator includes printing an annular Gunn-diode oscillator around
the scaffold fiber. Advantageously, the annular solid state oscillator around the scaffold
fiber, such as an annular Gunn-diode oscillator, is compact in size and readily integrated
into the fiber structure to facilitate in operation wireless transmitting of a signal from the

fiber structure with embedded sensor.

[0006] In one or more embodiments, printing the sensing device includes printing an
annular thermopile around the scaffold fiber, where the annular thermopile generates a DC
voltage based on a sensed temperature gradient. In one implementation, printing the
annular thermopile around the scaffold fiber includes printing multiple series-connected
annular thermocouples around the scaffold fiber. For instance, printing the multiple series-
connected annular thermocouples around the scaffold fiber can include printing the multiple

series-connected annular thermocouples as an annular stack of thermocouples around the
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scaffold fiber. Advantageously, printing the annular thermopile around the scaffold fiber
provides an efficient mechanism for, for instance, sensing a temperature, sensing a

temperature gradient or a heat-flux, along at least a portion of the scaffold fiber.

[0007] In one or more implementations, printing the antenna includes printing a dipole
antenna around the scaffold fiber, where the dipole antenna includes a radially-inner,
cylindrical-shaped conductive element extending axially along the scaffold fiber, and a
radially-outer, cylindrical-shaped conductive element extending axially along the scaffold
fiber. In one or more implementations, printing the antenna includes printing an annular
dipole antenna around the scaffold fiber with an antenna length axially along the scaffold
fiber defined relative to a specified peak frequency signal of the fiber structure with

embedded sensor.

[0008] In one embodiment, the embedded sensor includes a wireless, annular heat-flux
sensor configured to sense a temperature differential axially along at least a portion of the
fiber structure with embedded sensor, where the wireless, annular heat-flux sensor includes

the solid state oscillator, the sensing device, and the antenna.

[0009] In another aspect, a method of producing a composite structure is provided. The
method includes forming a plurality of fiber structures with embedded sensors. Each fiber
structure with embedded sensor of the plurality of fiber structures with embedded sensors
includes a scaffold fiber, a solid state oscillator about the scaffold fiber, a sensing device
about the scaffold fiber electrically coupled to the solid state oscillator to effect, at least in
part, oscillations of the solid state oscillator, and an antenna about the scaffold fiber
electrically connected to the solid state oscillator to facilitate in operation wireless
transmitting of a signal from the fiber structure with embedded sensor. The method further
includes embedding the plurality of fiber structures with embedded sensors within a
material to fabricate the composite structure, wherein in operation, the plurality of fiber
structures with embedded sensors provide respective wireless signal outputs through the

material.

[0010] In a further aspect, a fiber structure with embedded sensor is provided. The fiber
structure with embedded sensor includes a scaffold fiber, and circuitry formed around the
scaffold fiber. The circuitry includes a solid state oscillator and a sensing device electrically

coupled to the solid state oscillator to effect, at least in part, oscillations of the solid state
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oscillator. Further, the circuitry includes an antenna electrically connected to the solid state
oscillator to facilitate in operation wireless transmitting of a signal from the fiber structure

with embedded sensor.

[0011] Additional features and advantages are realized through the techniques described
herein. Other embodiments and aspects of the invention are described in detail herein and are

considered a part of the claimed aspects.
BRIEF DESCRIPTION OF THE DRAWINGS

[0012] One or more aspects of the present invention are particularly pointed out and
distinctly claimed as examples in the claims at the conclusion of the specification. The
foregoing and other objects, features, and advantages of the invention are apparent from the
following detailed description taken in conjunction with the accompanying drawings in

which:

[0013] FIG. 1 is a schematic representation of a fiber reactor, showing a
seed fiber substrate, a reactor into which precursor gasses are delivered, a
focused laser beam impinging on the seed fiber, and one or more reactor
windows that are transparent to the incoming laser beam wavelength and
allow for monitoring of a fiber fabrication process, in accordance with one

or more aspects of the present invention;

[0014] FIG. 2 is a schematic representation showing how fiber LCVD
processing can be parallelized by multiplication of laser beams for use in a
fiber structure fabrication process, in accordance with one or more aspects

of the present invention;

[0015] FIG. 3 is an example of parallel LCVD growth of carbon fibers,
which can be used as scaffold fibers in one embodiment of a fiber structure
fabrication process, in accordance with one or more aspects of the present

invention;

[0016] FIG. 4A depicts one embodiment of a fiber structure with
embedded sensor, in accordance with one or more aspects of the present

invention;
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[0017]

[0018]

[0019]

[0020]

[0021]

[0022]

[0023]

[0024]

[0025]

FIG. 4B is a schematic of one embodiment of the embedded sensor
of FIG. 4A, in accordance with one or more aspects of the present

invention;

FIG. 5 depicts one embodiment of a process for producing fiber
structures with embedded sensors, in accordance with one or more aspects

of the present invention;

FIG. 6 is a partially cut-away view of one embodiment of a solid
state oscillator about a scaffold fiber of a fiber structure with embedded

sensor, in accordance with one or more aspects of the present invention;

FIGS. 7A-7E illustrate one embodiment of a process of fabricating
a solid state oscillator about a scaffold fiber, such as depicted in FIG. 6, in

accordance with one or more aspects of the present invention;

FIG. 8 is a partially cut-away view of one embodiment of a sensing
device about a scaffold fiber of a fiber structure with embedded sensor, in

accordance with one or more aspects of the present invention;

FIG. 9A-9K illustrate one embodiment of a process of fabricating a
sensing device about a scaffold fiber, such as depicted in FIG. 8, in

accordance with one or more aspects of the present invention;

FIG. 10 depicts one embodiment of an apparatus for facilitating
parallel fabrication of fiber structures with embedded sensors, in

accordance with one or more aspects of the present invention,

FIG. 11 illustrates one embodiment of a plurality of fiber
structures, each with a plurality of discrete embedded sensors, in

accordance with one or more aspects of the present invention; and

FIG. 12 depicts one embodiment of a composite structure with a
plurality of fiber structures with embedded sensors incorporated into a
matrix material, in accordance with one or more aspects of the present

invention.
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DETAILED DESCRIPTION

[0026] Aspects of the present invention and certain features, advantages and details
thereof, are explained more fully below with reference to the non-limiting example(s)
illustrated in the accompanying drawings, which may not be drawn to scale for ease of
understanding. Descriptions of well-known systems, devices, fabrication and processing
techniques, etc., are omitted so as to not unnecessarily obscure the invention in detail. It
should be understood, however, that the detailed description and the specific example(s),
while indicating aspects of the invention, are given by way of illustration only, and are not by
way of limitation. Various substitutions, modifications, additions, and/or arrangements,
within the spirit and/or scope of the underlying inventive concepts will be apparent to those
skilled in the art from this disclosure. Note further that numerous inventive aspects and
features are disclosed herein, and unless inconsistent, each disclosed aspect or feature is
combinable with any other disclosed aspect or feature as desired for a particular application
of, for instance, fabricating fiber structures with embedded sensors, and composite structures

incorporating fiber structures with embedded sensors, such as described herein.

[0027] Aspects of the present invention are built upon an advanced manufacturing
paradigm, inspired from cross-cutting advances in additive manufacturing (AM), micro-
electromechanical-systems (MEMS) design and nano-fabrication, and ceramic matrix

composites (CMCs).

[0028] Before describing a detailed embodiment of the novel fiber structure with

embedded sensor, certain definitions are provided to aid in the description.

[0029] Additive manufacturing (AM) is a technology whereby constituent materials are
joined together to form a desired object, usually under computer control. The constituents
can come in the form of elemental molecules, point-like elements such as powders, line-like
elements such as fibers, filaments, and extruded pastes, surface-like elements such as tapes
and sheets, or volume-like elements such as bricks. Examples of additive manufacturing
processes that proceed from elemental molecules include Chemical Vapor Deposition (CVD)
or Physical Vapor Deposition (PVD) used in producing microelectronics. Numerous additive
manufacturing processes proceed from flat layers of powder where individual grains are
joined together selectively and bonded to the underlying layer to form an incremental cross-

sectional layer of the object under construction. Filament winding and fused deposition
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modeling are examples of additive manufacturing processes where the constitutive material is
brought in as a line-like element. Tape layup and laminated object manufacturing are
examples of additive manufacturing processes where the constitutive elements are brought in

as sheet-like elements.

[0030] When additive manufacturing processes build up a material object in layers, the

technique is usually referred to as 3-D printing, by analogy to 2-D printing on a sheet of

paper.

[0031] Additive manufacturing, as disclosed in certain embodiments herein, can have a
great effect on fiber structures and fiber composite structures, where added sensing
functionalities can be built into the constitutive fibers. The fundamental AM technique upon
which embodiments of this invention can be built is known as Laser-Induced Chemical

Vapor Deposition (LCVD).

[0032] The vast majority of previous additive manufacturing processes are strongly
dependent upon the properties of the build material. For example, joining powders by locally
melting them requires a precise knowledge of the melting point and a precise control of the
local temperature during buildup. Very few additive manufacturing processes can function

independently of material properties, and those that do are called "material agnostic".

[0033] LCVD is used in embodiments disclosed herein as a fundamental AM tool due to
its near material independence, which is a rare property for AM processes. LCVD is a
technique derived from CVD, used intensively in the microelectronics fabrication industry
(aka "Chip Fab"). CVD builds up electronics-grade high-purity solid deposits from
appropriate gas precursors. In its 75+ year history, Chip Fab has accumulated an impressive
library of chemical precursors for a wide range of materials, numbering in the 10's of
thousands. The main difference between CVD and LCVD resides in dimensionality and
mass throughput. CVD is intended for 2-D film growth whereas LCVD is suited for one-
dimensional filamentary structure processing such as disclosed herein. The dimensionality
difference means that deposition mechanisms are greatly enhanced for LCVD vs. CVD,
leading to deposited mass fluxes (kg/m2 s) that are 3 to 9 orders of magnitude greater. For
example, diamond-like carbon filaments have been measured at linear growth rates upwards
of 13 cm/s, which represents a 9 order of magnitude increase in mass flux compared to thin

film CVD of the same material. Finally, compared to existing manufacturing, LCVD is
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essentially containerless, which virtually eliminates opportunities for material contamination
by container or tool. Thus, according to embodiments disclosed herein, LCVD, and 14D -
printing, further described below, allow for the material of a fiber, and component layers
deposited on a fiber, to be tightly controlled. Additionally, due to the change in focus of the
laser and the containerless growth, the material of a fiber and/or component material being
added to a fiber, is capable of being altered or completely changed to a new material system
in situ, such as during growth of a fiber structure, allowing for nearly instantaneous changes

to the material system of the fiber.

[0034] Many applications of aspects of the present invention can be implemented by
material-agnostic AM processing, such as the capability to fabricate fiber structures with

embedded sensors in a manner that is material agnostic.

[0035] As described herein, a new design space is used in one or more embodiments,
from which manufacturing can emerge as an axiomatic-based science. The ability to print
fibers, and print circuitry on the fibers, such as disclosed herein, utilizing (in one
embodiment) fundamental properties that are formally defined herein as "1%-D Printing" AM
(by analogy to 3-D printing).

[0036] To implement 1%5-D printing, Laser Induced Chemical Vapor Deposition (LCVD)
is chosen herein as the fundamental Additive Manufacturing (AM) tool for its near material
independence — a rare property for AM processes. Such a process is said to be "material

agnostic".

[0037] For the purpose of this application, the term "1%2-D Printing" designates an AM

process exhibiting the following defining properties:
1. Material-agnostic ability to grow fibers or filaments;

2. Ability to vary diameter and axis along the length of the fiber

or filament;

3. Material-agnostic ability to vary composition along the length

of the fiber or filament; and
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4. Material-agnostic ability to deposit materials onto specific
sections of fibers or filaments with a desired morphology, and

thickness.

[0038] These four axiomatic properties constitute a set of manufacturing tools that
defines a new range of sensor capable filamentary constructs, unleashing new designs, certain

examples of which are discussed herein.

[0039] For instance, using embodiments described herein, there is an ability to grow
filaments in a material-agnostic method or methods, meaning that the material or materials of
a fiber, or filament, according to embodiments described herein, can be altered in
stoichiometry, or completely changed during the growth of the fiber, or filament. For
example, High Performance Fibers (HPFs) can be provided for expanding uses in many
specialized applications, such as military and aerospace (turbo machinery, rockets, advanced
structures), automobile, biomedical, energy, and other applications that require advanced
materials with exceptional strength, stiffness, heat resistance, and/or chemical resistance.
HPFs are sought when a combination of extreme material properties is required which cannot
be met by existing metal filaments or by carbon, glass, vegetal, or mineral fibers. HPF
composite systems disclosed herein generally include a plurality of fiber structures,

distributed within a matrix material, such as a ceramic matrix composite (CMC).

[0040] Traditionally, fiber formation is often accomplished by passing a liquid precursor
through a spinneret. For example, the spinneret is typically a plate with a pattern of tiny
holes through which a liquid precursor is fed. Upon exit, the stream pattern gels into
filaments called "green fibers". This process assumes that the fiber material can exist in
either a liquid, gel, or plastic form that lends itself to flowing through a small opening. In
many instances, and especially for refractory materials, such a liquid or near liquid state does

not exist.

[0041] A better approach disclosed herein involves extracting a fiber (such as for use as a
scaffold fiber) out of a laser focus where the fiber is created from surrounding fluid
precursors. In one embodiment, a laser is focused on the fiber tip thereby heating the fiber to
temperatures at which the precursors dissociate, and Chemical Vapor Deposition (CVD)

takes place. The fiber grows in length and is pulled out of the reaction zone at the growth
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rate, resulting in the creation of an arbitrarily long monofilament fiber. This process

technology, used according to embodiments of the current invention, is illustrated by FIG. 1.

[0042] FIG. 1 is a schematic of an exemplary process which utilizes (in one embodiment)
a reactor 100, which is shown in partial cross-section view 110 to include an internal reactor
chamber, and in enlarged view 120, a growth region within the chamber. As illustrated, a
self-seeded fiber 140 grows towards an oncoming coaxial laser 150 and is extracted through
an extrusion microtube 130. In one or more embodiments, CVD precursors are injected into
the reaction zone from the extrusion microtube forming a small, high concentration plume
around the reaction zone that feeds and convectively enhances growth. This plume can be
embedded in a coaxial flow of inert gas that shields the reaction and carries away diluted by-
products. This reactor design builds upon understanding of Laser Induced Chemical Vapor
Deposition (LCVD) fiber growth, and is suited for rapid development of specialty filaments

with diameters such as disclosed herein.

[0043] Further, note that large scale replication of fiber growth and fiber processing can
advantageously be used, in one embodiment. Pure optical parallelization for fiber growth is
one approach to mass production of fibers. For example, parallelization of the process

technology illustrated by FIG. 1 can be pursued.

[0044] In pursuing large scale manufacturing objectives, however, certain features of the

FIG. 1 approach should be preserved, such as:

- Feature 1 - Convection enhanced high-pressure precursor flow - has been

shown to optimize single fiber growth.

- Feature 2 - Imaging at wavelengths that are specific to byproducts (e.g.
Hydrogen at 656nm) - provides for direct observability of fiber growth and

has been used for process control.

- Features 3 and 4 respectively - Containerless and material-agnostic - form
the basis for a platform technology capable of processing a wide range of

materials.

10
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[0045] The present invention, in one or more embodiments, can utilize a large array of
independently controlled lasers, to grow a large array 200 of fibers 220 in parallel, as
illustrated in FIG. 2. In one embodiment, fiber LCVD growth can be massively parallelized
from a filament lattice by multiplication of laser beams 230 that include a plasma 240 around
the tip of each fiber 220. By way of example, the array of fibers are shown with 10 x
magnification 201, and 50 x magnification 202 in FIG. 2.

[0046] Using a Computer to Plate (CtP) (e.g., Quantum Well Intermixing (QWI)) laser
array for LCVD combined with the use of a shallow depth of laser focus, provides beneficial
results. In one embodiment, the shallow depth of laser focus can be 100 microns or less in
total linear length of depth of focus. By way of example, FIG. 3 shows one embodiment of
parallel LCVD growth of carbon fibers using a unit with multiple lasers, for instance 64 or
more. The left figure shows fibers during growth, and the right figure shows the resulting
grain fibers. Note that the diameter and length of fibers grown using laser induced chemical
vapor deposition as scaffold fibers (such as disclosed herein) can vary. In one or more
embodiments, the diameter of the grown fiber is less than 100 microns, for instance, 50

microns or less and in particular, in the range of 20-30 microns.

[0047] A scaffold fiber diameter in the range of 50 microns or less has advantages during
fabrication of circuitry on the scaffold fiber using, for instance, 1%%-D printing and laser
induced chemical vapor deposition, as disclosed herein. Advantageously, such scaffold fibers
have a small enough thermal mass that applying a laser to one side of the fiber substantially
uniformly heats the fiber radially in the region of the laser induced deposition, and therefore
facilitates uniform deposition of the desired layer around the scaffold fiber. In one or more
embodiments, layers of circuitry can be added to the scaffold fiber which can have (in one
embodiment) a total thickness that is a fraction of the diameter of the scaffold fiber. For
instance, in one embodiment, the total thickness of the added layers of circuitry to achieve the
desired fiber structure with embedded sensor can be 5 microns or less, such as in the range of
2-4 microns, with a scaffold fiber diameter in the range of 20-30 microns, such that the small
thermal mass is maintained throughout the build process. The length of the fiber can vary
depending on the application, such as the particular composite structure application within

which fiber structures are to be embedded.

11
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[0048] In prior uses, the laser beam has been focused to a diffraction limited spot with
long Raleigh range. In accordance with the present invention, not only is the focus intense
enough to sustain CVD, but the shallow depth of focus means that fibers can only grow in a
small region in the front and back of the image plane. This goes against commonly accepted
practice in LCVD where long depths of field are favored to maximize the growth region. The
advantage of a shallow depth of field is important because of the level of control it can afford.
For example, if one fiber stopped growing for any reason, the focus can be moved back to
that fiber tip. All other growths would stop and then restart as the lagging fiber is pulled back

to the same level as the others.

[0049] The effect of a shallow depth of focus, according to some embodiments of the
invention, is also illustrated in FIG. 3. In particular, significant benefits are evident in FIG. 3;
that is, fibers are grown in unison, and to the same height. This is an unexpected benefit of
source imaging over diffraction limited optics because the depth of focus is 5 to 30 times
(vertical and horizontal, respectively) shallower than the Rayleigh range of an equivalent
diffraction limited focus. This turns out to be advantageous as fibers quickly grow in and out
of focus. This makes it possible to track fiber growth, and even backtrack to retrieve fibers
that stopped growing without affecting any of the other already grown fibers. This unique
feature of the CtP laser bars is expected to represent a major advantage in controlling future

parallel LCVD growth for fiber arrays.

[0050] By way of additional enhancement, disclosed herein are fiber structures with
embedded sensors, as well as composite structures incorporating fibers with embedded
sensors, and methods of fabrication thereof. In one or more embodiments of making a fiber
structure with embedded sensor, a scaffold fiber is obtained, such as grown as described
herein using laser induced chemical vapor deposition, and then used to form, by 1¥2-D
printing using laser induced chemical vapor deposition, circuitry on the scaffold fiber to
provide the desired fiber structure with embedded sensor. The forming includes, in one or
more implementations, printing a solid state oscillator about the scaffold fiber, printing a
sensing device about the scaffold fiber electrically coupled to the solid state oscillator to
effect, at least in part, oscillations of the solid state oscillator, and printing an antenna about
the scaffold fiber electrically connected to the solid state oscillator to facilitate in operation

wireless transmitting of a signal from the fiber structure with embedded sensor. In one or

12
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more embodiments, the sensing device is a heat-sensing device, such as a thermopile formed

of a plurality of annular thermocouples in a stack around the scaffold fiber.

[0051] FIGS. 4A-4B depict one implementation of such a fiber structure with embedded
sensor. Referring to FIG. 4A, the fiber structure with embedded sensor 400 includes, in one
embodiment, a scaffold fiber 401 grown, for instance, using laser induced chemical vapor
deposition, with a diameter of 50 microns, or less, such as in the range of 20-30 microns. In
one or more implementations, 1%%-D printing using laser induced chemical vapor deposition
is used to form circuitry on scaffold fiber 401. The circuitry includes, in one embodiment, an
annular solid state oscillator 410 around scaffold fiber 401, a sensing device, such as an
annular thermopile 420 around scaffold fiber 401, that is electrically coupled to solid state
oscillator 410 to effect, at least in part, oscillations of the solid state oscillator, and an
antenna, such as a dipole antenna 430 including two cylindrical-shaped conductive elements
or tubes extending (for instance, in opposite directions) along the scaffold fiber, one radially

inner and the other radially outer, in one embodiment.

[0052] A schematic embodiment of fiber structure with embedded sensor 400 of FIG. 4A
is depicted in FIG. 4B. As noted, and by way of example only, the formed circuitry on the
scaffold fiber can include a thermopile 420 which produces a voltage bias dependent on an
applied thermal gradient along the fiber in the axial direction. The voltage bias is applied to
solid state oscillator 410, such as a Gunn-diode oscillator, which causes it to oscillate in the
microwave band. The oscillation spectrum is thus temperature-gradient-dependent in this
embodiment. Further, dipole antenna 430 in operation transmits the signal wirelessly to a
receiver. Since Gunn-diodes are sensitive to manufacturing variations, no two devices will
have exactly the same spectral response. Hence, devices can be mass produced using the

same process, yet each device will have its own signature response.

[0053] FIG. 4B represents the electronic circuit equivalent to FIG. 4A, in which R
represents the composite electrical resistance of the circuit. C1 represents the parasitic
capacitance induced by the annular stacking of thermopile components. C2 represents the
parasitic capacitance of the rest of the circuit, including the Gunn-diode oscillator and dipole

antenna, and the antenna represents the inductive element of the circuit.

[0054] In one or more embodiments, note that the solid state oscillator can be an annular

solid state oscillator around the scaffold fiber. For instance, the solid state oscillator can be

13



WO 2022/272192 PCT/US2022/071655

an annular Gunn-diode oscillator about the scaffold fiber, such as a gallium nitride (GaN) or

gallium arsenide (GaAs)-based component.

[0055] In one or more implementations, the sensing device is a thermal sensor, such as an
annular thermopile about the scaffold fiber, where the annular thermopile generates a DC
voltage dependent on a sensed axial temperature gradient along a portion of the scaffold
fiber. In one embodiment, printing the annular thermopile around the scaffold fiber can
include printing multiple series-connected annular thermocouples around the scaffold fiber.
In one or more implementations, printing the multiple series-connected annular
thermocouples around the scaffold fiber includes printing the multiple series-connected
annular thermocouples as an annular stack of thermocouples around the scaffold fiber, one

embodiment of which is depicted in FIG. 4A.

[0056] As noted, in one or more embodiments, the antenna is a dipole antenna that
extends axially along at least a portion of the scaffold fiber. In one or more embodiments, the
dipole antenna includes a radially-inner, cylindrical-shaped conductive element extending
axially along a portion of the scaffold fiber, and a radially-outer, cylindrical-shaped
conductive element extending axially along another portion of the scaffold fiber. In one or
more implementations, the annular dipole antenna has an antenna length axially along the
scaffold fiber defined relative to a specified peak frequency signal of the fiber structure with

embedded sensor.

[0057] In one or more embodiments, the embedded sensor is a wireless, annular heat-flux
sensor configured to sense a temperature differential axially along at least a portion of the
fiber structure with embedded sensor. The wireless, annular heat-flux sensor includes the

solid state oscillator, the sensing device, and the antenna, in one embodiment.

[0058] Note that in operation, the heat-sensing device, or thermopile in the embodiment
of FIG. 4A, produces a voltage bias dependent on an applied thermal gradient along the
portion of the fiber structure occupied by the thermopile. The produced voltage is applied to
the solid state oscillator (e.g., Gunn-diode), causing it to oscillate in, for instance, the
microwave band. The oscillation spectrum is thus temperature-gradient dependent. The
dipole antenna can wirelessly transmit the oscillation signal to a receiver. This operational
description of the sensor represents an autonomous mode of operation, where the thermal

gradient results in the generation and output of a corresponding signal.
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[0059] In another mode of operation, referred to herein as a passive mode of operation, an
electromagnetic signal, such as a microwave signal, can be used to interrogate the fiber
structure with embedded sensor to generate thermal-sensor data. In this mode, externally-
generated electromagnetic radiation is absorbed by the dipole antenna and transmitted to the
solid state oscillator (e.g., Gunn-diode), which causes oscillation excitation. This oscillation
is impacted by the direct current (DC) input bias from the sensing device (e.g., thermopile)
that is generated by the thermal-gradient condition. The frequency altered oscillation is then
transmitted back to the dipole antenna, which releases electromagnetic radiation that is
different from the interrogation radiation frequency, and thus can be measured and quantified

for analysis, such as temperature analysis in the case of a heat sensor.

[0060] FIG. 5 depicts one embodiment of a process for producing fiber structures with
embedded sensors, in accordance with one or more aspects disclosed herein. Initially, a
scaffold fiber is obtained, e.g., fabricated 500 using one or more fiber precursor materials 501
and laser induced chemical vapor deposition, such as described herein. In one or more
embodiments, the scaffold fiber 502 is an ordinarily solid material selected from a group
including boron, carbon, aluminum, silicon, titanium, zirconium, niobium, molybdenum,
hafnium, tantalum, tungsten, rhenium, osmium, nitrogen, oxygen, and combinations thereof.
For instance, in one or more embodiments, the scaffold fiber can be fabricated as a silicon
carbide fiber, a silicon nitride fiber, a boron carbide fiber, etc. As noted, in one or more
implementations, the fiber is sized to have a thermal mass which facilitates, for instance,
uniform annular deposition of the desired component layers using LCVD processing, such as
described herein. In one or more embodiments, the fiber diameter is 50 microns or less, such
as in the range of 20-30 microns, which allows for substantially instantaneous radial heating
of a laser-applied portion of the fiber, and thus, uniform deposition of the desired component

layer(s) around the circumference of the fiber at that location.

[0061] In one or more implementations, 1'4-D printing using laser induced chemical
vapor deposition is employed in depositing component layers onto the fiber, to define the
desired circuitry on the scaffold fiber, such as the annular circuitry described herein. As
illustrated in FIG. 5, in one embodiment, one or more component depositions 510 occur using
LCVD and appropriate precursor materials 511 for the material being deposited. In one or
more embodiments, the formation of annular thermal sensors such as disclosed herein on a

scaffold fiber using LCVD can entail the spot-coating of consecutive layers on the fiber. This
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process can be accomplished, in one embodiment, using separate deposition chambers, lined
up sequentially, in order to deposit each required material layer that constitutes the makeup of
the desired circuit element(s). Each chamber can be filed with the appropriate selected gas
precursor(s) 511 in order to deliver the needed elements for the desired chemical composition
of the intended layer to be formed. The fiber scaffold can be conveyed through gas seals
from one chamber to the next, allowing for isolation of the gas environments from one
chamber to the next, and preventing cross-contamination. In one or more embodiments, after
sensor component deposition 510, the process determines whether one or more additional
component layers are needed 512, and if “yes”, performs the deposition for a next component
layer. Once all components have been formed about the scaffold fiber, the fiber structure

with embedded sensor is output.

[0062] FIG. 6 is an enlarged, partial cutaway depiction of a solid state oscillator 410
about a scaffold fiber 401 of a fiber structure with embedded sensor, such as described above
in connection with FIGS. 4A-5. In one embodiment, solid state oscillator 410 is, for instance,
a Gunn-diode fabricated from thin annular component films around scaffold fiber 401. By
way of example, an annular first terminal 601, such as an anode, can be formed over (and on)
an inner conductive element 600 of the antenna structure, itself deposited in a cylindrical
shape around scaffold fiber 401. An annular resonant doped region 602 is deposited around
first terminal 601, followed by an annular second terminal 603, such as a cathode, deposited
around the resonant doped region 602. Note that advantageously, fabricating the solid state
oscillator (for instance, Gunn-diode oscillator) in an annular shape allows ready integration of
the oscillator into the fiber structure, such as a flexible fiber structure, and provides a very

compact electronic oscillator.

[0063] By way of example, FIGS. 7A-7E illustrate further details of one embodiment of a
process of fabricating a solid state oscillator, such as solid state oscillator 410 of FIGS. 4A &

6, about scaffold fiber 401, in accordance with one or more aspects of the present invention.

[0064] As illustrated in FIG. 7A, a scaffold fiber 401 is obtained. By way of example,
the obtained fiber can be formed of an electrically insulating material, such as silicon carbide,
silicon nitride, etc. An electrically-insulating scaffold fiber can be grown, for instance, via
laser induced chemical vapor deposition, such as described herein. In one or more other

embodiments, scaffold fiber 401 can be a fiber formed of a conductive material that has an
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insulator layer over the fiber. As noted, in one or more implementations, the scaffold fiber
has a diameter of 50 microns or less, such as in the range of 20-30 microns, to facilitate (in
one embodiment) 1%2-D printing using laser induced chemical vapor deposition of uniform
thickness component layers onto the scaffold fiber, and thereby facilitate embedding the
desired sensor circuitry within the fiber structure. Using a scaffold fiber with a diameter, for
instance, in the range of 20-30 microns, results in a fiber with a small enough thermal mass
so that the heat from the applied laser beam will propagate radially across the fiber and result
in no significant difference in temperature around the circumference of the fiber where the

beam is applied.

[0065] In FIG. 7B, a radially-inner, cylindrical-shaped conductive element 600 of the
dipole antenna has been formed around scaffold fiber 401. As discussed, in one operational
mode, the dipole antenna is configured to transmit generated radiation in order to achieve the
desired wireless communication. The material performance desired centers on electrical
conductivity, and as such, typically conductors such as copper (Cu) and silver (Ag) are viable
candidates, as well as other more complex compositions such as zirconium diboride (ZrB>).
For instance, copper can be deposited from a copper chloride (CuCl) precursor. In one
embodiment, the antenna can be designed to generate a microwave signal with a frequency in
the range of a gigahertz to 100 gigahertz, and as such, the length of the antenna structure can
be on the order to 0.5 to 15 centimeters, depending on the length of the fiber. Further,
thickness of the radially-inner, cylindrical-shaped conductive element 600 can vary
depending on the sensor application, with a thickness ranging from .1 micron — 5 microns in

many applications, such as in the range of .5 micron — 1 micron.

[0066] As shown in FIG. 7C, in one or more embodiments, an annular first terminal 601
of the solid state oscillator is deposited, for instance, using LCVD processing such as
described herein, on conductive element 600. In one embodiment, annular first terminal 601
can be, for instance, an anode, such as the anode of an annular Gunn-diode. Annular first
terminal 601 is formed on and around a portion of radially-inner, cylindrical-shaped
conductive element 600, which itself a cylindrical film around scaffold fiber 401. In this
manner, annular first contact 601 is electrically coupled to the radially-inner conductive
element 600. In one or more embodiments, annular first terminal 601 is formed as a I1I-V
semiconductor, which can be, for instance, gallium nitride (GaN), gallium arsenide (GaAs), a

nitrogen-doped silicon carbide (SiC), etc., each of which can be deposited by LCVD.
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Thickness of annular first terminal 601 can vary and may be, in one implementation,
approximately 1-2 microns. Note that the choice of semiconductor material used for the first

terminal will affect the resonant frequency of the solid state oscillator in operation.

[0067] In FIG. 7D, an annular active layer 602 has been deposited as the resonant region.
In one embodiment, 1%%-D printing using LCVD is used to deposit annular active layer 602
over first terminal 601, which is followed by deposition of an annular second terminal 603
(FIG. 7E) over active layer 602. In one embodiment, the length of active layer 602 in the
axial direction of the fiber is less than that of first terminal 601, and the length of second
terminal 603 is less than that of active layer 602, which ensures that each layer of the
oscillator is shorter in length than the layer below it. This advantageously prevents the
terminals, that is, the anode and cathode, from being in direct contact, and ensures that
current passes through active layer 602. In one or more embodiments, annular active layer
602 can be, for instance, about 100 nanometers thick, and annular second terminal 603 can
be, for instance, 1-2 microns thick. As discussed herein, in one or more embodiments, the
individual layers are annular in shape, resulting in an annular solid state oscillator, such as an
annular Gunn-diode oscillator, being disposed on scaffold fiber 401. The structure can be
fabricated using 1'4-D printing and laser induced chemical vapor deposition with appropriate

precursors, as discussed herein.

[0068] Note that the selected functional material(s) serves as the resonant cavity of the
Gunn-diode. The frequency of radiation generated is determined by the thickness of the
cavity layer and the characteristic electron mobility of the cavity material. For instance, it is
estimated that using a gallium arsenide (GaAs) resonant cavity that radiates in a microwave
frequency range from 2 to 80 gigahertz (GHz) requires a 75-125 nanometer thick layer to be
formed on the annular design. In order to form the Gunn-diode element in the circuit, arsenic
and gallium precursor gases can be used, as well as an appropriate composition to form the
connecting antenna electrodes, such as tungsten. Arsine (AsHs3) and trimethylgallium
(Ga(CHs3)3) are example precursor gases available in the library of CVD materials. The
connecting electrodes (e.g., conductive antenna elements) can be formed using tungsten
hexafluoride (WFs), a halogen gas. The use of a fluorine-based precursor necessitate the use
of specific LCVD system components to address the chemical attack of fluorine gas and

avoid any damage, such as calcium fluoride (CaF») or magnesium fluoride (MgF,) optics for
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the reactor chamber and potential fluorine passivation of metal surfaces in the gas delivery

system.

[0069] FIG. 8 is a partial cutaway depiction of a sensing device, such as thermopile 420
desired above in connection with FIGS. 4A-5, and which is configured to produce a bias
voltage dependent on an applied thermal gradient in an axial direction of the fiber structure.
In one embodiment, a base unit of thermopile 420 is a thermocouple that includes a pair of
metal materials that meet at a junction. In the annular design of thermopile 420, the
thermocouple pairs of materials are concentric microtubes formed around the fiber substrate,
separated by an insulator layer. In one or more embodiments, the thermopile device is
created by creating successive pairs in a stacked layer configuration, including a dielectric
separator layer between the active thermocouple material layers, that are joined at either
extremity of the cumulative stack. By way of example, two broad categories of thermocouple
layer pair types are possible: bimetallic materials; and ceramic-based thermoelectrics. The
metal-based pairs include combinations of tungsten-rhenium (W-Re), tungsten-molybdenum
(W-Mo), tungsten-niobium (W-Nb), and molybdenum-niobium (Mo-Ni). The ceramic
material options entail diboride and oxide compositions, such as hafnium diboride-tantalum
diboride (HfB»-TaB;), and zinc¢ oxide-indium oxide (ZnO-InO»). For insulating separator
layer(s), materials such as silicon carbide (SiC), silicon nitride (Si3N4), and boron nitride
(BN), can be used. Focusing on the bimetallic thermopile material choices, a range of
halogen-based gas precursors are available to deliver the desired elements, such as tungsten
hexafluoride (WF¢), molybdenum hexafluoride (MoFs), rhenium hexafluoride (ReFs), and
niobium pentafluoride (NbFs). As noted, working with such fluorine-containing materials
can require certain LCVD system specifications. An additional requirement is to properly
capture unreacted gas effluent exhaust leaving the LCVD reactor chamber. This can be
accomplished using an alumina media trap located upstream from the deposition system
vacuum pump, and has been successfully deployed with other volatile halogen gasses, such
as uranium hexafluoride (UFs), and silicon tetrafluoride (SiF4). The thermopile device can be
fabricated in a variety of lengths, for instance, in a range of .25 to 2 centimeters, in one or

more applications.

[0070] FIGS. 9A-9K depict further details of one embodiment of a process of fabricating

a thermopile 420 within a fiber structure such as disclosed herein.
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[0071] The intermediate structure of FIG. 9A illustrates the structure of FIG. 7E after
deposition of an insulator layer 901 around the fiber, including, in part, over the radially-
inner, cylindrical-shaped conductive element 600 that forms part of the dipole antenna. As
illustrated in FIG. 9A, a portion of conductive element 600 remains uncovered by insulator

layer 901.

[0072] In FIG. 9B, a cylindrical-shaped conductor 902 is deposited over, and in electrical
contact with conductive element 600 of the dipole antenna. In one embodiment, conductive
element 600 can be formed (for instance) of tungsten, and conductor 902 can be, for example,
rhenium. Conductor 902 is formed, in one embodiment, as an annular conductive film over a
portion of the radially-inner, cylindrical-shaped conductive element 600, and represents a
first layer of thermopile 420. In FIG. 9C, an insulator 902, such as a silicon carbide insulator,
has been deposited over the exposed portion of conductive element 600 and most of
conductor 902, leaving an end of conductor 902 closest to solid state oscillator 410 exposed,

as illustrated.

[0073] In FIG. 9D, another conductor 904 layer has been deposited over the intermediate
thermopile stack in electrical contact with conductor 902, as illustrated. In one embodiment,
conductor 904 is an annular conductive film substantially aligned with conductor 902 to
facilitate forming the stacked annular layers of the thermopile. Where conductor 904
electrically contacts conductor 902, a thermocouple junction is defined. In one embodiment,
conductor 904 can be formed of tungsten. This process of forming conductors of the
thermopile of alternate materials repeats for the desired number of thermocouples of the

thermopile.

[0074] In FIG. 9E, an insulator layer 905 has been applied over conductor 904, leaving an
end of conductor 904 farther from solid state oscillator 410 exposed. In FIG. 9F, a further
conductor 906, e.g., formed of rhenium, of the thermopile has been deposited in electrical

contact with conductor 904 where exposed.

[0075] In FIG. 9G, another insulator layer 907 has been deposited, such as a silicon
carbide insulator layer, to substantially cover conductor 906, except for an end of the
conductor closer to the oscillator. The process repeats in FIG. 9H, with conductor 908, for

instance, formed of tungsten, having been deposited in electrical contact with the exposed
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end of conductor 906. In this manner, layers of spaced apart, alternating conductors are

provided in an annular stack around the scaffold fiber to define thermopile 420.

[0076] In FIG. 91, an insulator layer 909 has been deposited over conductor 908, with an
end thereof farther from oscillator 410 remaining exposed to allow contact to the thermopile,
and in FIG. 9], a radially-outer, cylindrical-shaped conductive element 605 of the dipole
antenna has been deposited in electrical contact with the exposed portion of conductor 908 to
electrically contact thermopile 420. As illustrated, in one embodiment, conductive element
605 is also in electrical contact with the second terminal of solid state oscillator 420, and
further extends axially along the fiber structure to define the other conductive element of the
dipole antenna. In FIG. 9K, a further insulator 910 has been deposited around the sensor to

insulate and embed the sensor within the fiber structure.

[0077] Those skilled in the art will note that the thermopile embodiment illustrated in
FIGS. 8-9K represents one embodiment only of a sensing device that can be an embedded
sensor, such as described herein. For instance, in one or more other embodiments, a different
thermal sensor, such as a piezoelectric sensor, or different thermoelectric sensor, can be

fabricated about the scaffold fiber. Other types of sensors can also be used.

[0078] Those skilled in the art will note that the connection points in the thermopile, at
the scaffold interface (inner radius) and outer circumference of the sensor structure (outer
radius) register temperature gradients along the axial and radial direction. Taking a
thermopile length of approximately 12 millimeters as an example, and a radial separation of
the two thermopile junction points of about 2.5 microns, this equates to a ratio of 12000/2.5
(12 millimeters = 120000 microns), or 4800 microns. Thus, the signal from the radial
temperature difference over 2.5 microns will contribute a negligible signal compared to the
axial temperature variation, which will drive the overall electric voltage generated by the

thermopile.

[0079] As noted, in one or more aspects, 1%2-D printing using LCVD processing is used
herein, in one or more embodiments, and includes the following defining characteristics: a
material-agnostic ability to grow filaments; an ability to vary diameter along the length of the
filament; a material-agnostic ability to vary composition along the length of the filament; and
a material-agnostic ability to coat specific sections of filaments with a desired material,

morphology and/or thickness.
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[0080] Embodiments of the processes described herein can be applied to fabrication of
one fiber structure with an embedded sensor or multiple fiber structures with one or more
embedded sensors in parallel, such as multiple fiber structures arrayed together in a ribbon or
tow-like structure, so that each layer of a component for one fiber structure is also formed

about or around the other fiber structures as well, an example of which is shown in FIG. 10.

[0081] FIG. 10 depicts one example of a deposition tool 1000 that can be used to form a
component layer of a fiber, or respective layers of respective layers of a plurality of fiber
structures such as disclosed herein. Deposition tool 1000 can be, for example, a laser induced
chemical vapor deposition (LCVD) tool, and can convey multiple fibers 1040, such as fiber
structures discussed herein, through a conveyer inlet 1015 into a deposition chamber 1030.
In operation, the deposition chamber can contain one or more precursor gases that facilitate
forming a desired component layer of the process. A laser 1020 is provided, in one
embodiment, through a focusing lens or window 1025, to be incident on multiple fibers 1040
concurrently as the multiple fibers 1040 are conveyed through the deposition chamber. As
the laser 1020 interacts with multiple fibers 1040 and the precursor gases, the desired
component layer of the fiber structure is deposited around the multiple fibers 1040
simultaneously. In one example, the laser is started and stopped at defined intervals as the
multiple fibers pass through the deposition tool 1000, thus controlling formation of
component layers around respective portions of the multiple fibers 1040 and leaving other
portions unprocessed (as desired for a particular layer). The processed multiple fibers 1040
can be conveyed out of deposition tool 1000, for instance, to another deposition tool, in
which another layer of the discrete component layers is to be formed, or can be finished and
conveyed out of the tool entirely. The resulting fiber structure with embedded sensor can
then be further arranged or disposed in a composite structure, if desired. For clarity, FIG. 10
includes close-up views 1010 and 1012 of the multiple fibers 1040 as the multiple fibers

undergo LCVD processing to deposit one or more component layers on the fiber structures.

[0082] As an enhancement, in one or more implementations, the processes disclosed
herein can be used to create fiber structures with multiple embedded sensors along the length
of the fibers. An example of this is depicted in FIG. 11, where fibers 1110 are shown to
include embedded sensors 1120 and regions without embedded sensors 1130. In one or more

implementations, the regions of discrete embedded sensors 1120 formed along the lengths of
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the fiber structures can include the same sensor devices, or different sensor devices, if desired

for a particular application.

[0083] By way of further enhancement, FIG. 12 illustrates one embodiment of a
composite structure 1200 formed of a plurality of fiber structures with embedded sensors 400
embedded within a composite or matrix material 1202. By way of example, fiber structures
are shown in FIG. 12 oriented in all three dimensions. In one or more other embodiments,
the fiber structures with embedded sensors could be disposed in one or two dimensions only,
or could be randomly dispersed throughout the composite structure. In one or more
embodiments, the matrix material used allows for wireless propagation of emitted signals
from the embedded sensors through the composite structure. Although illustrated as a cube

or square lattice of fiber structures, the composite structure can have any shape desired.

[0084] The terminology used herein is for the purpose of describing particular
embodiments only and is not intended to be limiting of the invention. As used herein, the
singular forms “a”, “an” and “the” are intended to include the plural forms as well, unless the
context clearly indicates otherwise. It will be further understood that the terms “comprise”
(and any form of comprise, such as “comprises” and “comprising”), “have” (and any form of
have, such as “has” and “having”), “include” (and any form of include, such as “includes”
and “including”), and “contain” (and any form contain, such as “contains” and “containing’)
are open-ended linking verbs. As a result, a method or device that “comprises”, “has”,
“includes” or “contains” one or more steps or elements possesses those one or more steps or
elements, but is not limited to possessing only those one or more steps or elements.
Likewise, a step of a method or an element of a device that “comprises”, “has”, “includes” or
“contains” one or more features possesses those one or more features, but is not limited to
possessing only those one or more features. Furthermore, a device or structure that is

configured in a certain way is configured in at least that way, but may also be configured in

ways that are not listed.

[0085] The corresponding structures, materials, acts, and equivalents of all means or step
plus function elements in the claims below, if any, are intended to include any structure,
material, or act for performing the function in combination with other claimed elements as
specifically claimed. The description of the present invention has been presented for

purposes of illustration and description, but is not intended to be exhaustive or limited to the
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invention in the form disclosed. Many modifications and variations will be apparent to those
of ordinary skill in the art without departing from the scope and spirit of the invention. The
embodiment was chosen and described in order to best explain the principles of one or more
aspects of the invention and the practical application, and to enable others of ordinary skill in
the art to understand one or more aspects of the invention for various embodiments with

various modifications as are suited to the particular use contemplated.
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CLAIMS
What is claimed is:

1. A method of producing a fiber structure with embedded sensor, the method

comprising:
obtaining a scaffold fiber; and

forming, by 1%%-D printing using laser induced chemical vapor deposition,
circuity on the scaffold fiber to provide the fiber structure with embedded sensor, the

forming comprising:
printing a solid state oscillator about the scaffold fiber;

printing a sensing device about the scaffold fiber electrically coupled
to the solid state oscillator to effect, at least in part, oscillations of the solid

state oscillator; and

printing an antenna about the scaffold fiber electrically connected to
the solid state oscillator to facilitate in operation wireless transmitting of a

signal from the fiber structure with embedded sensor.

2. The method of claim 1, wherein printing the solid state oscillator comprises

printing an annular solid state oscillator around the scaffold fiber.

3. The method of claim 2, wherein printing the annular solid state oscillator

comprises printing an annular Gunn-diode oscillator around the scaffold fiber.

4. The method of any of claims 1-3, wherein printing the sensing device
comprises printing an annular thermopile around the scaffold fiber, the annular thermopile

generating a DC voltage based on a sensed temperature gradient.

5. The method of claim 4, wherein printing the annular thermopile around the
scaffold fiber comprises printing multiple series-connected annular thermocouples around the
scaffold fiber.
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6. The method of claim 5, wherein printing the multiple series-connected annular
thermocouples around the scaffold fiber comprises printing the multiple series-connected

annular thermocouples as an annular stack of thermocouples around the scaftfold fiber.

7. The method of any of claims 1-3, wherein printing the antenna comprises
printing a dipole antenna around the scaffold fiber, the dipole antenna comprising a radially-
inner, cylindrical-shaped conductive element extending axially along the scaffold fiber, and a
radially-outer, cylindrical-shaped conductive element extending axially along the scaffold
fiber.

8. The method of any of claims 1-3, wherein printing the antenna comprises
printing an annular dipole antenna around the scaffold fiber with an antenna length axially
along the scaffold fiber defined relative to a specified peak frequency signal of the fiber

structure with embedded sensor.

0. The method of any of claims 1-3, wherein the embedded sensor comprises a
wireless, annular heat-flux sensor configured to sense a temperature differential axially along
at least a portion of the fiber structure with embedded sensor, the wireless, annular heat-flux

sensor comprising the solid state oscillator, the sensing device and the antenna.
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10. A method of producing a composite structure, the method comprising:

forming a plurality of fiber structures with embedded sensors, each fiber
structure with embedded sensor of the plurality of fiber structures with embedded

sensors comprising:
a scaffold fiber;
a solid state oscillator about the scaffold fiber;

a sensing device about the scaffold fiber electrically coupled to the
solid state oscillator to effect, at least in part, oscillations of the solid state

oscillator; and

an antenna about the scaffold fiber electrically connected to the solid
state oscillator to facilitate in operation wireless transmitting of a signal from

the fiber structure with embedded sensor; and

embedding the plurality of fiber structures with embedded sensors within a
material to fabricate the composite structure, wherein in operation the plurality of
fiber structures with embedded sensors provide respective wireless signal outputs

through the material.

11. The method of claim 10, wherein the solid state oscillator comprises an

annular solid state oscillator around the scaffold fiber.

12. The method of claim 11, wherein the annular solid state oscillator is an

annular Gunn-diode oscillator around the scaffold fiber.

13.  The method of any of claims 10-12, wherein the sensing device is an annular
thermopile around the scaffold fiber, the annular thermopile generating a DC voltage based
on a sensed temperature gradient, and wherein the annular thermopile comprises multiple
series-connected annular thermocouples arranged in an annular stack around the scaffold

fiber.
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14. The method of any of claims 10-12, wherein the antenna comprises a dipole
antenna, the dipole antenna comprising a radially-inner, cylindrical-shaped conductive
element extending axially along the scaffold fiber, and a radially-outer, cylindrical-shaped

conductive element extending axially along the scaffold fiber.

15.  The method of any of claims 10-12, wherein antenna is a dipole antenna with
a length axially along the scaffold fiber defined relative to a specified peak frequency signal

of the fiber structure with embedded sensor.

16.  The method of any of claims 10-12, wherein the embedded sensors of the fiber
structures with embedded sensors each comprise a wireless, annular heat-flux sensor
configured to sense a temperature differential axially along at least a portion of the fiber
structure with embedded sensor, the wireless, annular heat-flux sensor comprising the solid

state oscillator, the sensing device and the antenna.
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17. A fiber structure with embedded sensor, the fiber structure with embedded

sensor comprising:
a scaffold fiber; and
circuitry formed around the scaffold fiber, the circuitry comprising:
a solid state oscillator;

a sensing device electrically coupled to the solid state oscillator to

effect, at least in part, oscillations of the solid state oscillator; and

an antenna electrically connected to the solid state oscillator to
facilitate in operation wireless transmitting of a signal from the fiber structure

with embedded sensor.

18. The fiber structure with embedded sensor of claim 17, wherein the solid state

oscillator comprises an annular solid state oscillator around the scaffold fiber.

19. The fiber structure with embedded sensor of claim 18, wherein the annular

solid state oscillator comprises an annular Gunn-diode oscillator around the scaffold fiber.

20. The fiber structure with embedded sensor of any of claims 17-19, wherein the
sensing device is an annular thermopile around the scaffold fiber, the annular thermopile
generating a DC voltage based on a sensed temperature gradient, and including multiple
series-connected annular thermocouples around the scaffold fiber arranged in an annular

stack.
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“D” document cited by the applicant in the international application “X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive step

E gfxlllgl;i Zli)gllcatlon or patent but published on or after the international when the docament is taken alone
“L” document which may throw doubts on priority claim(s) or which “Y” document of particular relevance; the claimed invention cannot
is cited to establish the ﬁpubllca.tlon date of another citation or other be considered to involve an inventive step when the document is
special reason (as specified) combined with one or more other such documents, such combination

“0” document referring to an oral disclosure, use, exhibition or other means being obvious to a person skilled in the art

“P” document published prior to the international filing date but later than “&” document member of the same patent family
the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report
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Name and mailing address of the ISA/US Authorized officer

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents Shane Thomas

P.0. Box 1450, Alexandria, Virginia 22313-1450
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Box No. IT Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

|:] Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. Il Observations where unity of invention is Iacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
-***_-Please See Supplemental Page-***-

1. K{ As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

O

As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees. '

O

As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.: .

4. I:I No required additional search fees were timely paid by the applicant. Consequently, this international search report is restricted
to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

I:] The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

% No protest accompanied the payment of additional search fees.
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-Continued From Box No. [ll: Observations where unity of invention is lacking-***-

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fee must be paid.

Group I: Claims 1-9 & 17-20 are directed towards a fiber structure with embedded sensor.
Group [I: Claims 10-20 are directed towards a composite structure to provide wireless signal outputs.

The inventions listed as Groups I-ll do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

The special technical features of Group | include at least forming, by 1 %2-D printing using laser induced chemical vapor deposition,
circuity on the scaffold fiber to provide the fiber structure with embedded sensor, which are not present in Group Il

The special technical features of Group I include at least a plurality of fiber structures with embedded sensors, and embedding the
plurality of fiber structures with embedded sensors within a material to fabricate the composite structure, wherein in operation the
plurality of fiber structures with embedded sensors provide respective wireless signal outputs through the material, which are not present
in Group I.

The common technical features shared by Groups I-Il are a fiber structure with embedded sensor, the fiber structure with embedded
sensor comprising: a scaffold fiber; and circuitry formed around the scaffold fiber, the circuitry comprising: a solid state oscillator; a
sensing device electrically coupled to the solid state oscillator to effect, at least in part, oscillations of the solid state oscillator; and an
antenna electrically connected to the solid state oscillator to facilitate in operation wireless transmitting of a signal from the fiber structure
with embedded sensor.

However, these common features are previously disclosed by US20140170919 to Manipatruni et al. (hereinafter “Manipatruni”).
Manipatruni discloses a fiber structure with embedded sensor, the fiber structure with embedded sensor comprising: a scaffold fiber
(vertical fibers may include 0, 1, 2, 3 or more electronic devices per fiber and the function of each of the devices may be the same or
different. The functional devices may be spaced evenly or may be spaced at differing intervals or strategically in a pattern to form, for
instance, a pressure sensitive switch region or a pressure sensitive lighted region, Parsa. 35-36); and circuitry formed around the
scaffold fiber (both the horizontal and vertical functional fibers include electrical devices 640, 642, 644, 646 and 648. These devices may
be, for example, transducers such as piezoelectric devices and piezo luminescent devices, or capacitors. They may be connected to
other devices, circuits, switches or connectors via interconnects such as 650 and 652. As shown in FIG. 6A, Para. 36), the circuitry
comprising: a solid state oscillator; a sensing device electrically coupled to the solid state oscillator to effect, at least in part, oscillations
of the solid state oscillator (activating a device 684a-b may include, for example, storing a potential in the device, biasing a junction of
the device, causing a transducing effect in the device (e.g., converting signal to light, converting signal to pressure, converting signal to
vibration, converting signal to movement, etc). To this end, devices 684a and 684b can be, for example, a capacitor, a variable resistor,
a piezo-electric device, a piezo-luminescent device, an LED, a transistor or other active device having one or more active junctions, a
transducer or sensor (e.g., electro-optical transducer, piezo-based transducer, MEMS-based sensor), or any other electronic device that
can be formed in the context of a functional fiber using a stepped fabrication process such as the example one described with reference
to FIG. 8, Para. 37); and an antenna electrically connected to the solid state oscillator to facilitate in operation wireless transmitting of a
signal from the fiber structure with embedded sensor (Functional fibers can be connected, for example, to other devices such as
microprocessors, batteries, antennas, input devices and output devices using a similar technique to facilitate wireless communication,
Paras. 53-55).

Since the commeon technical features are previously disclosed by the Manipatruni reference, these common features are not special and
so Groups |-l lack unity.
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