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MICROMETEOROID AND ORBITAL DEBRIS
IMPACT DETECTION AND LOCATION
USING FIBER OPTIC STRAIN SENSING

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of prionty to U.S.
Provisional Application No. 62/279,236 filed on Jan. 15,
2016 titled “Micrometeoroid/Orbital Debris Impact Detec-
tion and Location Using Fiber Optic Strain Sensing,” the
entire contents of which are hereby incorporated by refer-
ence 1n their entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

The 1nvention described herein was made by employees
of the United States Government and may be manufactured
and used by or for the Government for governmental pur-
poses without the payment of any royalties thereon or
therefore.

BACKGROUND OF THE INVENTION

Spacecrait in low earth orbit (LEQO) experience a variety
of hazards including exposure to micrometeoroids and
orbital debris (MMOD). Average impact speeds for orbital
debris on spacecrait in LEO are 9 to 10 km/s, and 20 km/s
for micrometeoroids. Due to their high speeds, MMOD can
cause considerable impact damage to sensitive spacecrait
surfaces such as windows, structural elements, electronic
boxes, solar arrays, radiators, thermal protection system
(TPS) matenals covering crew/cargo return vehicles, as well
as crew modules. Prolonged exposure to the on-orbit
MMOD environment can potentially compromise the TPS
covering return vehicles such as the future crewed vehicles
expected to visit and remain for a half-year or longer at the
International Space Station (ISS).

However, determination of MMOD impact on orbiting
spacecrait currently requires visual inspection. For human-
rated spacecrait (such as the ISS and, previously, the Space
Shuttle Orbiter), this has required crew time as well as
vehicle assets to 1dentily damage due to MMOD strikes. For
unmanned spacecrait, there are no human assets present to
conduct detailed surveys to ascertain potential damage.

Orbital debris fragments are generated by on-orbit explo-
s1ons, collisions, breakups and degradation and 1s a growing
threat as suggested by recent orbital debris models. Two
recent events, the Chinese ASAT test 1n 2007 and Cosmos/
Iridium collision 1 2009 significantly increased orbital
debris for satellites 1n sun-synchronous orbit. The MMOD
threat 1s real and poses considerable risk to crewed, and
un-crewed, orbiting spacecratt.

While the current practice of visual inspection may suc-
cessiully indicate the location of a debris strike, it does not
currently allow precise determination of exactly when the
debris strike occurred. It 1s only possible to determine that
a debris strike has occurred between two successive 1nspec-
tion events unless damage to other components can allow
inference that a debris strike occurred at a specified time.

The Structural Health Monitoring (SHM) community has
experimented with using digital signal processing of acous-
tic signals with Acoustic Emission/PZ’T/Piezoelectric sen-
sors to automatically detect MMOD mmpacts. While such
approaches have had some success qualitatively detecting
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2

that an impact occurred, current systems cannot quantify the
location of a MMOD impact and/or the severity of the
MMOD mmpact.

BRIEF SUMMARY OF THE INVENTION

The various embodiments may provide a strain-sensing,
apparatus configured to be attached to a micrometeoroid and
orbital debris (MMOD) shielding layer and data collection
equipment 1n communication with the strain-sensing appa-
ratus configured to detect an occurrence, a time, a location,
and/or a severity of a MMOD strike on the MMOD shielding
layer. The various embodiments may enable detection and/
or location of potentially harmtul MMOD strikes on both
human occupied and unmanned spacecraft. Various embodi-
ments may provide a method and apparatus using strain
measurements to determine that an MMOD impact has
occurred on a spacecrait MMOD shield or structure, when
the 1mpact occurred, and where the impact occurred. In
various embodiments, the strain measurements may be any
type strain measurements, such as direct contact sensing
measurement techniques and/or non-contact sensing tech-
niques. Example direct contact sensing techmiques may
include the use of strain gauges and fiber optic sensors, such
as sensors using fiber Bragg grating (FBG) sensing and/or
sensors using Rayleigh scattering sensing. Example non-
contact sensing techniques may include the use of photo-
grammetry based strain sensors, Moire based strain sensors,
and laser-speckle strain sensors. In various embodiments,
the strain measurements may also include acoustic emission
(AE) measurements which may enable the location of the
impact to be determined. In various embodiments, the extent
of damage may be inferred from the strain response to the
impact, which may assist in conducting structural health
monitoring (SHM). Some embodiments may provide a
method and apparatus using FBG sensing to determine that
an MMOD impact has occurred on a spacecratt MMOD
shield or structure, when the impact occurred, and where the
impact occurred. In some embodiments, the extent of dam-
age may be inferred from the FBG response to the impact,
which may assist 1n conducting SHM.

These and other features, advantages, and objects of the
present invention will be further understood and appreciated
by those skilled in the art by reference to the following
specification, claims, and appended drawings.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

The accompanying drawings, which are incorporated
herein and constitute part of this specification, illustrate
exemplary embodiments of the invention, and together with
the general description given above and the detailed descrip-
tion given below, serve to explain the features of the
invention.

FIG. 1 1s a block diagram of a strain-sensing apparatus
according to various embodiments.

FIG. 2 1s a block diagram of a MMOD strike detection
system according to various embodiments.

FIG. 3 1s a process flow diagram 1llustrating an embodi-
ment method for MMOD 1mpact detection and character-
1zation.

FIG. 4 1s an example time history graph of an individual
FBG according to various embodiments.
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FIGS. 5A and 5B are diagrams of actual impact locations
and estimated 1mpact locations of test measurements per-

formed with an embodiment MMOD strike detection sys-
tem.

DETAILED DESCRIPTION OF TH.
INVENTION

L1

For purposes of description herein, it 1s to be understood
that the specific devices and processes 1llustrated 1n the
attached drawings, and described in the following specifi-
cation, are simply exemplary embodiments of the inventive
concepts defined 1n the appended claims. Hence, specific
dimensions and other physical characteristics relating to the
embodiments disclosed herein are not to be considered as
limiting, unless the claims expressly state otherwise.

The word “exemplary” 1s used herein to mean “serving as
an example, mstance, or illustration.” Any implementation
described herein as “exemplary” 1s not necessarily to be
construed as preferred or advantageous over other imple-
mentations.

The various embodiments will be described in detail with
reference to the accompanying drawings. Wherever pos-
sible, the same reference numbers will be used throughout
the drawings to refer to the same or like parts. References
made to particular examples and implementations are for
illustrative purposes, and are not intended to limit the scope
of the mvention or the claims.

The various embodiments provide a micrometeoroid and
orbital debris (MMOD) shielding which can detect 1f, when,
and where a MMOD strike has occurred on spacecrait
shielding or structure. The various embodiments may pro-
vide a strain-sensing apparatus configured to be attached to
a MMOD shielding layer and data collection equipment 1n
communication with the strain-sensing apparatus configured
to detect an occurrence, a time, a location, and/or a severity
of a MMOD strike on the MMOD shielding layer. The
vartous embodiments may enable a post-impact strain
response of a MMOD shielding layer to be determined and
the post-impact strain response to be used to detect an
occurrence, a time, a location, and/or a severity of a MMOD
strike on the MMOD shielding layer.

In various embodiments, multiple strain sensors, con-
nected 1into one or more optical fibers may be attached to a
MMOD shield or other structural materials. The optical
fiber(s) may be connected to a data collection device that
may record strain data at a frequency suflicient to resolve
MMOD mmpact events. The strain data may be processed
and presented on a computer display. In various embodi-
ments, MMOD 1mpacts may be determined from the time
signature of measured strain from multiple sensors on the
optical fiber(s). Additionally, for materials that exhibit plas-
tic strain, the time signature of measured strain from mul-
tiple sensors on the optical fiber(s) may be used with the
strain resulting from plastic strain induced in the MMOD
shield and structure as a consequence of the MMOD 1mpact
to determine MMOD impacts. Various embodiments may
use fiber optic strain sensing to detect MMOD strikes and
identily when and where a MMOD strike has occurred along
with the severity of the impact. The various embodiments
may enable quantification of the severity of a MMOD
impact based at least mn part on the resulting strain fields
detected by the strain sensors.

Various embodiments may provide a method and appa-
ratus using strain measurements to determine that an
MMOD mmpact has occurred on a spacecrait MMOD shield
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impact occurred. In various embodiments, the strain mea-
surements may be any type strain measurements, such as
direct contact sensing measurement techniques and/or non-
contact sensing techniques. Example direct contact sensing
techniques may include the use of strain gauges and fiber
optic sensors, such as sensors using fiber Bragg grating
(FBG) sensing and/or sensors using Rayleigh scattering
sensing. Example non-contact sensing techniques may
include the use of photogrammetry based strain sensors,
Moire based strain sensors, and laser-speckle strain sensors.
In various embodiments, the strain measurements may also
include acoustic emission (AE) measurements which may
cnable the location of the impact to be determined. In
various embodiments, the extent of damage may be mferred
from the strain response to the impact.

Some embodiments may provide a method and apparatus
using FBG sensing to determine that an MMOD 1impact has
occurred on a spacecrait MMOD shield or structure, when
the 1mpact occurred, and where the impact occurred. In
some embodiments, the extent of damage may be inferred
from the FBG response to the impact.

The various embodiments may enable detection and loca-
tion of MMOD strikes on human occupied spacecrait, such
as those that might spend considerable time exposed to the
MMOD environment 1n the ISS orbit and may reduce or
alleviate the need for other mspection assets on such space-
craft. The various embodiments may enable detection and
location of MMOD strikes on unmanned spacecrait that do
not possess seli-inspection assets. The various embodiments
may be useful on spacecraft where identification of MMOD
impacts, or other impacts, may be key to understanding the
health of the spacecraft and/or 1its subsystems, and the
various embodiments may be applicable to a wide varniety of
government, commercial, and military spacecratt.

FIG. 1 1s a block diagram of a strain-sensing apparatus
100 according to various embodiments. The strain-sensing
apparatus 100 may be attached in various manners to a
surface 101 of a structure over which impacts are to be
monitored, such as a spacecrait surface (e.g., a MMOD
shueld layer). The surface 101 1s illustrated as a simple
square 1n FIG. 1, however the surface 101 may have any
shape or size and the square portion of the surface 101 1s
shown merely for illustrative purposes. The strain-sensing
apparatus 100 may include one or more fiber optic strands
102 connecting an array of strain sensors 103. The one or
more fiber optic strands 102 may connect the array of strain
sensors 103 1n series such that light from one or more
connection terminals 104 and 105 of the one or more fiber
optic strands 102 may pass through the one or more fiber
optic strands 102 and array of strain sensors 103 and back
out the connection terminals 104 and 105. While two
connection terminals 104 and 105 are shown 1n FIG. 1, only
a single connection terminal 104 or 105 may be needed, and
one of the connection terminals 104 or 105 may not be
present. A single connection terminal 104 or 105 may enable
light to pass through the one or more fiber optic strands 102.
The optional use of two connection terminals 104 and 105
may enable the one or more fiber optic strands 102 to receive
light from both ends. In the event of a break in the one or
more fiber optic strands 102, the array of strain sensors 103
may continue to recerve light provide from both ends toward
the break, thereby enabling sensor interrogation to continue.
The one or more fiber optic strands 102 may be used to
provide optimal coverage of the area over which impacts are
to be monitored and/or to ensure a suflicient number of strain
measurements are provided to accurately characterize the
nature of an impact. The array of strain sensors 103 may be
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oriented such that the array of strain sensors 103 are con-
figured to measure a strain gradient across an area of a
structure over which 1mpacts are to be monitored.

In various embodiments, the individual strain sensors 103
of the array of strain sensors 103 may be arranged to form
rings of strain sensors 103 aligned along rings of diflerent
radin from a center x of the strain-sensing apparatus 100,
such as rings a, b, ¢, d, and e. In various embodiments, the
number and orientation of the array of strain sensors 103
may be selected based on the type and capability of the
individual strain sensors 103, the size of the area over which
impacts are to be monitored, and an expected strain gradient
across the area over which impacts are to be monitored. In
various embodiments, the one or more fiber optic strands
102 connecting the array of strain sensors 103 may be
attached to 1ts own sensor plate that may be attached to a
spacecralt surface, such as surface 101. For example, the
sensor plate may be a sheet of metal (e.g., aluminum, steel,
etc.), or any other type material to which the one or more
fiber optic strands 102 connecting the array of strain sensors
103 may be attached and that may be attached to a spacecrait
surface, such as surface 101.

As another example, the sensor plate may be a sheet of
graphite-epoxy, or a graphite-fiber 1n a flexible/plastic
matrix, with the graphite fibers running orthogonal to the
general direction of the strain sensors 103. As another
example, sensor plate may be a sheet of glass fiber. As
another example, the sensor plate may be a woven hybnd
tabric, 1n which the bulk material may be a woven carbon-
fiber, or woven glass-fiber fabric, and the one or more fiber
optic strands 102 connecting the array of strain sensors 103
may be woven 1n periodic locations into the weave. One
such hybrid fabric may be a plain/square weave carbon or
glass fabric with the one or more fiber optic strands 102
connecting the array of strain sensors 103 included into the
weave approximately every inch. When the sensor plate 1s a
woven hybrid fabric, the fabric may be rigidized to the
extent desired by including an appropriate polymer matrix
with the hybrid fabric, such as epoxy for a stiffer matrix, and
some other plastic such as polyimide or polypropylene 1t
more tlexibility 1s desired. In other embodiments, the one or
more fiber optic strands 102 connecting the array of strain
sensors 103 may be attached directly to a spacecrait surface,
such as surface 101.

The array of strain sensors 103 may be any type strain
sensors, such as FBG strain sensors. The array of strain
sensors 103 may be direct contact sensing strain sensors
(e.g., strain gauges, liber optic sensors, etc.) and/or non-
contact sensing strain sensors (e.g., photogrammetry based
strain sensors, Moire based strain sensors, and laser-speckle
strain sensors, etc.). In various embodiments, the array of
strain sensors 103 may be configured to provide AE mea-
surements.

When the array of strain sensors 103 are FBG strain
sensors, each of the array of strain sensors 103 may be
aligned towards the center x of the area over which impacts
are to be monitored as FBG strain sensors may only be
sensitive to strain along their primary axis. When the array
of strain sensors 103 are FBG strain sensors, the sensors may
operate from a 1520 nm to 1570 nm wavelength range.

The number of the array of strain sensors 103 may be any
number of strain sensors 103, such as 1-36 strain sensors
103, 36 strain sensors, greater than 36 strain sensors, efc.
The array of strain sensors 103 may be interrogated using
multiplexing, such as wavelength division multiplexed
(WDM). The array of strain sensors 103 may be interrogated
using optical frequency domain reflectometry. The physical
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location and relative position of each of the strain sensors
103 may be recorded to generate a sensor map for the
strain-sensing apparatus 100. In a specific embodiment, the
array of strain sensors 103 may be 36 FBG strain sensors 8
groups of four to five sensors each equally spaced 1n 8 lines
extending out from the center x of the area over which
impacts are to be monitored as illustrated 1n FIG. 1. How-
ever, 1n other embodiments, the array of strain sensors 103
may be arranged in different patterns and may include
different types and numbers of strain sensors 103.

In various embodiments, additional sensors, such as addi-
tional FBG sensors may also be used with the array of strain
sensors 103 for full field temperature measurement and
additional fiber may be used 1n conjunction with the MMOD
sensing to provide a multifunctional shield sensing system
allowing detection and location of MMOD impacts, as well
as temperature measurement over the area over which
impacts are to be monitored. When embedded 1n multi-layer
insulation, the addition of the temperature measurement
capability may also allow for multi-layer mnsulation (MLI)
performance (e.g., heat leak) characterization.

FIG. 2 1illustrates a MMOD strike detection system 200
according to various embodiments. The MMOD strike
detection system 200 may include one or more strain-
sensing apparatuses 100 as described above with reference
to FIG. 1. The MMOD strike detection system 200 may
include a broadband source 202 connected to a circulator
204 connected to the strain sensing apparatus 100 and a data
acquisition system 206. While illustrated as including a
circulator 204, the circulator 204 may be replaced in the
system 200 with any other device configured to route light
from/to the broadband source 202, the strain sensing appa-
ratus 100, and the data acquisition system 206, such as an
optical fiber coupler. Thus, the circulator 204 1s only one
example of a light routing device, and the circulator 204 may
be substituted with any type light routing device in the
various embodiments. The broadband source 202, circulator
204, and data acquisition system 206 may be connected by
one or more fiber optic cables 208. The fiber optic cables 208
from the circulator 204 may connect to the connection
terminals 104 and 105 of the stain-sensing apparatus 100. As
discussed above, the configuration with two connection
terminals 104 and 103 1s optional, and only one connection
terminal 104 or 105 may be connected to fiber optic cable
208. The use of two connections may enable continued
interrogation of the array of strain sensors 103 following a
break.

The broadband source 202 may be any type light source
configured to provide wavelengths of light over a range
suitable for use with the array of strain sensors 103, such as
a 10 mW wide-band laser nominally operating at 1550 nm
over an 80 nm range. The circulator 204 may be any type
optical circulator configured to circulate light between the
broadband source 202, stain-sensing apparatus 100, and the
data acquisition system 206. For example, the circulator 204
may be a 3-port device hosting a flattened broadband
wavelength range of operation at 1550 nm allowing light to
travel 1n only one direction. As a three-way port device, the
circulator 204 may be configured to allow light from the
broadband source 202 to enter port 1 and exit port 2 with
minimal loss, while concurrently allowing the reflected light
from the strain sensors 103 of the stain-sensing apparatus
100 to enter port 2 and exit port 3 with minimal loss. This
configuration may allow for optimum power utilization of
the broadband source 202. The reflected light may be sent to
an optical spectrum analyzer (OSA) of the data acquisition
system 206 that may sample the reflected light. The OSA
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210 may operate 1n an optical range suitable for use with the
array of strain sensors 103 and may be capable of monitoring
the array of strain sensors 103 simultaneously at various
rates. As one example, the OSA 210 may operate over an 80
nm optical range centered at 1550 nm and may be capable
of monitoring 36 optical FBG strain sensors simultaneously
at rates up to 5 KHz. The OSA 210 may be connected to a
computing device 212 including a processor configured to
execute processor-executable instructions, and the comput-
ing device 212 may be connected to a display 214. The
computing device 212 may be configured with processor-
executable instructions to process, record, and/or display the
data from the OSA 210. In various embodiments, the com-
puting device 212 and/or display 214 may be dedicated
devices operating as part of the data acquisition system 206.
In other embodiments, the computing device 212 and/or
display 214 may be other computing devices and/or displays
ol a spacecrait performing other operations i1n addition to
MMOD i1mpact detection.

In operation, an MMOD impact imparts a transient shock
loading to a structure which 1s manifested as transient strain
as the shock wave moves through the structure. The array of
strain sensors 103 may record time varying strain to identily
that a strike has occurred and at what time it occurred. For
shields/structures that exhibit plastic strain, minute yet mea-
surable amount of plastic strain remaining in the shield/
structure as detected by the multitude of strain sensors 103
aiter the impact can be used to ascertain the region 1n which
the strike has occurred. Additionally, strike location infor-
mation can be inferred from the transient strain signals
recorded by the multitude of strain sensors 103 1n the one or
more fiber optic strands 102. The signals recorded may be
used to indicate that a MMOD strike occurred, when the
MMOD strike occurred, and/or where the MMOD strike
occurred on the area over which impacts are to be moni-
tored, such as in a display of MMOD strike information. In
various embodiments, calibration techniques and/or learning,
algorithms may be applied to the signals recorded to quan-
tify the severity of the damage caused by the MMOD strike.
In various embodiments, following an impact, the post-
impact strain response caused by the damage may be ana-
lyzed to detect that damage occurred and the time at which
the damage occurred. Numerical processing may then be
used 1n conjunction with the strain field measured by the
distributed array of sensors 103 to determine the location of
the damage event.

While illustrated i FIG. 2 as a single strain-sensing
apparatus 100 of FIG. 1 included in the MMOD strike
detection system 200, MMOD strike detection systems of
the various embodiments may include multiple strain-sens-
ing apparatuses. For example, grids of multiple strain-
sensing apparatuses may be attached to surfaces of a space-
craft to detect MMOD strikes on the spacecrait wherever the
strikes may occur.

FIG. 3 1s a process flow diagram 1llustrating an embodi-
ment method 300 for MMOD 1mpact detection and charac-
terization. In various embodiments, the operations of
method 300 may be performed by a MMOD strike detection
system, such as system 200 described above with reference
to FIG. 2. Method 300 may be performed after the strain-
sensing apparatus, such as strain-sensing apparatus 100, of
the MMOD strike detection system 1s attached to the area of
a structure over which impacts are to be monitored, such as
a surface of a spacecratt.

In block 302 a coordinate system for the area of the
structure over which impacts are to be monitored may be
developed, the physical location of reach of the distributed
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strain sensors may be recorded, and a sensor map may be
generated. As an example, a graphical display of the sensor
layout may be generated with a color map to indicate the
strain 1ntensity at each of the distributed strain sensors, such
as strain sensors 103. As other examples, an x-y scatter plot,
surface plot, line plot, and/or stem plot of the of the area over
which impacts are to be monitored and the sensors may be
generated.

In block 304 a processor of the MMOD strike detection
system, such as a processor of computing device 212, may
control the broadband source, such as broadband source 202,
strain-sensing apparatus, such as strain-sensing apparatus
100, and the OSA, such as OSA 210, to capture a steady-
state strain distribution of the un-impacted structure (1.e., the
pre-impact strain distribution). This may enable the
“healthy” state of the structure to be characterized and stored
for use 1n later comparisons after impacts on the structure.
The steady-state strain distribution of the un-impacted struc-
ture may be stored in a memory available to the processor.

In block 306 the system may be deployed and the dis-
tributed strain sensors may be monitored. For example, a
time history for each strain sensor or the strain-sensing
apparatus, such as strain-sensing apparatus 100, may be
recorded 1 a memory and the processor of the MMOD
strike detection system may monitor the time rate of change
ol each strain sensor.

In determination block 308 the system may determine
whether an 1impact 1s detected. A trigger monitoring system
may be implemented by the processor of the MMOD strike
detection system monitoring for strain rates above a pre-
determined threshold (e.g., strain rates may be compared to
strain rate thresholds representing a minimum threshold for
triggering an impact). During an impact, the strain measure-
ments around the impact zone may oscillate (“ring”) at a
high frequency. When strain rates rise above the pre-deter-
mined threshold, an 1impact may be detected.

In response to determiming an impact 1s not detected (1.e.,
determination block 308="“No""), the system may continue to
monitor the sensors 1 block 306.

In response to determining an impact 1s detected (i.e.,
determination block 308=“Yes”), 1n block 310 the processor
of the MMOD strike detection system, such as the processor
of computing device 212, may determine a time of the
impact, location of the impact, and/or a severity of the
damage caused by the impact. In this manner, the data
acquisition system may determine a time of an impact, a
location of the impact, and/or a severity of damage of the
impact on the area of the structure to be monitored based on
strain rates of the array of strain sensors.

The time (t,,,,,.,) at which the trigger occurred (i.e., the
pre-determined threshold was exceeded) may be recorded as
the time of the impact. If a more accurate indication of time
of 1mpact 1s desired and i1f apriorn1 acoustic properties are
known (1.¢., the lamb wave propagation velocity), the trigger
time for the strain sensor closest to the impact and the
location of the impact may be used to calculate the delay
time for which the impact actually occurred. Lamb wave
velocity (V, ) multiplied by distance (d) from impact may
be the time delay (t,.,,,) that occurred between the time of
impact event (t_. _ ) to the time the first sensor detected the
event (t,,q000)s €8 Lietan™Y tams” S >terons Cimggerdetar

Changes to the strain field may indicate the severity of the
damage caused by the impact. The event trigger may be used
to save a recording of the strain distribution time history
starting at a time prior to the event and lasting until the
oscillation dissipates. A post-impact strain field may be
found by comparing the strain state prior to the event trigger
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and strain state after the oscillations dissipate. The post-
impact strain distribution may have higher strain readings
radiating radially from the impact location.

The location of the impact may be found using post-
impact strain distribution to identify at least three sensors
with the highest magnitude of strain, which are then stored
in a subgroup. Using the physical location of each sensor
within the subgroup and its corresponding strain response,
the 1mpact location may be found by either performing a
center of mass calculation, or by utilizing the trilateration

method. To perform a center of mass calculation, replace
mass with strain magnitude. A center of strain calculation as

tollows may determine the point of impact as (X__, Y_ ) such
that:
1 <« 1 <
Xsc = ”—Z giXx; and Yso = — Zﬁfyn
>, i=0 3 & i=0
=0 =0

Where X .~ 1s the x-coordinate of the center of stramn, Y __ 1s
the y-coordinate of the center of strain, n 1s the number of
sensors reporting strain, € 1s the magnitude of strain, X, 1s the
x-coordinate of sensor 1, y, 1s the y-coordinate of sensor 1,
and ¢, 1s the magnitude of strain of sensor 1. To utilize the
trilateration method, the sensors may be ranked within the
subgroup from highest to lowest strain and the physical X-
location for each of the sensors may be tracked. From the
source of the impact, the strain magnitudes decay radially
from the source of impact. The following equations may
then used to determine the impact location:

rk=-0+(y—j)

where there are five unknown variables to solve for: r,, r,,
Iy, X, and y. Vanable d may be the distance vector from the
st ranked sensor to the 2nd ranked sensor. A coordinate
rotation transformation 1s required such that vector d waill
align to the horizontal-axis. Variable 1 may be the horizontal-
axis vector from the 1st ranked sensor to the 3rd ranked
sensor. Variable 1 may be the vertical-axis vector from the 1st
ranked sensor to the 3rd ranked sensor. Variables x and y
may be the location of impact within the coordinate rotation
transform. €,, €,, and €, may be the magnitude of strain the
magnitudes of strain at the three sensors, respectively, and
r,, r,, r; may be the distances from the three strain sensors
to the point of 1impact, respectively. The inverse coordinate
rotation transform may be required to solve for the x and y
locations 1n the global coordinate system.

In block 312 the system may indicate the time of impact,
location of the mmpact, and/or a severity of the damage
caused by the impact. For example, the time of impact,
location of the mmpact, and/or a severity of the damage
caused by the impact may be output on a display, such as
display 214. The post-impact strain response from multiple
impacts may also be collected and superimposed on the
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initial “healthy” state of the system to determine the accu-
mulated damage throughout the operational life of the
structure.

Tests according to the various embodiments of a MMOD
strike detection system were carried out to accurately and
reliably ascertain the following from hypervelocity MMOD
impacts: 1) that an actual damage event has occurred to a
representative structure, 2) the time at which damage event
occurred, 3) its location, and 4) to provide a practical method
to quantily the severnity of the damage event in which
inspection and remediation plans can be developed.

In accordance with the various embodiments, a highly-
multiplexed distributed array of FBG strain sensors, such as
an array described above with reference to FIG. 1, was
bonded to the surface of a representative test article and the
in-plane strain fields were measured. The test article was
then 1impacted with a realistically-simulated MMOD projec-
tile traveling at hypervelocity speeds. Following the impact,
the post-impact strains caused by the damage were analyzed
to detect that damage occurred and the time at which damage
occurred. Numerical processing was then used 1n conjunc-
tion with the strain responses measured by the distributed
array of FBGs to determine the location of the damage
event.

An embodiment proof-of-concept system was tested by
NASA’s Hypervelocity Impact Technology (HVIT) group
using a two-stage light-gas launcher at the White Sands Test
Facility (WSTF). A 1.6 mm thick aluminum 2024-T3 Al-
clad plate measuring 38 c¢cm 38 cm with a test section
measuring 30.5 cmx30.5 c¢m, representative of a MMOD
shield outer layer or spacecrait structure, was mounted in a
frame and nstrumented with an optical fiber with 36 strain
sensors. The test article configuration was similar to that
discussed above with reference to FIG. 1. The article was
tested 1n the 4.3 mm caliber range with spherical aluminum
2017-T4 projectiles. The test setup in the impact lab
included sensor monitoring equipment and data display that
indicated impact location in near real-time. Strain sensor
signals were recorded by the data acquisition system at 3
kHz sampling rate.

Given the size of the test article target area (30.5 cmx30.5
cm), and a sensor density of 1 Bragg grating per 0.3937 cm
(1.e., 1 inch) of sensing fiber, 1t was determined that the best
coverage over the test article area was achieved with 36
Bragg gratings, with the primary axis of the Bragg gratings
aligned towards the center of the test article. The physical
location of each fiber Bragg grating was recorded, and was
used to develop a sensor map. The FBG data acquisition
system used for the test application was designed to inter-
rogate and record data from a single fiber with 36 WDM
sensors installed on the test article utilizing just a few
components. The test system was arranged similar to the
MMOD strike detection system 200 described above with
reference to FIG. 2. All components were commercially
available with exception to the sensing fiber, which was
custom ordered for this test application. The broadband light
source was a 10 mW wide-band laser nominally operating at
1550 nm over an 80 nm range. The optical fiber circulator
was a 3-port device hosting a flattened broadband wave-
length range of operation at 1550 nm allowing light to travel
in only one direction. The three-way port device allowed
light from the broadband source to enter port 1 and exit port
2 with mimimal loss, while concurrently allowing the
reflected light from the sensors to enter port 2 and exit port
3 with minimal loss. This configuration allowed for opti-
mum power utilization of the broadband source. The

reflected light was then sampled by an OSA. The OSA
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operated over an 80 nm optical range centered at 1550 nm.
The OSA was attached via a Universal Serial Bus (USB)
interface to a standard laptop for data processing, display
and recording. The test system was capable of sensing up to
36 FBGs simultaneously at a rate of 5 KHz. Each sensor was 5
limited to a +/-1 nm range which translated to approxi-
mately +/-800ue. Sensor data from the 36 FBGs was
continuously recorded during each test and post processed.

The test article was 1nstalled 1n a test chamber at the HVIF
and data from six hypervelocity shots were acquired using
the 4.3 mm caliber range. Table 1 summarizes the test matrix
used in the test program, which included a variety of
projectile sizes and incidence angles for various target
locations on the test article.

10

12

each measurement, 1t was then detected that an event
occurred and the approximate time the event occurred. An
example of the time history of an individual (i.e., 1 of 36)
fiber Bragg grating measurement during Test Sequence 3 1s
shown 1n FIG. 4. FIG. 4 1s an example time history graph of
an individual FBG according to various embodiments. FIG.
4 shows the transient response 400 at the time of impact and

the strain response 402 after impact. A portion 401 of the

time history graph 1s shown enlarged to better 1llustrate the
characteristics of the transient response 400. The max strains

measured by the FBG for all load sequences are listed in

TABLE 1
Projectile Projectile Impact Description of Target
Test Impact  Diameter Projectile Velocity  Angle Damage, Damage
Sequence Location (mm) Mass (g) (km/s) (deg) Diameter

1 6 0.30 0.00004 6.85 0  Crater, 1.5 mm
2 1 1.0 0.00143 7.10 0  Hole, 3.4 mm
3 2 0.5 0.00017 6.98 0  Hole, 0.5 mm
4 4 1.0 0.00148 7.00 45  Hole, 3.1 x 2.9 mm
5 5 0.5 0.00019 6.98 45  Crater, 2.4 x 2.3 mm
6 6 1.0 0.00147 6.98 0  Hole, 3.4 mm

Prior to deployment of the test article, the steady-state
spectral distribution/strain distribution was captured and
used as a reference state of the structure. The test article was 3

then deployed into operation and continuously monitored
during testing. A short time history for each Bragg grating

Table 2. It 1s also noted that the peak strain experienced by
the test article 1s anticipated to have been at a much higher
magnitude than the FBG was able to detect; this 1s due to the
limited number of sensors and the limited sample rate of the

FBG used during the tests.

TABLE 2
Max Actual Estimated Strain Based
Strain Max Impact Difference Total
Test Detected  Post-Impact Location Location Distance
Sequence (Le) Stramm {(ue) X (cm) vy {cm) X (cm) vy (cm) (cm)
1 18 1 0.3 0.2 -3.3 8.1 8.7
2 48 10 5.4 11.9 5.0 12.2 0.5
3 34 12 -9.3 3.6 -10.1 3.9 0.9
4 58 12 -5.0 -10.8 -4.8  -10.7 0.3
5 46 14 10.8 -1.8 10.2 -3.1 1.4
6 58 7 0.5 0.6 0.6 0.6 0.1

was buflered 1n temporary memory and the time rate of
change of each strain measurement was tracked. An event
triggering system was activated by monitoring threshold on s¢

high strain rates in order to find the time of an 1mpact.

The first two test objectives of the tests were to detect 1
an 1impact event had occurred, and 1f so at what time did the
event occur. To detect an mmpact event, the time rate of 2
change of each strain measurement was tracked. To trigger
the event indicator, both the time rate of change of the strain
and measured max strain value needed to exceed a threshold.
Prior to test, the noise of the system was estimated to °0
produce a measurement uncertainty of approximately -2 to
+21e peak-to-peak. In all six of the test sequences, the max

strain detected by the FBG was well above 10ue and -

therefore statistically outside of the noise band. Utilizing

both the event trigger and the time stamp associated with

After detecting that an impact event has occurred, the next
objective was to utilize the strain measurements to estimate
the location of the impact, and the severity of the damage.
The post-impact strain field was used to estimate the damage
caused by the simulated MMOD the impact. The post-
impact strain field 1s found by using the system event trigger
to save a recording of the strain distribution time history
starting several seconds before the impact event, and lasting

until the post-tmpact oscillations dissipate. The difference
between the two states 1s used as the post-impact strain
response. The changes 1n the strain field indicates that the
structure has accumulated some level of damage.

The results of the impact location estimation algorithm
are presented 1n Table 2. The impact location estimation for

Test Sequence 1 1indicated the largest difference between the
actual location and the estimated location, which was due to
absence of a meaningful strain response above the noise
band. Test Sequence 1 utilized a projectile with the smallest
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mass (0.00004 g) and the smallest projectile diameter (0.3
mm) of all the test sequences. Test Sequence 2 through Test
Sequence 6 each had a max post-impact strain above the 2ue
noise floor, and therefore resulted 1n a suitable signal for the
strain based impact location estimation algorithm. The
impact location estimation algorithm was withun 1.5 cm for
the remaining Test Sequences 2 through 6, and approxi-
mated the impact location as close as 0.1 cm.

FIGS. SA and 3B are diagrams of actual impact locations
and estimated impact locations of the Test Sequences 1-6.
Changes 1n the strain field also enabled the development of
an automated strain based impact location estimation algo-
rithm. The mmpact location was found by utilizing the
post-impact strain distribution to i1dentify at least three
(minimum) sensing stations with the highest strain magni-
tude, which were then stored in a subgroup. The strain
magnitudes and physical locations (i.e., X,y coordinates) of
the sensor subgroup were then be used with a series of
algebraic equations to determine the impact location (X,y).
The results from the automated impact location estimation
algorithm are presented i FIGS. 5A and 3B as estimated
locations 403a, 4036, 403c¢, 4034, 403e, and 403/ corre-

sponding to actual Test Sequence 1-6 impact locations 4024,

402b, 402¢, 402d, 402¢, and 402/

While discussed above 1n relation to impact detection of
MMOD impacts for spacecrait, the various embodiments
may be applied to impact detection and characterization for
any application, such as impact detection and characteriza-
tion 1n the automobile industry, unmanned aerial vehicles
(UAVs), the fuel storage industry, wind turbines, pipeline
systems, sports medicine and medical research, etc. For
example, the various embodiments may be used to monitor
for impacts on surfaces 1n automobile lightweight fuel tanks,
such as those used i1n hydrogen fuel cell technology, or
automobile body features (e.g., spoilers, etc.). As another
example, the various embodiments may be used to monitor
for impacts on surfaces 1n any industry that uses lightweight
high pressure tanks, especially in environments that are
difficult to inspect. As a further example, the wvarious
embodiments may be integrated into manned or unmanned
aircrait and/or spacecrafit lighting strike detection systems,
damage (e.g., battle, collision, vehicle, etc.) assessment
systems. As another example, the various embodiments may
be used for body armor monitoring. As yet another example,
the various embodiments may be used for wind turbine
damage detection. As still another example, the various
embodiments may be used for pipeline health monitoring.
As further example, the various embodiments may be used
in sports medicine or medical research to provide concus-
sion detection and diagnosis (e.g., by integration onto hel-
met surfaces). Thus, the various embodiments may be usetul
to any industry i which surface impact detection and
characterization 1s ol importance.

The foregoing method descriptions and the process flow
diagrams are provided merely as illustrative examples and
are not intended to require or imply that the operations of
various embodiments must be performed 1n the order pre-
sented. As will be appreciated by one of skill in the art the
order of operations 1n the foregoing embodiments may be
performed 1n any order. Words such as “thereafter,” “then,”
“next,” etc. are not intended to limit the order of the
operations; these words are simply used to guide the reader
through the description of the methods. Further, any refer-
ence to claim elements 1n the singular, for example, using the
articles “a,” “an” or “the” 1s not to be construed as limiting
the element to the singular.
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The various illustrative logical blocks, modules, circuits,
and algorithm operations described in connection with the
embodiments disclosed herein may be implemented as elec-
tronic hardware, computer software, or combinations of
both. To clearly 1llustrate this interchangeability of hardware
and software, various 1illustrative components, blocks, mod-
ules, circuits, and operations have been described above
generally 1 terms of their functionality. Whether such
functionality 1s i1mplemented as hardware or software
depends upon the particular application and design con-
straints 1mposed on the overall system. Skilled artisans may
implement the described functionality in varying ways for
cach particular application, but such implementation deci-
sions should not be 1nterpreted as causing a departure from
the scope of the various embodiments.

The hardware used to implement the various illustrative
logics, logical blocks, modules, and circuits described 1n
connection with the aspects disclosed herein may be imple-
mented or performed with a general purpose processor, a
digital signal processor (DSP), an application specific inte-
grated circuit (ASIC), a field programmable gate array
(FPGA) or other programmable logic device, discrete gate or
transistor logic, discrete hardware components, or any com-
bination thereof designed to perform the functions described
herein. A general-purpose processor may be a microproces-
sor, but, i the alternative, the processor may be any con-
ventional processor, controller, microcontroller, or state
machine. A processor may also be implemented as a com-
bination of computing devices, €.g., a combination of a DSP
and a microprocessor, a plurality of microprocessors, one or
more microprocessors in conjunction with a DSP core, or
any other such configuration. Alternatively, some operations
or methods may be performed by circuitry that 1s specific to
a given function.

In one or more exemplary aspects, the functions described
may be mmplemented 1n hardware, soitware, firmware, or
any combination thereof. If implemented in software, the
functions may be stored as one or more 1nstructions or code
on a non-transitory computer-readable storage medium or
non-transitory processor-readable storage medium. The
operations of a method or algorithm disclosed herein may be
embodied 1n a processor-executable soltware module, which
may reside on a non-transitory computer-readable or pro-
cessor-readable storage medium. Non-transitory computer-
readable or processor-readable storage media may be any
storage media that may be accessed by a computer or a
processor. By way of example but not limitation, such
non-transitory computer-readable or processor-readable
storage media may include RAM, ROM, EEPROM, FLASH
memory, CD-ROM or other optical disk storage, magnetic
disk storage or other magnetic storage devices, or any other
medium that may be used to store desired program code in
the form of instructions or data structures and that may be
accessed by a computer. Disk and disc, as used herein,
includes compact disc (CD), laser disc, optical disc, digital
versatile disc (DVD), floppy disk, and Blu-ray disc where
disks usually reproduce data magnetically, while discs
reproduce data optically with lasers. Combinations of the
above are also included within the scope of non-transitory
computer-readable and processor-readable media. Addition-
ally, the operations of a method or algorithm may reside as
one or any combination or set of codes and/or mstructions on
a non-transitory processor-readable storage medium and/or
computer-readable storage medium, which may be incorpo-
rated into a computer program product.

The preceding description of the disclosed embodiments
1s provided to enable any person skilled in the art to make
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or use the present invention. Various modifications to these
embodiments will be readily apparent to those skilled in the
art, and the generic principles defined herein may be applied
to other embodiments without departing from the spirit or
scope of the mvention. Thus, the present mvention 1s not
intended to be limited to the embodiments shown herein but
1s to be accorded the widest scope consistent with the
following claims and the principles and novel features
disclosed herein.

What 1s claimed 1s:

1. A strike detection system for detecting a collision
between a vehicle and a fragment, the strike detection
system comprising;:

a strain-sensing apparatus configured to attach to the
vehicle, the strain-sensing apparatus comprising an
array ol strain sensors connected via one or more
optical fibers and configured to measure a strain gra-
dient over an area of a structure of the vehicle caused
by a transient shock load of the fragment; and

a data acquisition system connected to the strain-sensing,
apparatus, wherein the data acquisition system 1s con-
figured to determine a time of an 1mpact, a location of
the 1impact, and a severity of damage of the impact of
the fragment on the area of the structure based, at least
in part, on a trilateration of post-impact residual strain
rates of the strain gradient in the structure as measured
by the array of strain sensors.

2. The system of claim 1, further comprising one or more
connection terminals configured to pass light into the one or
more optical fibers, wherein the one or more optical fibers
connect the array of strain sensors in series such that light
from the one or more connection terminals pass through the
one or more fiber optic strands and the array of strain
SEeNnsors.

3. The system of claam 1, wherein the array of strain
sensors includes non-contact strain sensors, and wherein the
non-contact strain sensors are photogrammetry strain sen-
sors, Moire strain sensors, and/or laser speckle strain sen-
SOIS.

4. The system of claim 2, wherein the one or more
connection terminals include: a first connection terminal 1n
direct contact with and configured to pass light into a first
end of the one or more optical fibers, and a second connec-
tion terminal in direct contact with and configured to pass
light into a second end of the one or more optical fibers.

5. The system of claam 4, wherein the array of strain
sensors includes direct contact strain sensors, and wherein
the direct contact strain sensors are fiber optic sensors.

6. The system of claim 5, wherein the fiber optic sensors
are Rayleigh scattering strain sensors and/or fiber Bragg
grating (FBG) strain sensors.

7. The system of claim 1, wherein the strain sensors are
arranged to form rings of strain sensors aligned along rings
of different radi1 from a center of the strain-sensing appa-
ratus.

8. The system of claim 1, wherein the strain-sensing
apparatus 1s configured to use wavelength division multi-
plexing or optical frequency domain reflectometry to inter-
rogate the array of strain sensors to measure the strain
gradient over the area of the structure of the vehicle.
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9. The system of claim 1, further comprising:

a light source; and

a light routing device connected to the light source, the

strain-sensing apparatus, and the data acquisition sys-
tem, wherein the light routing device 1s configured to
send light from the light source to the strain-sensing
apparatus and reflected light from the strain-sensing
apparatus to the data acquisition system; and

wherein the data acquisition system comprises an optical

spectrum analyzer.
10. The system of claim 1, wherein the time of 1mpact 1s
based at least 1n part on a strain rate of a sensor of the array
ol strain sensors rising above a pre-determined threshold.
11. The system of claim 1, wherein the location of impact
1s based at least 1n part on changes 1n 1impact strain distri-
bution of the array of strain sensor.
12. The system of claim 8, wherein the location of 1impact
1s based on a center of strain calculation using the post-
impact strain distribution of the array of strain sensors.
13. The system of claim 1, wherein the location of impact
1s based on trilateration of time differentials between peak
strain measurements of the array of strain sensors.
14. The system of claim 1, wherein the severity of damage
of the impact 1s based at least in part on a comparison of a
post-impact strain distribution of the array of strain sensors
to a pre impact strain distribution of the array of strain
SEeNsors.
15. The system of claim 1, wherein the vehicle 1s a
spacecrait, and wherein the structure 1s a micrometeoroid
and orbital debris (IMMOD) shielding layer of the spacecratt.
16. A method for impact detection and characterization of
a collision between a vehicle and a fragment, the method
comprising;
monitoring strain rate ol an array of strain sensors of a
strain-sensing apparatus attached to the vehicle,
wherein the array of strain sensors 1s connected via one
or more optical fibers and configured to measure a
strain gradient over an area of a structure of the vehicle
caused by a transient shock load of the fragment; and

determining, via a data acquisition system connected to
the strain-sensing apparatus, a time of an impact, a
location of the impact, and a severity of damage of the
impact of the fragment on the area of the structure
based, at least part, on a trilateration of post-impact
residual strain rates of the strain gradient 1n the struc-
ture as measured by the strain sensors.

17. The method of claim 16, wherein the time of impact
1s based at least 1n part on at least one of the strain rates
rising above a pre-determined threshold.

18. The method of claim 17, wherein the location of
impact 1s based at least in part on a post-impact strain
distribution of the array of strain sensors.

19. The method of claim 18, wherein the location of
impact 1s based on a center of strain calculation using the
post-impact strain distribution of the array of strain sensors.

20. The method of claim 17, wherein the severity of
damage of the impact 1s based at least in part on a compari-
son of the post-impact strain distribution of the array of
strain sensors to a pre-impact strain distribution of the array
ol strain sensors.
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