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Photonic sensors for micro-damage detection: A proof
of concept using numerical simulation
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Abstract. Damage detection has been proven to be a challenging task in structural health monitoring (SHM)
due to the fact that damage cannot be measured. The difficulty associated with damage detection is related to
electing a feature that is sensitive to damage occurrence and evolution. This difficulty increases as the damage size
decreases limiting the ability to detect damage occurrence at the micron and submicron length scale. Damage
detection at this length scale is of interest for sensitive structures such as aircrafts and nuclear facilities. In this
paper a new photonic sensor based on photonic crystal (PhC) technology that can be synthesized at the nanoscale
is introduced. PhCs are synthetic materials that are capable of controlling light propagation by creating a photonic
bandgap where light is forbidden to propagate. The interesting feature of PhC is that its photonic signature is
strongly tied to its microstructure periodicity. This study demonstrates that when a PhC sensor adhered to polymer
substrate experiences micron or submicron damage, it will experience changes in its microstructural periodicity
thereby creating a photonic signature that can be related to damage severity. This concept is validated here using a
three-dimensional integrated numerical simulation. 

Keywords: structural health monitoring (SHM); micro-damage detection; photonic crystal (PhC); finite
difference time domain (FDTD).

1. Introduction

Structural health monitoring (SHM) represents the collective efforts of non-intrusive detection of

damage in structures during operation. A significant challenge in SHM is the fact that damage cannot

be measured (Sohn, et al. 2003, Worden and Dulier-Barton 2004) but can be inferred by realizing

changes in mechanical features, e.g. strain magnitude, mode shape or signal energy (Doebling, et al.

1996, Escobar, et al. 2005, Reda Taha, et al. 2006). This challenge in damage detection is magnified as

the damage scale becomes smaller. Limited studies have been published on damage detection at the

micron and submicron length scale of the material. Some challenges relate to the difficulty to probe

materials at the micron/submicron scale and the significant level of noise associated with measurements

at this length scale. While realizing damage at the micron/submicron length scale is not necessary for

typical civil engineering structures (e.g. bridges), it becomes of value when damage detection is sought

in critical structures such as aircrafts, space shuttles or nuclear storage tanks and structures. In these

instances, damage diagnosis and prognosis at the micron/submicron scale can be an excellent
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preventive measure for catastrophic events.

Application of monitoring techniques to critical structures like aircrafts has evolved into what is

known as hot spot monitoring (Kessler and Spearing 2002). In such monitoring strategy only critical

(hot) spots are monitored to realize damage evolution. Fig. 1 shows the hot spots on an aircraft where

structural monitoring is necessary. The locations of these spots may be determined with the aid of finite

element (FE) analysis. Moreover, locations where repair of cracks or surface damage took place are

considered hot spots, while the actual repair of surface cracks using a composite patch prevents visual

monitoring of crack propagation under the repair patch. Thus, a damage detection technique with a

much higher resolution than that used in classical SHM is needed to monitor crack propagation at such

spots. The challenge of detecting and quantifying damage in composites has been discussed by many

researchers (Talreja 1994, Adams 2007). It is believed that micron and submicron damage detection

techniques can be of great value for hot spot monitoring. Fig. 2 shows a schematic representation of a

repaired crack using a composite patch and the location of a sensor above the repair patch for hot spot

monitoring. 

Fig. 1 Hot spot locations for monitoring a modern aircraft 

Fig. 2 Schematic representation of PhC sensor monitoring a micro-crack evolution in a structural composite
repaired using composite patch technique 
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It is suggested that photonic sensors utilizing photonic crystals (PhC) technology is an effective way

to monitor hot spots (Joannopoulos, et al. 1997, Fleming, et al. 2002). PhCs are synthetic materials

fabricated at a periodicity length scale comparable to that of electromagnetic radiation, with micron and

submicron features which control light propagation in three dimensions by opening a frequency gap

where light cannot propagate (Lin, et al. 1998). A schematic representation of the geometry of three

different PhCs is shown in Fig. 3. One-, two-, and three-dimensional photonic bandgaps have been

produced by controlling one-, two- and three-dimensional microstructure of PhCs (Biswas, et al. 2003).

The bandgap in PhC occurs as a result of the light waves undergoing destructive interference at certain

combinations of frequencies such that photons with energy values corresponding to the bandgap cannot

penetrate the lattice regardless of their angle of incidence. This occurs as a result of producing a well-

defined repeating array of different refractive indices. An example bandgap of a PhC represented in the

lattice space is shown in Fig. 4.

Given their unique properties, and the strong tie between the PhC microstructure periodicity and its

photonic response represented by the bandgap profile, it is suggested that a photonic sensor using PhCs

will be capable of detecting micron and submicron damage in materials. If adhered to the surface of a

patch repair (or any surface of critical location of the structure), the PhC will deform as the substrate

material experiences strains. If damage occurs, non-uniform strains will develop in the substrate

resulting in non-uniform disturbance of the topology of the PhCs, thus disturbing the bandgap. This

paper presents a methodology to verify this concept and to show how to relate the bandgap disturbance

Fig. 3 Three representative PhCs showing its repetitive pattern

Fig. 4 Photonic bandgap of a PhC (a) lattice representation showing the bandgap with respect to lattice wave
vector (b) reflection spectral shows a PhC where zero% reflectance (100% Transmission) is produced
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to a quantifiable level of damage in the material. 

An integrated simulation approach to prove the ability of a photonic sensor made of PhC to detect

submicron damage in a substrate adhered to the photonic sensor is discussed. The first part of the

paper discusses simulating the mechanical response of the PhCs using the FE method. The paper also

presents the finite difference time domain (FDTD) method that is used to simulate the frequency

spectrum of a PhC sensor. In addition, a computational geometry model to map the numerical grids

simulating the PhC sensor in the FE method to the FDTD method is presented. The next step is to

introduce a damage metric that relates changes in the reflectance spectra to micro-damage in the

substrate material. In order to demonstrate the validity of using PhC sensors for micro-damage

detection, a case study is presented. 

2. Methods

2.1. Finite element (FE) modeling of PhC

A typical PhC consists of a periodic arrangement of inclusion “A” (e.g. silicon) in a matrix “B” (e.g.

polymer). The objective of developing an FE model is to simulate the mechanical response of PhC to

define the relative locations of the inclusions “A” and the matrix “B”. This is because of PhC photonic

response is strongly tied to these relative locations. The FE method is a numerical method used to

simulate mechanical behavior given a constitutive relation describing the material and a set of boundary

conditions. A FE model thus discretizes a structure into nodes connected to one another through elements

described by the constitutive models of the materials enclosed in these elements. The fundamental

principle in FE is to relate the global forces vector {Fi} to the global displacement vector {di} by

considering the global stiffness matrix [K] (Logan 2002). This is described in Eq. (1).

(1)

When modeling a PhC, the stiffness matrix [K] is a function of the PhC topology, materials and

geometry. Due to the complex geometry of a PhC, tetrahedral elements are utilized when meshing

Fi{ } K[ ] di{ }•=

Fig. 5 A three-dimensional FE model of an inverse opal PhC 
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three-dimensional PhC, and triangular elements must be used in meshing two-dimensional crystals. An

example of a FE model for an inverse opal PhC is shown in Fig. 5. The FE model of the PhC is

developed such that it will be subjected to the strains at the location of the substrate where the PhC is

adhered. The FE model output provides or generates the new deformed shape of the PhC with new

relative locations of the matrix and inclusions. These new locations should be mapped to the FDTD

method in order to simulate the photonic reflectance-frequency spectra of a PhC.

2.2. Finite difference time domain (FDTD) modeling of the PhC

Modeling the photonic response of PhC is critical in realizing the change in its reflectance spectra

associated with the change in the periodicity of the PhC. There exist a number of modeling choices for

performing the photonic simulation. For example, Sigalas, et al. (1996) recommended the Transfer

Matrix Method (TMM) while work by El-Kady (2002) and Lin, et al. (2003) proposed the Modal

Expansion Method (MEM). More recently, Ward and Pendry (1998) proved the ability to simulate the

photonic response using the FDTD method. The TMM helps in computing the reflectance and

transmittance of the PhC due to the principal light modes propagating in free space. However, the

complexity of TMM calculations increases by the square of the mesh size, and hence the method is

computationally expensive when a fine modeling grid is needed, as is the case of interest of this study.

While MEM overcomes some of the computational problems with TMM by simulating the photonic

response in the Fourier space, MEM convergence for a PhC under nonuniform strain requires many

Fourier components, making the method computationally expensive.

Given the above limitations, the simulation of the photonic response of the PhC for damage detection

applications was performed in this study using the FDTD method. The FDTD method introduces a

solution of the Maxwell’s equations by replacing the partial derivatives in Maxwell equations (Eqs. (2)

and (3)) by finite differences ψ described by Eq. (4).

(2)

(3)

(4)

Where Φ is the magnetic field vector, E is the electric field vector, ε0 and μ0 are the free space

permittivity and permeability constants, ε and μ are the permittivity and permeability of the PhC

sensor. ψi and Ψi are space coefficients and vectors for a generalized coordinate system,  is the

direction vector that represents the directionality of the field, and t is time. Using the appropriate

initial and boundary conditions, it is possible to obtain the electric and magnetic fields as a function

of time. To obtain the transmission and reflection coefficients, a Fourier transform is applied while

considering the field data as principal light modes propagating in free space. Published literature

indicated that FDTD has proven to be very efficient in simulation of very complex structures (El-

Kady, et al. 2008).
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2.3. Integrated simulation using computational geometry

To simulate the process of micro-damage detection and quantification using PhCs, the two computational

approaches described earlier are integrated; the FE and the FDTD methods. The FE method is used to

simulate microstructural disturbances in the PhC as a result of micron or submicron damage in the

substrate material. The FDTD method simulates the photonic spectral response of the PhC sensor with

both normal (healthy) substrate and when damage occurs in the substrate. The challenge lies in the fact

that the modeling grid used to describe the PhC in FDTD model is different than that used to describe

the PhC in the FE model. The integration between the two methods requires linking the two grid/

meshing systems. This is a fundamental step to accurately simulate the multi-physics of PhC and their

use for micro-damage detection. Fig. 6(a) shows the two different grid systems used in FE and FDTD.

It is suggested that a computational geometry module can be used to map the two grid systems. 

The essence of the proposed approach can be explained by considering point “q” in space with

coordinates (q1, q2, q3) as shown in Fig. 6(b). To test whether a point “q” in space resides inside a

tetrahedron or not, two steps are required. First, a box surrounding the tetrahedron of interest is created

to exclude points that are definitely outside the tetrahedron (O’Rourke 1998). The coordinates of the

tetrahedron are compared to the bounding box coordinates. If a point is outside the bounding box, then

it resides outside the tetrahedron. If the point is inside the bounding box, a second process is used. In

this process a random ray of semi-infinite length must be created (O’Rourke 1998). The ray must be

long enough to guarantee that it will exceed the boundaries of any tetrahedral element. The ray has a

start point q and an end point r as shown in Fig. 6(b). If point q resides inside of the tetrahedron then the

ray  will pass through an odd number of faces of the tetrahedron. If point q resides outside of the

tetrahedron, but the ray still passes through the tetrahedron, then the ray will cross an even number of

faces. The end point r of ray  can be placed randomly anywhere outside the dimensions of the

structure. Every face of the tetrahedron is a plane that can be determined from its vertices as described

by Young (1993).

(5)

The coefficients of the plane A, B, C and D may be determined using basic plane equations and three

points on the plane (x2, y2, z2), (x3, y3, z3) and (x4, y4, z4) (Young 1993). The ray  must be scaled to

q  r

q  r

Ax By Cz D–+ + 0=

q  r

Fig. 6 Geometrical mapping module to relate coordinates of the FE mesh to that of the FDTD mesh (a) connecting
FE and FDTD meshes of the inverse opal and (b) checking if a point resides inside a tetrahedron
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determine if it crosses one of the faces of the tetrahedron. A unit vector normal to a plane  is defined

as: =(A, B, C) where A, B and C are derived from Eq. (5). Any point on this plane such as P(x2, y2, z2)

is subject to the equation where the dot product (•) yields D:

(6)

The ray is then scaled to determine its intersection with the plane. O’Rourke (1998) described the

scaling variable, t, as 

(7)

When the denominator of Eq. (7) becomes zero, then the ray  is parallel to the plane of interest.

When the numerator is zero, then point q is on the plane. For all other values of t the  ray is

intersecting the plane. This process is repeated for all four planes forming the tetrahedron. Finally, to

determine if q resides on one element vertex of the tetrahedron, three new tetrahedrons are formed from

two vertices of the triangle and points q and r (O’Rourke 1998). The volumes of the tetrahedron are

then calculated and the volume signs are evaluated. 

2.4. Damage quantification using fuzzy set theory

It is well established that damage detection and recognition is usually based on observing changes in

the damage feature with reference to the material response at healthy performance periods (Grandt

2004, Altunok, et al. 2007). In this paper, a new damage feature that relates the level of damage in the

material to the reflectance spectra of a PhC sensor attached to the material surface is proposed. The

proposed feature is based on comparing the reflectance spectra in damaged and undamaged/healthy

states. Quantitative analysis of the damage begins with the assumption that multi-scale damage states in

a material can be described by a finite number of overlapping fuzzy sets, , such that 1 < i < N with N

representing the total number of damage states.

The use of fuzzy set theory allows one to account for the fuzziness and nonspecificity types of

uncertainty that are usually encountered in modeling damage. Nonspecificity expresses the uncertainty

in damage due to lack of certain distinctions characterizing damage while fuzziness expresses the

uncertainty in damage boundaries due to the lack of sharp boundaries separating damage levels (Klir

2006). To elaborate, it is recognized that such uncertainties in damage have always been a challenge

that has hindered precise damage modeling due to the inherent overlapping in damage states and the

absence of a method to measure damage (Lemaitre and Desmorat 2005, Reda Taha and Lucero 2005).

With the above definition, damage at the ith photonic response/damage state can be considered by the

relative damage metric DMi described after Ross (2004)

(8)

 and  are the fuzzy sets/vectors representing the healthy and ith damage state in the material, k is

a counter and n is the total number of observations in each fuzzy vector, and 
^

 and  are the minimum

and maximum operators respectively. The damage metric DM is equal to one when the material is

completely damaged (suffering from severe micro-damage), and is equal to zero when the material is

undamaged (similar to healthy performance). D is the scale used to relate mechanical damage to the damage
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metric. The damage scale D can be identified by calibration of the metric at several damage levels

(submicron, micro, etc.). Calibration is necessary to allow the use of the technology for non-destructive

testing applications. Such calibration is possible using constitutive modeling of the substrate material.

Details on damage calibration process go beyond the scope of work here but can be found elsewhere

(Sheyka 2008).

3. Case study

The purpose of this case study is to evaluate the integrated simulation environment for PhCs. The

simulation environment begins with a FE model, which is mapped to an FDTD grid using a

computational geometry approach. The FE model of PhC was developed in ANSYS® FE Code. The

model represents a unit cell of an inverse opal PhC. The z-axis is parallel to the (111) direction of the

FCC structure. The unit cell may be copied along any direction (x, y, z) to yield an entire inverse opal

PhC. An isometric view of the FE model of the PhC is shown Fig. 7. The unit cell has dimensions of

0.707 μm by 1.22 μm by 1.7321 μm. The PhC has a lattice constant of 0.707 μm and a submicron sphere

radius of 353 nm. The inverse opal PhC matrix is made of polymethyl methacrylate (PMMA) and the

periodic inserts are made of air spheres. Material properties of PMMA include Young’s modulus 2.24

GPa, Poisson’s ratio 0.35 and ultimate strength 53.8 MPa (Callister 2003). The model is assumed to be

linear elastic and isotropic. Tetrahedron elements with 8 nodes and three-degrees of freedom at each

node were used to model the PhC unit cell. The nodes may translate in the x, y and z directions

respectively. The model contains 114,358 elements and 23,946 nodes. Due to symmetry conditions, the

boundary conditions were only applied to four faces of the model. Three areas where given zero

displacements in the direction normal to their plane. A given displacement was applied upon the face

parallel to the y-z plane. The FE model output (i.e. the deformed shape of the unit cell) was directed to

the FDTD model using the computational geometry module. The FDTD model was then used to

simulate the photonic response of the PhC sensors. 

Four cases representing three states of damage, in addition to the healthy case, were modeled. These

include Case 1: representing the healthy substrate, Case 2: PhC sensor observing local uniform strain of

Fig. 7 Isometric view of inverse opal unit cell
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(5%) at the substrate, Case 3: PhC sensor observes significantly high local uniform strain of (20%) at

the substrate and Case 4: PhC sensor observes non-uniform local strain field due to damaged substrate.

Strain distributions associated with Cases 2, 3 and 4 are shown in Fig. 8.

In each case, a unit cell was modeled in using the FE method and the geometry of the deformed PhC

was mapped and transferred to the FDTD method using the computational geometry module. The

FDTD model simulated the PhC structure subjected to the strain fields for the different simulation

cases. The PhC structure consists of 10 unit cells (7 microns in length) in the direction of strain application.

The PhC sensor photonic response was then simulated using the FDTD method. The spectral response

of each case was then compared to Case 1 and the damage metric DM to quantify damage in the

substrate was computed.

4. Results and discussion

The FE model developed in this study was capable in simulating the behavior of the PhC sensor unit

cell. The bandgap is the region of the spectral where 100% of the photons are reflected. Fig. 9 shows

that the reflectance spectral of the PhC sensor for Case 1 modeled using the FE-FDTD integrated

approach showed a bandgap between 68 and 78 THz (Terahertz). It can be also observed in Fig. 9 that

when a PhC sensor experienced uniform local strains of 5 and 20% (Case 2 and Case 3), shifts in the

bandgap towards low frequency were observed. This is due to the scale invariance of Maxwell’s

equations underlying PhC physics (Joannopoulos, et al. 2008). As shown in Fig. 9, this shift is much

more pronounced in Case 3 as compared with Case 2 due to the relatively local uniform strain in Case 3

(20%). As the substrate becomes damaged the spectral response begins to loose the overall shape of the

bandgap. Case 4 with of the non-uniform strain shown in Fig. 7 resulted in a significant shift in the

bandgap as shown in Fig. 9. It is important to note that the 5 and 20% strains in the PhC (Cases 2 and 3)

represent deformation magnitudes of 350 nm (nanometer) and 1.4 μm (micrometer) in the substrate

respectively. This represents the significantly high resolution of the PhC sensor. Finally, the non-

Fig. 8 Strain distributions for Cases 2, 3 and 4
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uniform strain represented in Case 4 results in a deterioration of the bandgap profile specially at the

high frequency region > 68 THz as shown in Fig. 9. 

The bandgap profiles shown in Fig. 9 were used to compute the relative damage metric DM for the

three cases as shown in Fig. 10. The damage metric shows a distinct difference between the

undamaged case: Case 1: (DM = 0), the cases with uniform local strains, Case 2 (DM = 0.29), Case 3

(DM = 0.41) and Case 4 (DM = 0.71). DM values indicate relatively medium damage in Cases 2 & 3

and relatively severe damage in Case 4. It is important to realize that the damage metric only provides

an indication of relative damage rather than absolute measure of damage. Realizing absolute measure

of damage requires calibration of the damage metric using mechanical testing (Sheyka 2008). The

results prove the sensitivity of the PhC sensor to detect micro-damage in a substrate adhered to it. 

Combining the PhC technology with the proposed damage quantification method showed promising

results indicating the ability of the proposed PhC sensor to detect and quantify micron and submicron

damage in materials. Experimental validation of the proposed simulation is necessary to prove the

Fig. 9 Reflectance spectral for the four case studies showing the effect of damage on bandgap profile of PhC
sensors

Fig. 10 Relative damage metric (DM) values for all cases
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ability of the PhC sensor and is provided elsewhere (Sheyka 2008).

5. Conclusion

This article provides a proof of concept showing the possible use of new photonic sensors based on

PhC technology for micro-damage detection and quantification. A simulation approach, integrating the

FE method and the FDTD method by means of a computational geometry approach is presented. In

addition, a method to quantify micro-damage detection in substrates adhered to the photonic sensors is

introduced. Numerical simulation results confirmed the PhC sensors ability to detect and quantify

multiple damage cases in an inverse opal PhC attached to a PMMA bar. The simulation also demonstrated

the sensitivity of the photonic sensor. Combining the PhC technology and the proposed damage

quantification technique provides a new sensing technology to probe damage at micron and submicron

scales. A new boundary for micro-damage detection not reported before is presented.
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