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ABSTRACT

The Digital Twin concept represents an innovative method
to monitor and predict the performance of an aircraft’s various
subsystems. By creating ultra-realistic multi-physical computa-
tional models associated with each unique aircraft and combin-
ing them with known flight histories, operators could benefit from
a real-time understanding of the vehicle’s current capabilities.
One important facet of the Digital Twin program is the detec-
tion and monitoring of structural damage. Recently, a method to
detect fatigue cracks using the transformation response of shape
memory alloy (SMA) particles embedded in the aircraft struc-
ture has been proposed. By detecting changes in the mechanical
and/or electromagnetic responses of embedded particles, oper-
ators could detect the onset of fatigue cracks in the vicinity of
these particles. In this work, the development of a finite element
model of an aircraft wing containing embedded SMA particles in
key regions will be discussed. In particular, this model will fea-
ture a technique known as substructure analysis, which retains
degrees of freedom at specified points key to scale transitions,
greatly reducing computational cost. By using this technique to
model an aircraft wing subjected to loading experienced during
flight, we can simulate the response of these localized particles
while also reducing computation time. This new model serves
to demonstrate key aspects of this detection technique. Future
work, including the determination of the material properties as-
sociated with these particles as well as exploring the positioning
of these particles for optimal crack detection, is also discussed.

1 INTRODUCTION
The ability to monitor and predict the real-time performance

of an aircraft is of growing importance to the aerospace industry.
As their capabilities continue to grow, future aircraft and space-
craft will undergo more strenuous missions for longer periods of
time, which may surpass the conditions that can be applied dur-
ing ground testing. Additionally, future craft will feature more
complex materials which, while improving aircraft performance,
exhibit behavior that is more difficult to predict. To address this
growing need, the Digital Twin concept was proposed for future
NASA and Air Force vehicles. A Digital Twin is an ultra-realistic
multi-physical computational aircraft model that simulates the
capabilities of various subsystems to create a near real-time un-
derstanding of the aircraft [1]. Each vehicle would have its own
unique Digital Twin that would record its operational history as
well as any maintenance or changes made to the vehicle. Pair-
ing this history with flight simulations would allow operators to
estimate the current performance of the craft as well as modify
missions to maximize vehicle lifetime [2]. The Digital Twin pro-
gram would also allow for the ability to simulate future missions
prior to launch, enabling operators to adjust missions based on
current vehicle performance and predictions of mission success.

One important aspect of the Digital Twin concept is the
monitoring of structural health of an aircraft, particularly dam-
age stemming from the formation of fatigue cracks. Such infor-
mation would be used to update the multi-physical Digital Twin
models. Current detection techniques rely on time-based mainte-
nance involving disassembling the aircraft, part-by-part inspec-
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tion, and repair if necessary [3]. While this has proven to be
effective in reducing the number of incidents involving aircraft
structural failure, it is an expensive process that can lead to other
complications, such as incidental damage of structural compo-
nents or improper reassembly. Furthermore, these routine in-
spections are based on experiences with similar aircraft operating
in similar conditions [1]. Since each aircraft is unique, vehicles
in minimal danger of structural failure could undergo inspection,
wasting both time and man-power. A detection method unique to
each aircraft, such as one combined with its Digital Twin, would
be more efficient.

Recently, a non-destructive evaluation (NDE) method has
been proposed that would allow for the real-time detection and
monitoring of fatigue cracks in an aircraft structure [4]. By
embedding stress-sensitive active material particles into aircraft
components, the formation of fatigue cracks can be identified by
detecting changes in the mechanical responses of particles in the
vicinity of structural damage. This condition-based maintenance
could lead to the earlier detection of fatigue cracks while also re-
ducing the need for traditional inspection methods [3]. Addition-
ally, this method could be utilized by an aircraft’s Digital Twin
to monitor the progression of fatigue cracks as well as predict
the formation of fatigue cracks during flight. If a fatigue crack
is detected and its position and size is transferred to the Digital
Twin, simulations could predict whether current flight conditions
or mission objectives would jeopardize the structural integrity of
the aircraft [2]. This method also has the benefit of being unique
to each aircraft; rather than base inspections on the maintenance
history of similar aircraft operating in similar conditions, each
aircraft could be monitored and repaired on an as-needed basis.

The detection of this structural damage is based upon the
unique material response of active materials, namely shape mem-
ory alloys (SMAs), when subjected to specific conditions [5, 6].
SMAs exhibit unique mechanical responses due to temperature-
or stress-induced phase transformations [7]. In the case of this
NDE method, as a fatigue crack begins to propagate the local
stress field in the aircraft component will evolve in strength and
direction; at a certain stress-level, a particle in the vicinity of
the damage zone will transform from the austenite phase to the
martensite phase, which exhibits altered material properties that
can be detected using a number of different methods depend-
ing on the material. Figure 1 depicts this phenomenon. One
method involves the acoustic sensing of phase transformation
in certain SMAs such as NiTi. Oishi and Nagai demonstrated
such a method using SMA wires; using acoustic signals produced
during phase transformation, they detected changes in strain up
to 5% [8]. Another method involves the magnetic sensing of
martensite generation or variant reorientation in magnetic SMA
(MSMA) particles under a sufficient local mechanical load [9].

To visualize this method, an aircraft wing with a single-trial
SMA particle embedded in a rib near a stress concentration was
modeled using a finite element approach. However, since an
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FIGURE 1: Diagram of a NDE method for detecting and moni-
toring fatigue damage using active materials.

aircraft wing is a complex structure spanning dozens of meters
and containing multiple parts, an associated finite element model
must consider hundreds of thousands of elements and full anal-
ysis of a wingbox and rib containing an SMA particle would be
very computationally expensive. To address this issue, the model
(Figure 2) was constructed using a method known as substruc-
turing, which retains degrees of freedom only at specified points.
This method will allow for future detailed studies of sensory par-
ticle placement relative to stress concentrations for a wide range
of aerostructure loads. This paper further discusses this model-
ing method as well as the response of the SMA particle when
subjected to stress concentrations during loading.

2 MODELING TECHNIQUES
2.1 Substructure Modeling

A substructure is a collection of elements from which the
internal degrees of freedom (DOFs) have been eliminated; only
nodes/DOFs specified during the generation of the substructure
are retained and recognized externally at the usage level [10].
Specifically, the stiffnesses between all retained nodes is precom-
puted and made available for later coupling to other domains, in-
cluding other substructures. Solid modeling using substructures
has many computational advantages. As a result of keeping only
specified degrees of freedom, the stiffness matrix associated with
the model is relatively small compared to the general stiffness
matrix that includes DOFs at every node. Additionally, stiffness
calculations are done on a substructure only once; this can im-
prove efficiency when analyzing an unchanged part in multiple
models or when the same part appears in a model multiple times.
Substructure modeling also allows for large and complex models
to be built as layered substructures, stacked level by level until
the whole structure is complete. However, there are several re-
strictions on the use of substructures, namely that the model re-
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FIGURE 2: Assembly of the wingbox using a combination of substructure and solid modeling.

sponse must be linear. This prevents the use of substructure mod-
eling on parts containing SMA material. (There are substructure
models that incorporate non-linearity, such as one developed by
Wu and Haug [11], but this is beyond the current scope of this
study.) There are also limitations to the number of DOFs you
can retain in each analysis. Nonetheless, substructures have be-
come a viable method for the modeling of complex structures.
Substructure modeling has been implemented by Dougherty et
al. in the modeling of plasticity-induced crack closure in modi-
fied 1070 steel [12], as well the modeling of fatigue crack growth
in marine structures [13, 14].

Generally, substructures are used to model multiple small
parts in a larger overall model. However, as mentioned above,
they are not compatible with the nonlinear behavior of an SMA
particle, which is the smallest body considered herein. There-
fore, in this analysis a different approach was used. Substructure
modeling is used to transition from a large scale (full wingbox)
to a small scale (SMA particle with a diameter of 1.27 mm). The
wingbox and most of the root rib are modeled using substruc-
tures, while a small section of the root rib was modeled using
3-D continuum solids. This will be discussed in more detail in
the next section.

2.2 Computational Model

2.2.1 Shell-Based Substructure A working model
of an aircraft wing was constructed in Abaqus using finite ele-
ment files developed by the Common Research Model (CRM),
a NASA program that established experimental databases to aid
researchers in validating specific components of computational
fluid dynamic programs [15–17]. The wing is based on a tran-
sonic commercial transport configuration designed to fly at a
cruise Mach number of M=0.85 with an aspect-ratio of AR=9.0,
a taper-ratio of λ=0.275, a span of 58.76 m (2,313 in), and a
gross vehicle weight of approximately 226,800 kg (500,000 lbm).
These parameters are similar to that of a Boeing 787-8. The
structure is made of an isotropic aluminum with an elastic mod-
ulus of E=70,000 MPa (10,000 ksi), Poisson’s raito of ν=0.32,
and a mass density of ρ=2768 kg/m3 (0.1 lbm/in3) [18]. For the
purposes of this study, the wing is assumed to experience an el-
liptical loading distribution with forces applied to the main spar
of the wing. A local coordinate system is defined with its origin
located at the intersection of the root rib and main spar and its
x-axis along the main spar (denoted x’) (Figure 3). We approx-
imate this load condition by applying a concentrated force fi to
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FIGURE 3: Retained DOFs on the wingbox substructure. DOFs
along the span are retained for applying loading, while DOFs
pictured in the box are retained for root rib attachment (middle)
and application of boundary conditions (bottom). A local coor-
dinate system is defined with its origin located at the intersection
of the root rib and main spar.

each node at position x′i with magnitude

fi(x′i) =
∫ x′i+1

x′i

2W
π L

√
1− (

x′

L
)2dx′ (2.1)

where W is the weight of the aircraft1, L is the length of the span,
and x’ is the distance along the span from each node to the root
rib. It can be shown from this equation that a single wing is
subjected to a load of W/2.

The provided CRM wingbox finite element model contains
a pre-meshed shell-based geometry consisting of 57,292 lin-
ear shell elements with reduced integration2, corresponding to
52,393 nodes and 314,358 total DOFs. The large number of
DOFs make the model an ideal candidate for substructure mod-
eling. As stated in Section 2.1, substructure modeling is being
used to transition across length scales (i.e. the transition from
the entire wingbox to a single rib); therefore the root rib was re-
moved from the wingbox model prior to substructure generation.
Nodes are retained in the following locations:

1. along the negative y-surface of the wingbox (for application
of boundary conditions)

1In this study, we reduce this weight to the maximum zero-fuel weight of a
Boeing 787-8 (161,000 kg or 355,000 lbm) (cf. [15]) and neglect the weight of the
engine (approximately 5,600 kg or 13,000 lbm) as well as the structural weight of
the wing itself (approximately 11,500 kg or 25,200 lbm). Thus, at 1 G the wing
experiences a total lifting force of approximately 625,000 N (140,000 lbm).

2Because of the size and number of elements of the model, linear elements
were chosen over quadratic elements.

2. at points where the root rib intersects spars/longerons (for
the attachment of the root rib to the substructure)

3. along the positive z-edge of the main spar (for the applica-
tion of loads)

This method results in 6,366 retained DOFs (Figure 3), or a re-
duction of nearly 98% from a non-substructure wingbox model
with the root rib removed.

2.2.2 Solid-Based Substructure After the removal
of the root rib from the wingbox, a rib of the same dimensions
and material was modeled. The rib spans approximately 7.366 m
(290 in) and is partitioned along axes where the rib is intersected
by spars and longerons. A small square measuring 130 x 130 mm
(5.14 x 5.14 in) was removed from an area free from such inter-
sections; this is the area where the SMA particle is embedded. It
is important to note that, unlike the shell-based original model,
this rib is constructed as a solid part with a thickness of 6 mm
(0.24 in) (matching the shell thickness of the original rib). This
use of a solid rib is required to ensure proper tied interface with
the domain containing the embedded SMA particle, which is also
a solid model. The rib contains 1,508 linear elements with re-
duced integration3, or 19,104 DOFs. During the meshing of this
part, attempts were made to keep the mesh as close to the CRM
as possible, leading to a coarse mesh. To further reduce compu-
tation as well as display the ability of substructure modeling to
bridge multiple length scales, the root rib is also generated as a
substructure. Nodes are retained

1. at points where the root rib must be “tied” to the wingbox
substructure (along the top, bottom, and partitions where the
rib is intersected by spars/longerons)

2. along edges where the SMA particle host domain will be
connected to the rib substructure

This method results in 5,976 retained DOFs (Figure 4), or a re-
duction of around 69% from the solid rib model.

The root rib (Figure 4) is attached to the wingbox substruc-
ture (Figure 3) using the node-based “tie” constraint in Abaqus
[10], which enforces the constraint that pairs of nodes from sep-
arate parts have identical translational and rotational motion.
Analysis was run to ensure the change in element type between
wingbox and rib did not result in inconsistent behavior during
loading generated using Eqn. 2.1. Figure 5 shows that the be-
havior of the solid rib is relatively consistent with that of the
shell-based rib and that the ties have been properly implemented.

To replicate an SMA particle’s response to a stress concen-
tration or structural damage, two geometric cases are considered.
The first of these considers a hole of radius r=44.5 mm (1.75 in)
located 109 mm (4.29 in) above the SMA particle host domain

3Linear elements were used on the rib structure to maintain consistency of the
model.
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FIGURE 4: Retained DOFs on the rib substructure (shown by
red dots). DOFs are retained where the rib is intersected by
spars/longerons modeled in the wingbox substructure as well as
where the SMA particle host domain is attached to the substruc-
ture.
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FIGURE 5: Comparison of local stress results using the origi-
nal shell-based root rib (left) to those generated using a solid-
based root rib (right) during 1 G loading. The solid rib captures
the original response and also provides a better transition to the
solid-element particle host domain.

(Figure 6b). This hole is introduced to provide a stress concentra-
tion in the vicinity of the particle. The second case introduces a
crack of width=0.254 mm (0.01 in) and length=64.3 mm (2.53 in)
running from the base of the hole towards the SMA particle host
domain (Figure 6c). This crack introduces further stress concen-
trations and demonstrates a key aspect of this detection method.

2.2.3 SMA Constituative Model A detailed descrip-
tion of the thermomechanical constituative model for SMAs used
is this study can be found elsewhere [19]. However, a brief sum-
mary is provided here to generate an understanding of the un-
derlying behavior of this material. The utilized model is three-
dimensional and phenomenological. It centers on the genera-
tion and recovery of transformation strains that occur as result of
martensitic reversible phase transformation. The model consid-
ers three external state variables (two tensorial and one scalar).
These are the stress σ , the total infinitesimal strain ε , and the
absolute temperature T . Two internal state variables are also

(a) (b)

Crack

(c)

FIGURE 6: Local region of rib substructure with SMA particle
region (square) removed with a) no damage or stress concentra-
tion, b) stress concentration in the form of a hole, and c) damage
in the form of a crack propagating from the hole towards the
SMA particle.

considered: the inelastic (but recoverable) transformation strain
ε t and the total martensitic volume fraction ξ . The total strain
is assumed to be additively decomposed into thermoelastic and
inelastic terms, and is related to the stress and temperature via
Hooke’s Law:

ε = S(ξ )σ +α(T −T0)+ ε
t (2.2)

where S(ξ ) is the linearly phase-dependent fourth-order compli-
ance tensor, α is the second-order coefficient of thermal expan-
sion tensor, and T0 is a reference temperature. The compliance
tensor S(ξ ) is determined using a rule of mixtures between the
compliance tensors of the austenitic and martensitic phases, SA

and SM , respectively:

S(ξ ) = SA +ξ (SM−SA) = SA +ξ ∆S (2.3)

Constraints inspired by the methods of classical plasticity
are placed on evolution of the martensitic volume fraction ξ ,
given by:

Φ
t ≤ 0, ξ̇ Φ

t = 0, 0≤ ξ ≤ 1 (2.4)

where Φt is the transformation function. These constraints bound
the martensitc volume fraction between 0 (pure austenite) and 1
(pure martensite). To ensure positive dissipation during forward
and reverse transformations, a branched form of Φt is proposed:

Φ
t(σ ,T,ξ ) = Φ̂t(σ)+ p(σ ,T,ξ )+

{
−Y ; ξ̇ ≥ 0

Y ; ξ̇ ≤ 0
(2.5)

where Φ̂t(σ) is the shape of the transformation in the space of the
given stress components and p(σ ,T,ξ ) describes both the trans-
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formation hardening and the dependence of the transformation
stresses on temperature. It takes the form:

p(σ ,T,ξ ) =
1
2

σ ·∆Sσ +ρ∆s0T −ρ∆u0− f t(ξ ) (2.6)

where ρ∆s0 represents the entropy difference between austenite
and martensite, ρ∆u0 represents the internal energy difference
between austenite and martensite, and f t is the hardening func-
tion given by:

f t(ξ ) =

{
1
2 a1(1+ξ N1 − (1−ξ )n2 +a3; ξ̇ ≥ 0
1
2 a2(1+ξ N3 − (1−ξ )n4 +a3; ξ̇ ≤ 0

(2.7)

The smoothness of the transformation hardening function can
be tuned by adjusting { n1, n2, n3, n4 } such that 0 < ni ≤ 1,
i=1,...,4. Assuming maximum transformation dissipation, the in-
elastic transformation strain evolves such that the time rate of
change of its magnitude is proportional to the rate of change of
the martensitic volume fraction while its direction is normal to
the shape Φ̂t in the stress space:

ε̇ t = ξ̇
∂ Φ̂t(σ)

∂σ
(2.8)

This model does not take into account plastic yielding of the
SMA, but it is assumed that the particles will not reach such high
stresses. Furthermore, if such high stresses occur the marten-
site will be retained and transformation associated changes (e.g.
change in magnetization when considering MSMAs) will be
made permanent [20]. Additionally, this model does not take
into account the fatigue behavior of the SMA. Cyclical structural
loading is not expected to cause transformation in the particles.
Since a crack is expected to propagate past a given particle only
once, a one-time transformation is considered.

2.2.4 Three-Dimensional Continuum Domains
To simulate an SMA particle embedded in the root rib, itself
a component of the full wing, a smaller nested-structure was
created, consisting of a 130 x 130 mm (5.14 x 5.14 in) square, a
25.4 x 25.4 mm (1.0 x 1.0 in) square, and a particle with radius
r=1.27 mm (0.05 in). The nested squares consist of isotropic
aluminum with the same material properties as the wingbox
and root rib, while the properties of the isotropic SMA particle
are given in Table 1. These properties are preliminary results
from a material parameter study that will be published in future
work. A nominal temperature of 298 K is applied to the entire
structure.

TABLE 1: SMA Material Properties.

Property Value

(Thermoelastic Properties)

EM = EA 75,000 MPa

νM = νA 0.33

(Phase Diagram Properties)

Ms,M f 290 K, 260 K

As,A f 313 K, 334 K

CM =CA 7 MPa/K

(Transformation Properties)

H 3.0%

kt 7.52x10−3/MPa

n1 = n3 = n4 0.9

n2 0.3

FIGURE 7: Martensitic volume fraction as a function of stress
during forward transformation for the material parameters given
in Table 1.

6 Copyright © 2015 by ASME

Downloaded From: http://proceedings.asmedigitalcollection.asme.org/ on 02/06/2018 Terms of Use: http://www.asme.org/about-asme/terms-of-use



z

x

FIGURE 8: Assembly of SMA particle host domain using
Abaqus tie constraints. Constraints (denoted by solid lines) are
applied to the smaller domain and the particle (not shown).

Since tie constraints allow for the rapid transition of mesh
densities, the smaller housing is tied to the larger housing,
with the particle tied to an inner surface of the smaller hous-
ing (Figure 8). Each part consists of linear elements with re-
duced integration, with a combined total of 9,017 elements (or
43,446 DOFs). The nested structure is then tied to the rib sub-
structure using additional tie constraints. Altogether, the entire
substructure-based wingbox, root rib, SMA particle host domain,
and SMA particle model consists of roughly 15% of the number
of DOFs that would have been included had the model not been
aided by substructure modeling.

3 RESULTS
The shell-based model of the wing was loaded using the

method discussed in Section 2.2.1. Figure 9 depicts the wing
loaded to 1 G in the positive z-direction, which is the loading
typically experienced by the wing during cruise. The stress is
distributed evenly along the span of the wing in the desired and
efficient manner.Given the applied nominal temperature and as-
sumed transformation properties of the SMA particle, analysis
of the particle’s behavior during unloading was deemed unnec-
essary. The temperature at which the particle will begin transfor-
mation back into the austenite phase is above the applied nom-
inal temperature; therefore, the only change in the behavior of
the particle would be a change in the elastic response, which is
irrelevant for this damage detection method.

The model was assembled as discussed in Section 2.2. As
analysis is run, loads are applied to the pre-computed wing-
box substructure. The response of the wingbox is passed to the
pre-computed root rib substructure via tie constraints, which in

Von Mises Stress (MPa)

0 170

z

yx

FIGURE 9: Shell-based wing loaded to 1 G via an assumed ellip-
tical load distribution applied to the main spar.

Von Mises Stress (MPa)

0 27.5

y

xz

FIGURE 10: Root rib stress contour when the overall wing is
loaded to 1 G. A solid “test” square of the same mesh density
tied to the root rib. The lack of localized stress field effects asso-
ciated with this tie region indicates that the constraint is behaving
correctly.

turn passes its response to the solid continuum particle host do-
main. The proper implementation of the tie constraint between
the wingbox and root rib has already been shown (Figure 5). To
ensure that the tie constraints between the root rib and particle
host domain were implemented correctly, a trial test was first
performed by considering a particle host domain without a par-
ticle with the same mesh density as the root rib (i.e. as if the rib
was one continuous part). Figure 10 confirms that the constraints
are behaving as expected. Any differences in the stress fields of
the root rib and particle host domain in later analyses can then be
attributed to mesh transitions.

The model was then subjected to loading between -2 G
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FIGURE 11: Local region of rib substructure with SMA particle region (square) removed with a) no damage or stress concentration, b)
stress concentration in the form of a hole, and c) damage in the form of a crack propagating from the hole towards the SMA particle.

and 4 G. These loading conditions are taken from Federal Avi-
ation Regulation commercial design practices, including simpli-
fied gust/turbulence loads (+3.75 G/-2.0 G) and basic maneuver
loads (2.5 G) [21]. Figure 11 shows the response of the root rib

with crack damage at various loads. The crack leads to further
stress concentration within the particle host domain and therefore
higher stresses felt by the particle, eventually leading to phase
transformation.
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The basis for this damage detection method centers around
the response of an SMA particle to higher stress states. To quan-
tify this response, the particle volume-averaged martensitic vol-
ume fraction (MVF), ξ̂ , was calculated. This is given by

ξ̂ =
1
V

∫
ξ (x)dV ≈ 1

V

n

∑
i=1

ξiVi (3.9)

where ξ (x) is the local continuum MVF value, ξi and Vi are the
MVF and volume at the ith integration point, respectively, n is
the number of integration points in the particle, and V is the total
volume of the particle. Figure 12 shows the MVF for all three
root rib configurations (cf. Figure 6) considered as a function
of the load applied to the wing. The particle in embedded in
the unmodified rib experiences almost no martensitic transforma-
tion for loads ranging from -2 G to 4 G. The stress concentration
introduced by a hole in the root rib similarly causes almost no
particle transformation until subjected to extremely high loads.
However, the particle experiencing stress concentration caused

FIGURE 12: Volume-averaged martensitic volume fraction of the
particle as a function of wing loading (positive and negative).
The particle in the damaged rib experiences a greater amount of
transformation due to elevated levels of stress caused by crack
propagation. Note also the asymmetric response.

by crack damage experiences a noticeable amount of martensitic
transformation. It is also interesting to note that positive lift-
ing loads induce a greater amount of particle transformation than
negative loads.

4 CONCLUSIONS
The key results of this paper can be summarized in the fol-

lowing points:

1. A NDE method for detecting fatigue crack formation
and propagation has been proposed, exploiting the stress-
induced response of sensory particles (particularly SMAs).

2. This method has been computationally demonstrated using
a finite element model of a commercial aircraft wing. In par-
ticular, substructure modeling was used to reduce the num-
ber of variables in the model by nearly 85%. Damage was
introduced to this model in the form of a static crack existing
in the root rib of the aircraft’s wing.

3. While the stress in the undamaged rib induces negligible re-
sponse from an SMA particle, our studies have shown that
a particle in the vacinity of a crack experiences a volume-
averaged martensitic transformation of over 5%.

This paper serves to highlight the key aspects of this detec-
tion method as well as the advantages that substructure modeling
can provide. However, this method can only be truly realized
by determining the actual mechanical properties and behavior of
SMA particles embedded in a structure. This is currently be-
ing addressed in an ongoing attempt to match the experimen-
tal behavior of NiTi SMA particles with finite element models.
Additionally, there is a need to relate a particle’s transformation
(MVF) to some detectable response, such as a change in magne-
tization in MSMAs. Future work will also attempt to determine
an optimum location for these particles in a structure as well
as explore alternative sensory particle materials and associated
sensing methodologies.
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