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PREFACE

This volume of Applied Mechanics and Materials contains the papers presented at the
joint 2011 Annual British Society for Strain Measurement Conference and the 2011 Fall
Society for Experimental Mechanics Conference. This is the first time that the two
societies have organised their conferences together. However, it is the sixth time that the
papers from an Annual British Society for Strain Measurement Conference have been
published as a collection in a volume of Applied Mechanics and Materials. The 82
papers in this volume represent the diverse nature of Experimental Mechanics with a
focus on Integrating Simulation and Experimentation for Validation. The papers come
from both academia and industry with more than half the contributions coming from
outside the UK, reflecting the international nature of this event. We thank the authors
and the referees for their hard work and dedication in the preparation and review of the
papers.

We thank the organising committee and in particular, Paul Manning and Biana Gale, of
the BSSM, for their effort and support in helping us compile this volume.

Richard Burguete, Airbus

Margaret Lucas, University of Glasgow
Eann Patterson, Michigan State University
Simon Quinn, University of Southampton

May 2011
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What Optical Metrology can do for Experimental Mechanics?

Wolfgang Osten
Institut fir Technische Optik, Universitat Stuttgart,
Pfaffenwaldring 9, D-70569 Stuttgart, Germany

osten@ito.uni-stuttgart.de

Keywords: optical metrology, digital mage processing, experimental stress analysis, non-
destructive testing, material parameters, calibration, remote metrology, remote laboratories.

Abstract. Optical metrology has shown to be a versatile tool for the solution of many measurement
and inspection problems. The main advantages of optical methods are the non-contact nature, the
non-destructive and areal working principle, the fast response, high sensitivity, resolution and
accuracy. Consequently, optical principles are increasingly being considered in many areas where
reliable data about the shape, the surface properties, the state of stress and the strength of the object
under test have to be acquired. However, these advantages have to be paid with some serious
disadvantages that are mainly connected with the poor features of identification problems. In this
article several examples are presented where optical metrology is helpful for experimental
mechanics. The presentation is mainly focused on two topics: the acquisition of quantitative data for
experimental stress analysis and the solution of inspection problems by holographic non-destructive
testing. Some current aspects such as modern approaches for the solution of identification problems,
the installation of remote laboratories and the calibration of measurement set-ups by specially
engineered calibration samples are discussed finally.

1. Introduction

Look quickly but don’t touch is an important rule not only for modern measurement and testing
systems in industrial quality control but also for many related inspection tasks. What is required are
measurement and inspection techniques that are very fast, robust, and relatively low cost compared
to the products being investigated. Modern full-field optical methods such as holographic
interferometry, speckle metrology, moiré and fringe projection provide a promising alternative to
conventional approaches such as the tactile measurement. The main advantages of these optical
methods are: non-contact, nondestructive and fieldwise working principle, fast response, high
sensitivity and accuracy (typical displacement resolution of a few nanometers and strain values of
100 microstrain), high resolution of data points (e.g. 1000x1000 points for a sub-mm field of view),
and the advanced performance of the system, i.e., automatic analysis of the results and fast data
processing in order to meet the requirements of the underlying numerical or analytical model.
Consequently, optical principles are increasingly being considered in all steps of the evolution of
modern products. Relevant applications cover such important fields as testing of lenses and mirrors
with respect to optical surface forms, design optimization of components by stress analysis under
operational load, on site investigation of industrial products and artwork having complex structures
and surfaces with the purpose of material fault detection and, last but not least optical shape
measurement as a meanwhile indispensable tool for the reverse engineering of almost any objects.

The basic principle of the methods considered here consists either in a specific structuring of the
illumination of the object by incoherent projection of fringe patterns onto the surface under test or
by coherent superposition (interference) of light fields representing different states of the object. A
common property of most of the methods is that they produce a fringe pattern as output. In these
intensity fluctuations the quantities of interest - coordinates, displacements, refractive index and
others - are coded in the scale of the fringe period. Using coherent methods this period is
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determined by the wavelength of the interfering light fields. In the case of incoherent fringe
projection the spacing between adjacent lines of the projected intensity distribution can be tuned
very flexible by modern spatial light modulators with the purpose to control the sensitivity and scale
of the measurement.

In the following chapters several examples are presented where optical metrology is helpful for
experimental mechanics. The presentation is mainly focused on two topics: the acquisition of
quantitative data for experimental stress analysis and the solution of inspection problems by
holographic non-destructive testing. Some current aspects such as modern approaches for the
solution of identification problems and the installation of remote laboratories are discussed finally.
However, to emphasize the special quality of optical metrology as a procedure where an inverse
problem has to be solved we start with a short discussion of the peculiarities of identification
problems.

2. Some Words about Identification Problems

The problems in optical metrology are very similar to those of computer vision. Both disciplines
process image like input and use methods of image analysis to derive a symbolic description of the
image content or to reconstruct various physical quantities from the acquired intensity distribution.
The well known paradigm of Marr [1], according to that computer vision is the development of
procedures for the solution of the inverse task of the image formation process, describes nothing
else as the task to conclude from the effect (e.g. the intensity I(i,j) in the pixel (i,j)) to its cause (e.g.
the of the related object point P(x,y,z). In other words, an inverse problem has to be solved. From
the point of view of a mathematician the concept of an inverse problem has a certain degree of
ambiguity which is well illustrated by a frequently quoted statement of J.B. Keller [2]: ,,We call two
problems inverses of one another if the formulation of each involves all or part of the solution of the
other. Often for historical reasons, one of the two problems has been studied extensively for some
time, while the other has never been studied and is not so well understood. In such cases, the former
is called direct problem, while the latter is the inverse problem‘. Both problems are related by a
kind of duality in the sense that one problem can be derived from the other by exchanging the role
of the data and that of the unknown: the data of one problem are the unknowns of the other and vice
versa. As a consequence of this duality it may seem arbitrary to decide what is the direct and what is
the inverse problem. For physicists and engineers, however, the situation is quite different because
the two problems are not on the same level [3]: one of them, and precisely that called the direct
problem, is considered to be more fundamental than the other and, for this reason is also better
investigated. Consequently, the historical reasons mentioned by Keller are basically physical
reasons.

Processes with a well-defined causality such as the process of image formation in optical
metrology are called direct problems. Direct problems need information about all quantities which
influence the unknown effect. Moreover, the internal structure of causality, all initial and boundary
conditions and all geometrical details have to be formulated mathematically [4]. To them belong
well-known initial and boundary value problems which are usually expressed by ordinary and
partial differential equations. Such direct problems have some excellent properties which make
them so attractive for physicists and engineers: If reality and mathematical description fit
sufficiently well, the direct problem is expected to be uniquely solvable. Furthermore it is in general
stable, i.e. small changes of the initial or boundary conditions cause also small effects only.

Unfortunately, numerous problems in physics and engineering deal with unknown but non-
observable values. If the causal connections are investigated backwards we come to the concept of
inverse problems. Based on indirect measurements, i.e. the observation of effects caused by the
quantity we are looking for, one can try to identify the missing parameters. Such problems also
called as identification problems are well known in optical metrology: the recognition and
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interpretation of subsurface flaws using ONDT and the reconstruction of phase distributions from
the observed intensity. Inverse problems have usually some undesirable properties: they are in
general ill-posed, ambiguous and unstable. The concept of well-posedness 1s addressed here.

The concept of well-posedness was introduced by Hadamard [5] into the mathematical literature.
He defined a Cauchy-problem of partial differential equations as well-posed, if and only if, for all
Cauchy-data there is a uniquely determined solution depending continuously on the data; otherwise
the problem is ill-posed. In mathematical notation an operator equation

Fx)=y (1

is defined as well-posed with a linear operator F € £(X,Y) in Banach spaces X and Y if the
following three Hadamard conditions are satisfied [5]:

1. F(x)=y has a solution x € X for all y € Y (existence),

2. This solution x is determined uniquely (uniqueness),

3. The solution x depends continuously on the data y, i.e., the convergence |[yn,-y||- 0 of a
sequence {y,}={F(xn)} implies the convergence |[x,-x||—0 of corresponding solutions
(stability).

If at least one of the above conditions is violated, then the operator equation is called ill-posed.
Simply spoken ill-posedness means that we have not enough information to solve the problem
uniquely.

In order to overcome the disadvantages of ill-posedness in the process of finding an approximate
solution to an inverse problem, different techniques of regularization are used. Regularizing an
inverse problem means that instead of the ill-posed original problem a well-posed related problem
has to be formulated. The key decision of regularization is to find out an admissible compromise
between stability and approximation [6]. The formulation of a sufficiently stable auxiliary problem
means that the original problem has to be changed accordingly radically. As a consequence one
cannot expect that the properties of the solution of the auxiliary problem coincide with the
properties of the original problem. But convergence between the regularized and the original
solution should be guaranteed if the stochastic character of the experimental data is decreasing. In
case of noisy data y the identification of unknown quantities can be considered as an estimation
problem. Depending on the linearity or non-linearity of the operator F, we than have linear and non-
linear regression models, respectively. Consequently, least-square methods play an important role in
the solution of inverse problems:

IF()-ysl* ~ min 2

with ye=y+te.

For the solution of inverse/ill-posed problems it is important to apply a maximum amount of a-
priori knowledge or predictions about the physical quantities to be determined. Always the question
has to be answered if the measured data contain enough information to determine the unknown
quantity uniquely. In case of direct problems where the data result from the integration of unknown
components data smoothing happens. As an example may serve the response of a fault under the
surface to an applied load. The effect can only measured at the surface after the answer of the fault
propagates through the material. Consequently, the direct problem is a problem directed towards a
loss of information and its solution defines a transition from a physical quantity with a certain
information content to another quantity with a smaller information content. This implies that the
solution is much smoother than the corresponding object. Consequently, the information about
certain properties of the defect gets lost and therefore very different causes may cause almost the
same effect after integration. The ambiguous relation between the observed fringe pattern appearing
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on the surface and its corresponding cause under the surface - the material fault — is a well known
example for specialists in HNDT. The response of the fault to the applied load is smoothed since
only the displacement on the surface gives rise to the observed fringe pattern. Because of the
mentioned integration process these fringe patterns show a limited topology [7,8]. On the other
hand, a big variety of different fringe patterns can be observed depending on the structural
properties of the object under test, the existing faults and the applied loading. Therefore, the
practical experience shows that fixed recognition strategies based on known flaw - fringe pattern
relations are successful only if the boundary conditions of the test procedure are limited in an
inadmissible way. Since such conditions cannot be guaranteed, generally more flexible recognition
strategies — we call them active strategies [8,9] - have to be developed. Most of the “classical”
regularisation procedures [4, 10] refer to a spatial neighbourhood and are applied in passive
methods of image analysis. In contrast to these passive methods active approaches in optical
metrology prefer another way to handle the difficult regularization problem (see §4) [11].

3. Optical Metrology for Experimental Stress Analysis

There are many examples where modern optical metrology has already proven its advantages for
the solution of problems in experimental stress analysis such as the reconstruction of material
parameters in microsystems technology [12,13]. The increasing trend towards miniaturization has
caused a dramatic progress in the development of Micro-Electro-Mechanical Systems (MEMS) and
Micro-Opto-Mechanical Systems (MOEMS). However, the reliability of such systems is an
important issue that still requires advanced research. For the quality inspection, it is not only
necessary to know their geometry but also the displacements or deformations due to mechanical,
thermal or electrostatic loads. The measurement of the deformation of micro-mechanical systems
may be used for the calculation of strain and the knowledge about the applied forces allows in
combination with corresponding material laws the derivation of stresses and material parameters as
well. This information may then be used for the validation of FEM models and for the detection of
any imperfections in microsystems. Since the structures themselves exhibit typical dimensions of
the order of some micrometers, it is necessary to measure the deformation with an accuracy in the
nanometer range. A set of non-contacting procedures suitable for the measurement of shape,
roughness, deformations and strain of small objects has been developed over the last years [14]. The
potential of such methods has been demonstrated, and shape and roughness measurement systems
are currently used in industry. Techniques for the measurement of deformation and strain have been
successfully tested in the laboratory; so far, their use in an industrial environment takes place
however in few cases only. A deficit is that calibration procedures are not available yet or, more
precisely, these have only been developed for macroscopic components [15]. Therefore we start
with the presentation of a calibration sample that was developed recently for the calibration of
measurement setups in microcomponents testing [16], then we show some examples for the
determination of shape and displacement data on example of digital holography and finally the
reconstruction of material parameters is discussed. Fig. 1 shows a schematic outline of the
evaluation process on example of holographic techniques.

3.1 Calibration of the Measurement Setup

The different steps necessary for the calibration of a setup for the measurement of MEMS are
schematically shown in Fig. 2 and demonstrated as follows. This procedure has a general character
and the designed reference devices may be used for calibrating different measurement systems
applied in the laboratory or the production environment. The applied reference devices should have
small dimensions (MEMS generally range in size from a micrometer to some millimeters) and
surface finish typical of microsystems. The reference can be regarded as MEMS itself, which meets
particularly high requirements in terms of reproducibility and stability. Microdevices are built using
materials with different mechanical characteristics in order to be able to perform different functions
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(e.g. actuator, sensor), and their surfaces are usually characterized by low roughness (few
nanometers). Silicon (Si) is the mostly used material for the fabrication of MEMS. Consequently,
the reference materials use a silicon substrate coated with elements made of polycrystalline silicon
and metal electrodes.

Object
Holographic Holographic
Interferometry Contouring
Calibration Calibration
v v
Phase Data Phase Data
v v v
Displacement 4 Shape Data | FE-Model
Data

v v

Model based Simulation and Data Reconstruction

Fig. 1: Evaluation scheme of material properties based on a combined shape and deformation
measurement

Several references are needed in order to cover the different translation and deformation principles
typically used in MEMS: 1D translation, 2D and 3D translation, Rotation around several axes,
1Dand 2D tensile strain, and 1D ... 3D dynamic deformation (vibration). All these modifications
must be generated in a reproducible way by application of defined loads. Traceability (which is
defined as an unbroken chain of measurements relating an instrument's measurements to a known
standard) is a crucial issue; it is thus necessary to have a well-defined chain that relates the
deformation of the reference microsystem to the International System of Units (SI). A reliable and
common way of obtaining reproducible displacements and deformations in MEMS is to activate
them by means of an electric potential difference (Volts, V) which induces a given translation or
surface deformation (meters, m). The chain from the voltage application to the deformation can be
clearly described by simple physical rules.

Guidelines for > Design & Making > Characterization
MEMS References of the Reference of the Reference —‘

L Determination of Uncertainty > Calibration of Measurement
and Assurance of Traceability Systems using the Reference

Fig. 2: Strategy for the calibration of optical measurement systems for the inspection of
microcomponents by using especially designed MEMS references

Two types of reference devices were designed and fabricated to ensure a calibration of 3D-
measurement systems: a 1D in-plane translation sample and an out-off-plane sample (see Fig. 3)
[16,17]. The in-plan device, for instance, consists of an inner movable part connected to an outer
fixed frame through 1125-um-long, 10-um-wide springs, obtained from the active layer of silicon-
on-insulator (SOI) by a common technology employing deep reactive ion etching (DRIE) of
crystalline silicon followed by an HF-based release step, which selectively removes the oxide
(insulator) layer at the end of the process, leaving the movable parts suspended. The total size of the
structure is 7x7 mm? but the moving parts inside are much smaller. A particularity of such layout is
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that uni-axial, in-plane displacements are insured by geometrical constraints. The motion of the
central part of the microactuator can be obtained from both mechanical and electrostatic
mechanisms, by applying a voltage to a comb-drive exciter (500 fingers each 10-um-wide, spaced
by 4 um) or by inserting the tip of an external actuator in a predefined window opening on the chip.
The calibration procedure is described in [16,17,18].

lll!_lllJ‘

Fig. 3a: In-plane calibration sample Fig. 3b: Out-off-plane calibration sample

3.2 Shape and Displacement Measurement of Small Components by Digital Holography

To demonstrate the combined shape and displacement measurement by digital holography as test
object a small electrical 2.2kQ resistor is used, Fig. 4a. Its shape is registered using the multi-
wavelengths technique [19]. The differences of the wavelengths are AL = 0.03nm, 0.5nm and 3.0nm
(at a working wavelength of A = 591,01lnm). This results in synthetic wavelengths of 1.16cm,
0.7mm and 117um, Fig. 4b,c,d. Here one fringe represents approximately half of the synthetic
wavelength. The hierarchical unwrapping algorithm [19] was applied and finally the phase map was
transformed into a height map (Fig. 4e). The result is plotted as a 3d-plot for a better visualization,
Fig. 4f. For the inspection of the thermal behavior of the resistor an electrical voltage is applied that
causes a heating and deformation of the surface. Due to the applied voltage the resistor was heated
from 28,84°C to 37,44°C. The wrapped and unwrapped interferograms, Fig 5a, b, show the phase
difference of the digitally reconstructed phases before and after the thermal loading. The fringes in
Fig. 5a represent the deformation in the direction of one of the sensitivity vectors. Each fringe
represents a deformation of about A/2 or 295nm. The 3d-plot in Fig. 5S¢ shows the displacement field
as small arrows on the surface of the object. The deformation is magnified by a factor 106 relatively
to the shape. The measured data were compared with measurements performed by a scanning
triangulation sensor of high precision (=100nm). Matching the shape data sets shows that the noise
level of the interferometric method is about 1:20 of the smallest synthetic wavelength Agy,'. In this
example the uncertainty in the measurement data is £6pum.

3.3 The determination of material parameters of microcomponents using digital holography

The implemented system described in the following is a first step in the direction of a reliable
determination of material parameters with optical metrology [13,14]. It is based on a consistent
interferometrical shape and deformation analysis in combination with adapted loading equipment.
The precise measurement of coordinates, displacements and forces allows the determination of
several material parameters like the Poisson-ratio, the Young’s modulus and the thermal expansion
coefficient. For the evaluation of the system performance an appropriate class of test samples was
created consisting of micro silicon beams, membranes and tongues [20].
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a) Photograph of the resistor (ruler scale is cm) b) Wavelength Contouring Interferogram with AA =
0.03nm

¢) Wavelength Contouring Interferogram with AL = 0.5nm d) Wavelength Contouring Interferogram with AL =
3.0nm

¢) Unwrapped interference phase f) 3d plot of the shape of the resistor
Fig. 4: Shape measurement of a resistor using digital holography and multi-wavelengths contouring

Shape: mm
Deformation:pum

a) mod 2 interfe- b) Unwrapped interference ¢) Combined shape and deformation plot of the resistor..
rence phase phase

Fig. 5: Displacement field of the heated resistor
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The schematic set-up of the optical part is shown in Fig. 6a. The compact digital-holographic
interferometer consists of an optimized arrangement with 4 illumination directions and 1
observation direction to measure the 3D-displacements and coordinates precisely, Fig. 6b.

Computer

Laser

Frame Grabber

Camera
T

1 o
—h / lllumination Waves

L—1 Reference Wave
Shutter

a) Schematic set-up of the interferometer b) Compact digital holographic interferometer with 4
illumination directions

Fig. 6: The compact digital-holographic interferometer [13]

a) The determination of the Poisson ratio of microbeams

The physical models used for the determination of the material’s properties can be of any desired
complexity. Simple models are easy to handle but imply errors in the evaluation of the physical
quantities. Thus material properties should always be specified together with the applied model. For
the demonstration of the whole measurement procedure we prefer rather simple models that assume
linear elastic behavior of the specimen. The determination of the Poisson ratio by holographic
interferometry is a well known example of the efficiency of coherent-optical methods [21]. Digital
Holography provides a relatively simple way to determine this quantity. Moments of force are
applied to a rectangular sample at opposite sides. Fig. 7a shows a typical loading machine designed
especially for small objects. The small dimensions of the samples demand a precise adjustment of
all components. Unwanted torsions of small magnitude are corrected numerically which is easy with
the use of the mod 2n-phase maps from digital holography [22]. The deflection causes hyperbolic
fringe structures, Fig. 7b. Conventionally, the Poisson ratio is derived numerically from the angle
between the asymptotic lines of the fringes of equal phase [21]. The deformation can be formulated
in first order approximation by the following equation.

1 2 2 2
u(y,z)z—ﬁ[y +U(a -z )] 3)

Here u means the deformation in x-direction at position (y,z) on the surface of the object. v stands
for the Poisson ratio. R is the radius of curvature and a is a parameter which will not be of any
importance during the following evaluation process. R results from a slight deflection in the initial
state. This helps to ensure a proper mechanical contact between the support and the sample. Eq. (3)
makes clear that the upper and lower surface of the sample are deformed to parabolic curves where
the inside is bent in a convex way and the outside is curved in a concave way. Since this analytical
model contains the Poisson ratio as a parameter it is possible to use the measured deformation for its
evaluation. This is performed numerically by approximating the model to the data (Fig. 7c) with a
least-square-fit, Fig. 7d.
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Micrometer Screw Micrometer Screw

Loading Device
I Beam
|

- I 7 > u/k ‘ i .
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lllumination Direction Observation Direction HAEy } '. X \
a) Schematic experimental setup b) Reconstructed mod 2n-phase map
10
ufum] o -20
-10
07 10 YIPixel]
zZPixel] 0 5 2
¢) Unwrapped phase field d) Approximated function according Equ. (3)

Fig. 7: The measurement of the Poisson ratio by Digital Holography

The values obtained by this method show a good reproducibility and accuracy in comparison to
conventional optical techniques for small samples. Table 1 contains some of the results for beams
made of spring steel, structural steel and titanium. The values correlate with the values given by the
manufacturers within the tolerances of the material batches [13].

Material Width [mm)] Thickness [mm] | Length [mm] |Poisson ratio: measured
& [literature]
spring steel 1,2 0,2 12 0,288 [0,29-0,31]
spring steel 2,0 0,1 12 0,301 [0,29-0,31]
structural steel 1,0 0,5 10 0,338 [0,29-0,31]
structural steel 1,5 0,5 10 0,345 [0,29-0,31]
titanium 2,0 0,8 10 0,359 [0,361]
Titan 1,5 0,8 10 0,381 [0,361]

Table 1: Measured Poisson ratio of different materials

b) The determination of the Young’s modulus of microbeams

The Young’s modulus can be determined in a similar way as the Poisson ratio if the physical model
contains this quantity as a parameter. We use small silicon beams as shown in Fig. 8 which are
clamped at one edge and mechanically loaded with a defined force at the opposite edge. The 3d-
surface displacements d(u,v,w) (Fig. 8c) can be measured with the interferometer by evaluating at
least 3 interferograms (Fig. 8b) mde with different illumination directions [23]. A model of the
beam bending containing the Young’s modulus E as a free parameter is the basis for a numerical fit
of the experimental values:

uly) = L- (2—3l+y—3J )
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u is the displacement in x-direction, y a position on the beam of the length 1. I, is the axial moment
of inertia in the (x,z)-plane that can be estimated with the help of a shape measurement. F is the
force applied to the tip of the beam. The applied forces are relatively small so that a special loading
mechanism was developed, Fig. 8a. The spring constant k is assumed to be known precisely as well
as the displacement Aa=a-a’. With this information the force can be evaluated with the equation

F=kAa (5)

a) Working principle of the loading mechanism b) 4 interferograms recorded from four different illumination
for the small samples directions

40002 0003 0.004 0005 0.006
m
}"'5 Rz -6 y [m]
LI ~210
R o,
RAEZLLL
_5 s -4 1076
-6 1076
u-component
& -8 106
um Z
5 simulation
0 measurement
-5
¢) Deformation calculated in Cartesian d) Profile of the deformation in x-direction

coordinates (scale of the plots in pum)

Fig 8: Determination of Young’s modulus by digital holography

Several experiments with thin beams made of silicon (dimensions: length 3mm, width 1mm)
delivered an average value of E=162MPa. The literature value (in the considered crystal direction)
is about 166MPa. These values can vary in a big range according to the material’s history, treatment
and degree of impurity.

¢) The determination of the thermal expansion coefficient of microbeams

For the interferometric investigation of the thermal behavior of various specimens it must be
ensured that thermal turbulences and non-uniform temperature distributions are avoided. Therefore
a vacuum chamber that can be supplied with adapted loading devices was constructed, Fig. 9a. The
used thermal loading device is capable of keeping a constant temperature within an accuracy of
0,02°C in a range of about 20°C up to 180°C. The holographic interferometer was mounted outside
at the observation window of the chamber, Fig. 9b.
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a) Vacuum chamber with the supply channel b) Interferometer mounted on the inspection window

Fig. 9: Inspection system for the investigation of micro-components with respect to material
parameters (the device shown in Fig. 9a is made by CWM Chemnitz)

As a test object a mono-crystal silicon beam with 4,5 Qcm phosphor coating was used. The

interferograms are recorded at different temperature differences. The complete evaluation process

can be summarized as follows:

* the geometry of the setup was measured to get the geometry matrix for the evaluation of the 3
displacement components,

* 4 holograms are recorded in the initial state of the object,

* the object is loaded thermally and recorded holographically from four different illumination
directions,

= the displacement vector components (u,v,w) are calculated based on the evaluation of the 4
interferograms,

* rigid body motions are separated from internal deformations of the object itself by subtracting
the mean movement from the displacement values.

The absolute length change AL is determined as well as the total length of the beam which can be

performed by using the imaging properties of Digital Holography. The thermal expansion

coefficient in y- and z-direction can simply be calculated by using the equation

AL

CTLAT ©)

(o]

The extension in x-direction is too small to be detectable with the applied method.

As an example the thermal expansion coefficient a of a small 2mm x 9mm x 100pm mono-
crystal silicon beam is measured. Fig. 10 shows the four resulting interferograms. The applied
temperature difference AT was 30°C. After elimination of the rigid body motion the three
deformation components are evaluated as shown in Fig. 11. Considering the dimensions of the beam
we receive a value for a of about o = 2,92x10° 1/K. The literature values vary in a big range due to
different measurement methods, conditions and material batches: o= 2,4 .. 6,7><10'6 1/K.
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9mm

a) [llumination direction 1 a) u-component

2mm |

omm " 0,25um

b) Illumination direction 2 b) v- component

¢) w-component

d) llumination direction 4

Fig. 10: 4 interferograms due the deformation  Fig 11: 3d-displacement components (u,v,w)
of the object by thermal load

4. Optical Metrology for Non-Destructive Testing

Modern optical measurement techniques such as fringe projection, moiré¢ techniques, holographic
and speckle metrology can be applied not only for high precision quantitative analysis of
displacement and strain fields (see §3) but also for non-destructive inspection of simple objects and
complex structures with regard to surface and internal flaws. These flaws are recognized by the
evaluation of the resulting fringe patterns with respect to characteristic pattern irregularities as for
instance "bull eye"-fringes, distorted fringes, locally compressed fringes, dissected and mutually
displaced fringes. Based on practical experience and knowledge about the material behaviour as
well as on the boundary conditions of the experiment the flaw can be classified as e.g. void, debond,
delamination, weak area, crack or similar imperfection. The methods have been applied
successfully for industrially relevant testing problems in different fields: quality control of circuit
boards and electronic modules, inspection of satellite fuel tanks and pressure vessels, tire testing,
glass and carbon fibre reinforced material testing, investigation of turbine blades, automobile engine
and car body inspection, building and artwork inspection, see e.g. [24]. However, the automatic
evaluation works not perfect in many cases, since the recognition and classification of fault
indicating patterns in a fringe patterns is often more difficult than the quantitative phase
reconstruction in displacement and shape measurement. The task consists not only in the automatic
recognition of complex patterns within noisy images but also in the systematic evaluation of these
patterns with respect to their cause. First results were reported by Gliinder et al. [25] in 1982. In this
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work an opto-electronic hybrid processor was used for fast and effective data reduction. A complete
digital system for the analysis of misbrazing in brazed cooling panels was proposed by Robinson
[26] in 1983. When the plate is slowly pressurized misbrazing is observed as a closed-ring fringe
pattern before the standard deformation pattern appears. However, the published evaluation
procedure was very time consuming. Another approach [27] that applies parallel hardware was
proposed in 1987. In less than one minute the skeleton of the fringe pattern was derived and two line
features (density and curvature) were determined to recognize flaw induced patterns. Statistical
methods have been applied to the fringe system, since the beginning of automatic evaluation, in
order to detect inhomogeneities [28]. The idea was to detect anomalously higher and lower fringe
densities in either the spatial or frequency domain. This works quite well for simple geometries.
However, when the geometry of the component is complex, the fringe system becomes complex and
will often contain inhomogeneities even in the absence of defects. So these methods fail for
widespread application of HNDT. The fact, that skilled operators can detect fault-indicating fringe
pattern changes even in complex structures leads to the approach of using processing techniques
which apply knowledge to the evaluation of the fringes.

The basic idea in optical non-destructive testing is that a component with a fault will react in a
different manner compared to a sound structure, since the stiffness or the heat conductivity will be
modified locally or globally. The response of the object on a suitable load results in characteristic
fringe patterns when optical methods such as holographic interferometry, shearography or other are
applied, Fig. 12a. The fringe pattern - an example is given in Fig. 12b - can be evaluated to
determine the displacement and the deformation. However, in ONDT the objective is not to evaluate
surface deformations quantitatively but to determine unacceptable local deformations identified by
inhomogeneities in the fringe pattern. The task consists in the detection of fault-indicating fringe
irregularities and in its classification with respect to the fault that caused them. However, not all
inhomogeneities indicate a defect. Consequently, experience and a-priori knowledge about the
object and its respons to artificial and working loads, respectively, is very important for ONDT

The most obvious deficit in all published procedures is the insufficient capability for flaw
classification. Two modern approaches have good potential to overcome this unsatisfactory
situation. The first one applies knowledge-based systems or neural networks to "learn" different
kinds of flaws from simulated or practical examples [29,30]. The second approach combines model-
based simulation methods and practical measurements [11,31,32]. Here the iterative and model-
based approach is described shortly [31].
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Fig. 12: Optical non-destructive testing by holographic interferometry (HNDT)
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Following the current trend in image analysis more flexibility in the processing strategy is
obtained by combining the classical data driven bottom-up strategy, Fig. 13a, with the so-called
expectation driven fop-down strategy [33], Fig. 13b. The first strategy has been proven to be very
efficient but extra effort must be paid to obtain a high image quality and in most cases a-priori
knowledge has to be added by operator interaction to derive an unambiguous solution. The image
formation process is considered as a rather fixed/passive data source and is not actively involved in
the evaluation process.

Sensor
llumination —  Object | —» incl. —»| Preprocessing —» Featur'e +—» Evaluation |—»
Detector Extraction

a) Passive approach: classical data driven bottom-up strategy

Sensors
lllumination —» Object ¥ incl. —» Preprocessing —» Featur.e ——» Evaluation —»
Extraction
Detectors

Actuators

b) Active approach: combination with the expectation driven top-down strategy by driving a feedback loop between the
components responsible for image analysis and image acquisition

Fig. 13: Different image processing strategies

In contrast to this approach the second strategy includes the image formation as an active
component in the evaluation process. Dependent on the complexity of the problem and the state of
evaluation new data sets are actively produced by driving a feedback loop between the system
components which are responsible for data generation (light sources, sensors and actuators) and
those which are responsible for data processing and analysis (computers). Support from other
sensors at different positions, recordings from different time instances or the exploitation of
different physical sensor principles, i.e multi-sensor approaches, are considered in that concept
[8,9]. The strategy which supervises the image analysis is connected to and controlled by the
information gathered by sensors and by a knowledge base. This data base contains the relevant
knowledge about the application, the scene which has been imaged and the image
acquisition/processing methods.

The active approach discussed here combines the knowledge about the pattern formation process
with the possibilities of modern CAE-tools [31, 34]. The basic idea of the model-based approach
and the implemented processing chain are shown in Fig. 14. At the beginning an interferometric
measurement (e.g. made with holographic interferometry, EPSI or shearography) creates an
interferogram containing information about the object under test. Fig. 15a. shows the holographic
interferogram of a model of a satellite tank made from aluminium and loaded with inner pressure
[35]. A first analysis (e.g by skeletonization or phase shifting) and feature-extraction allows to make
a hypothesis about the object and its fault. This hypothesis serves as a basis for a finite-element
model of the object including the fault and considering the experimental conditions, Fig. 15¢ and
15d. With the known circumstances of the experimental set-up a synthetic interferogram of the
object is generated, Fig. 15b, followed by a second analysis and feature-extraction. All properties
(patterns, phase values and relevant features) of both interferograms are compared to decide if the
supposed hypothesis is correct [36]. If the difference between the calculated and the measured
pattern is too big, an iterative process is started to improve the conformance. In that process the
hypothesis is modified in combination with a manipulation of the load (strength and/or type) or
other known boundary conditions. The active approach considers also the generation of a sequence
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of interferograms caused by a continuous increasing/decreasing of the load and/or a change of the
kind of load (thermal load, pressure load, ...). As the result of this iterative approach an improved
hypothesis containing the desired information such as the type of the fault, its criticality, dimension
and location is derived. The feedback loop is finished if the comparison between the fringe patterns
delivered by the simulation loop (direct problem) and the measurement loop (indirect problem) are
in sufficient agreement. The searched fault parameters are defined by the input data of the finite
element model of the final interferogram synthesis.

Experiment Analysis Simulation
Loading Hypothesis
Measurement Simulation
Interferogram » Analysis |« Interferogram
—1
f 4 *
Feature Feature
Extraction Result Extraction
Features Features

Fig. 14: Implementation of the algorithm “Recognition by Synthesis” in HNDT: feedback loop and
combination of a simulation loop for running the direct problem and a measurement loop for running
the indirect problem

The fault detected in the given example was a weakening of the inner part of the satellite tank
wall with the parameters: spheric shape, depth 0,8 mm, diameter 5 mm. The detection certainty
could be improved considerably by an active loading strategy.

5. Remote Metrology and Remote Laboratories for Experimental Mechanics

The idea of remote and virtual metrology has been reported already in 2000 [37,38] with a
conceptual illustration by use of comparative digital holography [39], aimed at the comparison of
two nominally identical but physically different objects, e.g., master and sample, in industrial
inspection processes. In a first step, a digital hologram of the master is generated and stored,
allowing transmission through the Internet. This provides instant, global access to the complete
optical information of the master object [40]. For comparison, the master hologram is optically
reconstructed using a spatial light and projected onto a sample under inspection, resulting in
interferometric patterns that can be analyzed to retrieve the difference between the master and the
test object. However, the concept of remote and virtual metrology can be extended far beyond this.
For example, it does not only allow for the transmission of static holograms over the Internet, but
also provides an opportunity to communicate with and eventually control the physical set-up of a
remote metrology system. Furthermore, the metrology system can be modeled in the environment of
a 3D virtual reality using CAD or similar technology, providing a more intuitive interface to the
physical setup within the virtual world. An engineer or scientist who would like to access the remote
real world system can log on to the virtual system, moving and manipulating the setup through an
avatar and take the desired measurements. The real metrology system responds to the interaction
between the avatar and the 3D virtual representation, providing a more intuitive interface to the
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physical setup within the virtual world. The measurement data is stored and interpreted
automatically for appropriate display within the virtual world, providing the necessary feedback to
the experimenter. Such a system open up many novel opportunities in industrial inspection such as

virtual remote testing and controlling.

a) Real interferogram of the loaded tank with fault indicating
pattern
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Fig. 15: Recognition by synthesis: Some processing steps on example of a model of a satellite tank
with local wall weakening

With the development of broadband Internet and software for remote control, we are able to
make progress toward this goal: to build a remote metrology system based on digital holography.
Our prototype, being developed within the framework of the BW-eLabs project [41,42], does not
intend to implement all the functionality stated above in the current project phase. Instead, we are
building a remote experimental system that can perform deformation measurement on small objects
such as MEMS under various loads on nanometer scale, and 3D holographic microscopic imaging
of (biological) samples on micron scale by providing accessibility from all over the world through
Internet connection. The physical hardware is controlled through LabView (National Instruments)
and will be connected to a 3D virtual reality, based on the Open Source project Wonderland (Sun).
Data storage and retrieval, including a search engine and meta data generation are handled through
the Open Source project eSciDoc [43]. The system is primarily designed for deployment in the field
of scientific research, in particular for international collaboration in joint experiments. Nevertheless,
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it is equally useful in education. In the field of chemistry and chemical engineering, such weblabs
have been widely employed for education of various curriculum at many international leading
universities including MIT in USA and University of Cambridge in the UK [44].

The system architecture for the remote lab is schematically shown in Fig. 16. At the heart of the
architecture is the digital holographic microscopic system, which is hidden behind a proxy server
and can be accessed directly only by an operator at our institute. The computer running the software
necessary for controlling the physical experiment is invisible from the outside. All outside contact is
handled by the proxy server, using an SSH tunnel for encrypted, secure data exchange. Users access
the experiment through the BW-eLabs portal, which authenticates against an eSciDoc user data
base. On successful authentication, an SSH tunnel is opened to the SSH server running on the
proxy, with authentication passed on using PAM (" 'pluggable authentication modules"). eSciDoc
also provides storage and access to experimental data, passing data for automatic configuration of
the experiment, and access to the publication infrastructure of OPUS (OPUS). From the user's
perspective, the functionality of eSciDoc is mostly transparent, working automatically in the
background. eSciDoc is accessible by generic users, providing search functionality based on
metadata generated during the experiment. The roles and rights of users in eSciDoc are rather
complex and can be set individually for each experimental set-up and each set of data (if desired),
protecting against undesired third party access while enabling collaboration between privileged
partners.

Here we describe the functionality implementation of the architecture, focusing mainly on the
setup of the holographic system and the configuration of the remote controlling (i.e. the components
in the green box Fig. 16. The experimental setup of the digital holographic microscopic system is
shown in Fig. 17. A laser of wavelength A is first coupled into a fiber, which guides the beam into a
fiber coupler that subsequently divides the input laser beam into a reference arm and object arm.
The object arm fiber can be switched for different illumination modes, i.e., transmission mode or
reflection mode, depending on the property of the object to be investigated. The object is imaged
through a 20x/0.5 microscopic objective. The reference fiber is coupled into the system using a
beam splitter as shown in Fig. 17 to interfere the reference beam with the object wave. The
microscopic table is mounted on an electric-driven 3D positioner (Physical Instrument), allowing
the user to shift the field of view at sub-micron precision. A CCD camera (SVS16000 from SVS-
Vistek) is placed at a distance x above the microscopic table to record the hologram. The
SVS16000 camera has a large sensing area of 43.3 mm diagonally with 16 M (4896x3280) pixels of
7.4x7.4 microns in size, so that a high numerical aperture (NA) can be obtained when it is placed
close to the object, even in a lenseless configuration. The hologram f(&,n) is captured by the camera
and is transferred to the computer for subsequent processing. The SVS16000 is a Gigabit Ethernet
(GigE) camera, allowing a transmitting rate of as high as 1 gigabit per second, with effect frame
rates of 3fps. It is connected to the host computer through a PCI(e) network interface card with
82541 chip set (for example, Intel Pro/1000 GT PCI card in our case) using an RJ45 network cable.

| eSciDoc, OPUS |
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Fig. 16: Schematic architecture for the remote Fig. 17: Experimental setup of the digital

experimental system holographic microscopic system
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Reconstruction of the object wave is performed numerically. The intensity pattern f(&, 1) recorded
at the coordinate (§,A) in the CCD-plane is first filtered in the spatial Fourier-domain removing the
DC component and the conjugate twin image in the reconstruction. The filtered signal is inverse
Fourier transformed and then propagated and focused in the object plane (x,y) at distance z using
the Fresnel transformation T(z) (approximation of the wave propagation for distances z >> 1)

2(e.,2) = ZPIE [ 12 expl 2 (= )7 + (=) 1
iz 2z

=T (2)(f(&,m) (7
The whole reconstruction process can thus be expressed as
g(r.y.2) = T|F ((FE 7)) ®)

where F denotes the Fourier-Transform and /4 the spatial filtering in the Fourier-Domain. Since the
project is still ongoing, we provide a demo LabVIEW VI (“Virtual Instrument”, the LabView term
for a program) to demonstrate the concept. Fig. 17 shows the frontpanel of the LabView VI with the
image of a webcam showing the physical setup on the top left, the hologram as recorded by the
CCD camera next to it, followed by the numerical reconstruction of the object (in this case, a
biological sample, onion cells) to the left. The hologram was filtered in the spatial Fourier-Domain
previous to reconstruction, removing the DC component and the twin image in the reconstruction to
improve the utilization of the spatial bandwidth of the camera. The other two displays below show
the phase retrieved from the hologram and the phase difference between the currently investigated
hologram and a reloaded, previously recorded hologram for comparative metrology.

W - o
E

Fig. 17: The current Labview front panel, showing a sample of onion cells

Summary

In this contribution several examples were presented where optical metrology is helpful in
experimental mechanics. The presentation was mainly focused on two topics: the acquisition of
quantitative data for experimental stress analysis and the solution of identification problems in
holographic non-destructive testing. Here an active and model-based strategy was proposed. Some
current aspects such as the calibration of measurement setups and the installation of remote
laboratories were also discussed.
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Abstract. With increasing understanding of the important role mechanics plays in cell behavior, the
experimental technique of traction force microscopy has grown in popularity over the past decade.
While researchers have assumed that cells on a flat substrate apply tractions in only two dimensions,
a finite element simulation is discussed here that demonstrates how cells apply tractions in all three
dimensions. Three dimensional traction force microscopy is then used to experimentally confirm the
finite element results. Finally, the implications that the traction distributions of cell clusters have on
the study of inhibition of proliferation due to cell contact and scattering of cells in a cluster are
discussed.

Introduction

The mechanical behavior of cells has been shown to affect cell adhesion, growth, differentiation [1],
and migration [2]. In addition, researchers are studying the relationship between cell mechanics and
cancer metastasis [3], morphogenesis, and wound healing. The vast range of applications related to
cell mechanics indicates that there is a need for analytical, numerical, and experimental work in the
fundamental area of cell mechanics.

The technique of traction force microscopy (TFM) offers a way to passively measure the
mechanical processes of cell locomotion [4,5], cell communication [6], and cell-cell adhesion [7]. In
the TFM technique, a cell is placed onto a flat substrate, and the tractions applied by the cell are
inferred by measuring the displacements of the substrate by tracking the motion of markers within
the substrate. Nearly all previous studies have measured only the two-dimensional (2D), in-plane
displacements of the substrate, and some studies have even argued that a cell can only apply forces
in two dimensions [5,8]. However, a thought experiment on the application of contractile forces by
a cell on a flat substrate would seem to imply that cells do apply forces in three dimensions.
Additionally, two recent studies have proven that cells apply tractions in all three dimensions [9,10].

Most previous TFM experiments have been performed on single cells. However, multicellular
assembly of cells is a mechanical process as well: it involves adhesion of individual cells to the
underlying substrate and their neighbors. For these cells to adhere, mechanical forces must be
present. Therefore, using TFM to study how cell clusters apply forces to the substrate beneath them
and to their neighbors is of current interest. Previous research has shown that cell proliferation is
increased when cells exert higher traction forces [11], and that higher traction forces lead to cell
scattering in a process similar to epithelial-mesenchymal transition [12]. Despite these observations,
the underlying mechanisms that cause cells to respond to mechanical force are still not well
understood. Thus, we study the traction distribution applied by epithelial cells in a cluster. We use
the observation that a monolayer of epithelial cells grown on a soft substratum undergo contact
inhibition wherein cell cycle activity of interior cells ceases while peripheral cells continue to



22 Advances in Experimental Mechanics VIl

divide. Because cells transduce mechanical force to each other intercellularly, there is a competition
of cell - generated contractile forces between cell - cell and cell - matrix adhesions. We
hypothesize that interior cells, having a relatively high amount of cell - cell contact, rely less on the
underlying substrate and therefore apply smaller traction forces to the surface beneath them than
peripheral cells do.

In this paper, we discuss a simple finite element model that demonstrates how cells can apply
forces in all three dimensions, even when placed on a flat surface. We then compare this model to
experimental data collected using three-dimensional (3D) TFM on Madin Darby canine kidney cell
clusters. Finally, we discuss the implications of the traction data on the study of
mechanotransduction by suggesting ways in which tractions affect processes such as cell scattering
and cell contact inhibition.

Methods

Finite Element Model. In order to develop an intuitive understanding for why a cell on a planar
substrate would apply tractions in all three dimensions, a simple finite element model of the
geometry is created in ABAQUS 6.9 (Simulia, Providence, RI). In the model, the substrate
properties are chosen such that they match the properties of the polyacrylamide gels that are used as
substrates in the experiments: the substrate is modeled with linear elastic 8-node bricks with
Young’s modulus of 7.1 kPa and Poisson’s ratio of 0.48. The cells are also modeled as linear elastic
8-node bricks with Young’s modulus 1 kPa and Poisson’s ratio 0.48. The cell elements are
connected to the substrate by tying the nodes at the exterior of the cells to the substrate. In-plane
contraction of the cells is modeled using a thermal strain in the cell elements. Since a cell on a
substrate probably contracts the most in the in-plane (2D) directions, the thermal contraction is
applied only in the in-plane directions.

Two different problems are modeled here: a single cell (18x18 pm?) on a substrate, and a cell
cluster (90x90 pm?, 25 cells) on a substrate. The substrate is 75 pum thick, which closely matches the
substrate thickness of the experiments. The in-plane dimensions of the substrate are 150x150 pm?,
which is assumed to be large enough to be essentially infinite for this simple study. Symmetry
boundary conditions are used on the front and left faces of the model, and a fixed boundary
condition is used at the bottom of the substrate. A sketch of the model is shown in figure 1.

Cell elements
(E=1kPa)

Cellstied to
substrate

75“1 // /
Substrate elements
/&—). (E=7.1kPa)
Symmetric 9 um {single cell)
boundary condition 45 pm (cell cluster)
< LN Fixed
150 um - boundary condition

Figure 1: The model used in the finite element simulations. Cell and substrate elements are linear
elastic 8-node bricks. Symmetric boundary conditions are used on the front and left faces of the
model; a fixed boundary is applied to the bottom of the substrate. Exterior cell nodes are tied to the
substrate.
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Cell culture. Madin Darby canine kidney cells were grown in Dulbecco’s modified Eagle’s
medium with HEPES and L-glutamine (Invitrogen, Carlsbad, CA) and 10% (v/v) fetal bovine serum
(Invitrogen). Prior to experiments, cells were placed in serum-starved medium for 24 hours and then
stained with Mitotracker Deep Red (Invitrogen) for imaging.

Preparation of Polyacrylamide Gels. Polyacrylamide gels are used as the substrate in the TFM
experiments. The gels are made with 40% stock solution polyacrylamide (Bio-Rad, Hercules, CA)
and 2% stock solution bisacrylamide (Bio-Rad) and are mixed with deionized water to a
concentration of 10% polyacrylamide and 0.04% bisacrylaimde. 1 pm fluorescent microbeads
(Invitrogen) are suspended in the gels at a concentration of approximately 0.2%, and the gels are
pipetted onto a 25 mm glass coverslip. A 15 mm glass coverslip is placed onto the gel before it
polymerizes, creating a polyacrylamide film with a thickness of 75 um.

The 15 mm coverglass is then removed, and the polyacrylamide gels are functionalized with
fibronectin (Sigma-Aldrich, St. Louis, MO) using the heterobifunctional cross-linker sulfo-
SANPAH (Pierce) as described previously [13]. The Young’s modulus of the gels was determined
by using a custom-built compression experiment to perform stress-relaxation tests on the gels, as
described previously [14]. It was found that the Young’s modulus of the gels was 7.1+0.4 kPa. This
gel stiffness was chosen, because it was the smallest stiffness that allowed the cells to spread onto
the gel in a monolayer; more compliant gels caused the cells to clump up onto each other.

Confocal Microscopy. A Nikon C1 confocal microscope on a TE2000 stand is used with a 40x
0.6 NA air objective. A 488 nm argon laser and a 633 nm helium-neon laser are used to excite
fluorescence. 512x512 pixel images are collected in a field of view of 150x150 pm?. A 32 um
confocal stack is collected with a step size of 0.4 pm. Then the cells are lysed with 0.5% Triton X-
100 (Invitrogen), and a second volume stack is collected. A diagram of the experimental setup is
shown in figure 2. All confocal imaging is performed at 37°C using a custom-build enclosure heated
with an Air Therm ATX heater (World Precision Instruments, Sarasota, FL). Control experiments
are performed wherein a polyacrylamide gel with no cells is imaged before and after injecting
Triton, and displacements were found to be approximately 0.02 um using DVC (discussed below).

Digital Volume Correlation and Traction Calculation. To calculate the displacements, strains,
and stresses applied by the MDCK cell clusters to the polyacrylamide substrate, a digital volume
correlation (DVC) algorithm [14] is used to calculate the full 3D displacement profile within the

Madin-Darby canine kidney
cell cluster

Polyacrylamide gel with 1 pm

/ Fluorescent Markers

Confocal Microscope Objective

Figure 2: A diagram of the experimental protocol.
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substrate. Briefly, this algorithm labels the intensity distribution of 64x64x64 voxel subset as f(x). It
i1s assumed between the reference and deformed images that the subset undergoes a rigid body
translation with mapping y=x-+c. By using this mapping along with the intensity distribution of the
deformed image g(y), the DVC algorithm solves the equation f(x)=g(y)=g(x+c) for ¢, which
corresponds to the 3D displacement vector of the subset of interest. The DVC algorithm then moves
on to another subset and repeats this process. While the subsets could be separated from each other
by as small as one pixel, such fine resolution is computationally expensive, so a subset separation of
8 pixels is used here.

The use of a volume correlation algorithm offers multiple advantages over tracking the
displacement of multiple individual particles. The first advantage of the correlation algorithm is that
displacements are calculated on a regular set of grid points, which facilitates the computation of
strain. The second advantage of volume correlation is that a denser concentration of fluorescent
microbeads may be used, since individual particles do not have to be followed during deformation.
Finally, the volume correlation algorithm uses more data in the computation of the displacements of
each subset (64x64x64 voxels are used here, as opposed to the intensity of a single particle), which
can give better resolution: some authors report that image correlation can achieve a displacement
resolution of 0.02 pixels [15].

After displacement computation, the displacements are filtered with a low pass filter. Strains are
calculated from the filtered displacement data by fitting a 3x3x3 window of grid points to a tri-
linear function to determine the displacement gradients. Once the strain tensor is assembled, the
stress tensor is computed from the incompressible Hooke’s law, 6=2u& where u is the shear
modulus, and the stress tensor is again filtered with a low pass filter. The tractions applied by the
cell cluster to the substrate are calculated according to the Cauchy relation, t=6*n, where ¢ is the
traction vector, and » is the unit vector normal to the substrate surface.

Results

Finite Element Simulations. A finite element model is created to better understand the way in
which a contractile cell or cell cluster applies force to a flat susbstrate beneath it. In the simulation,
cell contraction i1s modeled by applying equibiaxial strain to the substrate through an in-plane
thermal contraction. Figure 3 shows plots of the traction magnitudes and individual traction
components applied by the cells to the substrate. Inspection of the plots of individual traction
components shows that the traction components in the z direction have the same magnitude and are
sometimes larger than the traction components in the in-plane (x and y) directions. While it is
expected that in-plane contraction of the cell cluster would cause displacements in the z direction as
a result of the Poisson effect within the substrate, it may be a surprise that tractions in the z direction
also exist. These tractions result from a bending deformation of the contractile (cell) layer, which
pushes the interior of each cell downward. To maintain force equilibrium in the contractile layer, the
exterior of each cell pulls upward on the substrate.

Traction Force Microscopy Experiments. Several 3D TFM experiments were performed
wherein the 3D tractions applied by the MDCK cell clusters to the substrate were calculated from
measurements of bead displacements. Characteristic data from this experiment is shown in figure 4.
The plots of individual traction vector components in figure 4 clearly show that cell clusters apply
tractions in all three dimensions, which agrees with previous findings for single cells [9,10]. The
data shows that the cell cluster pulls inward on the polyacrylamide substrate. Additionally, the
exterior cells pull the substrate upward.

Discussion

In a cultured cell cluster, cells adhere both to each other and to the substrate beneath them. The
contour plot in figure 4a shows that these cells seem to apply tractions primarily at the outside of the
cluster, indicating that interior cells do not apply force to the substrate in the same way that
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Figure 3: Results of the finite element model, which simulates contraction of a single cell (a) and a
cell cluster (b). Contour plots show the magnitude of the 3D traction vector (units: Pa). Line plots
show the individual traction components along the horizontal cuts shown in white on the contour

plots.

exterior cells do. As mentioned previously, the substrate stiffness of 7.1 kPa is chosen, because this
is the most compliant substrate that allows the cells to form a monolayer. This observation along
with the TFM data leads to the hypothesis that on this substrate, interior cells form stronger cell-cell
adhesions than exterior cells. Therefore, the forces applied by interior cells are applied primarily to
neighboring cells, which the forces applied by exterior cells are applied to the substrate. Such a
hypothesis would have interesting consequences to our understanding of contact inhibition of cell
proliferation and cell scattering. Contact inhibition and scattering have been shown to have
chemical cues such as growth factors [16], but we suggest that mechanical cues are likely present as
well. We are currently studying this hypothesis by investigating how cells respond to mechanical
cues such as substrates of different stiffness and to chemical cues such as epidermal growth factor.
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Figure 4: Tractions applied by a MDCK cell cluster on a polyacrylamide substrate. Traction
magnitudes are shown in (a) with an outline showing the location of the cell cluster. Individual
traction components along the vertical and horizontal cuts in the contour plot are shown in (b) and
(c) respectively.

Conclusions

A key finding in this study is that both single cells and cell clusters apply tractions to a flat substrate
in all three dimensions. This result highlights the need for use of 3D techniques to fully characterize
the way in which a cell interacts with its surroundings. While many studies using TFM have focused
primarily on single cells, this study considers the way in which a cluster of cells applies tractions to
the substrate beneath them. The application of 3D TFM to the study of cell clusters demonstrates the
versatility of the technique of 3D TFM, and it is leading to an understanding of the mechanical cues
involved in interaction of cells such as contact inhibition and cell scattering.
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Abstract.

Polymer composites are increasingly being used in high-end and military applications, mainly
due to their excellent tailorability to specific loading scenarios and strength/stiffness to weight
ratios. The overall purpose of the ongoing research at the University of Southampton is to develop
an enhanced understanding of the behaviour of fibre reinforced polymer composites when subjected
to a range of loading scenarios. The measurements lecture reviews progress in using the
thermoelastic stress analysis technique as a tool that enables a better understanding of the behaviour
of polymer composite single skin and sandwich structures.

Introduction

The relationship between mechanical deformation and thermal energy in an elastic solid is known
as the thermoelastic effect [1]. By assuming isentropic behaviour and neglecting the temperature
dependence of the elastic constants it can be shown that for a linear elastic, homogenous material
the rate of change of temperature is a function of the applied stresses as follows [2]:

AT = %L

Ao, +0,) (1

P

where T is the temperature, Ty is the absolute (reference) temperature, C, is the specific heat at
constant strain, a is the coefficient linear thermal expansion, p is the mass density, o is the direct
stress and the subscripts 1 and 2 can denote principal values.

In the past three decades the experimental technique known as thermoelastic stress analysis
(TSA) has been developed. The technique is based on the measurement of the small temperature
change given in equation (1) by means of an infra-red detector. Until recently it was necessary to
use detectors that were not radiometrically calibrated so the working equation was defined in terms
of the digital level output from the detector known as the thermoelastic signal [2]. The well-known
equation that related the thermoelastic signal, S, to the stresses was first suggested by Stanley and
Chan in 1985 [2] in the following form:

S=A(o,+0,)/ 4 2)

where A is a calibration constant that takes into account the specimen material properties and the
detector properties. However the calibration constant must be defined for any given surface
temperature, as the detector has a very strong dependence on surface temperature particularly for
the detectors that operate on the 2 -5 um wavelength range [3]. Equation (2) has been used as the
basis for numerous studies spanning almost three decades. Since the initial validation in [2], it has
been demonstrated that the approach can be used in a wide range of applications and that the
calibration constant can be evaluated in a straightforward manner [4]. With more modern
radiometrically calibrated detectors it is possible to derive AT ‘directly’. Here identical approaches
to those suggested in [4] can be used to find the thermoelastic constant K. A known stress is applied
to a specimen A7 and T are obtained from the measurement and therefore K is obtained.
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The greatest inaccuracies in TSA occur when A7 does not occur adiabatically. For a general test
specimen it is impossible to achieve fully adiabatic conditions experimentally; however, for the
purposes of TSA a pseudo-adiabatic state may be achieved, where there is no measurable
attenuation of the thermoelastic signal due to heat transfer. The usual approach is to cyclically load
the specimen, so that the rate of change of the stress is large, compared to spatial changes in the
stress across a projected element of the infra-red detector. However, in many cases, particularly in
small specimens, where stress gradients are high this can be difficult to achieve [5]. Furthermore, if
the specimen is coated with paint there is a step change in the thermal characteristics at the interface
and this too causes non adiabatic behaviour. In polymer composite materials these two difficulties
can be avoided and usually the material thermal conductivity is low and often as the emissivity of
polymer resins is high it is not necessary to use a paint coating [6].

The purpose of the current paper is to show how the thermomechanical coupling, which results
in the thermoelastic effect can be used in a wide range of studies including damage analysis of
composite structures and finite element analysis validations of composite structures. The paper
finishes with a look into the future, discussing the possibilities of using transient loading, instead of
cyclic loading to create a strain based non-destructive evaluation tool.

Composite materials
The simple thermoelastic theory devised for an isotropic body in equation (1) is not valid for
orthotropic materials [7]. For orthotropic materials the following equation is used [7]:

AT = —LC(OKIAO'I +a,Ao,) (3)

P

where Ao is the change in the direct surface stress, 4* is a further calibration constant and the
subscripts 1 and 2 denote the principal material directions of the surface lamina.

Stanley and Chan [7] validated equation (3) using two types of composite component. Potter [8]
proposed a thermoelastic theory relating the thermoelastic output to that of the surface strains and
demonstrated its validity on a carbon fibre / epoxy resin laminate. Bakis and Reifsnider [9]
investigated the influence of material inhomogeneity and anisotropy using carbon fibre reinforced
plastics. It was found that the thermoelastic response was affected by a number of factors, which
included the volume fraction, the thermoelastic properties of the micro-constituent materials, the
orientations of the laminae within the laminate, and the orientation of the lamina on the surface.
Emery et al [10] suggested a method for establishing a general calibration approach for orthotropic
composites and showed for the type of composite used the response was a function of the resin rich
surface layer and that largely the orthotropic material response could be neglected. This has allowed
for a certain class of material for the stress change to be decoupled from the material properties and
for stresses to be evaluated. This has also been noted by other researchers, [11, 12]; however for the
majority of cases where there is not a resin rich layer the bracket quantity in equation (3) does not
provide the stresses. Moreover the bracketed quantity is a stress metric and therefore can be used as
a tool for damage analysis and also for validation of finite element models. Some examples of the
work conducted at the University of Southampton on both damage analysis and model validation
are provided in the paper.

Damage studies

In [13] the generalised form of the thermoelastic equations presented in [10] is used as the basis for
damage analysis. The thermoelastic response is expressed in terms of the change in laminate strains;
the laminate strains can be measured in a simple tensile test and related to the thermoelastic signal,
so that it is possible to group the material constants into a ‘calibration constant’ [10]. For the
material used in the study, it has been shown that the thermoelastic response does not emanate from
the orthotropic surface ply but from the isotropic resin-rich surface layer. The existence of the resin-
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rich layer considerably simplifies the analysis. The resin-rich layer renders the laminates
‘mechanically orthotropic’, but ‘thermoelastically isotropic’. This enabled a new calibration
constant to be devised, B*, as follows:

Agl(l_VLT):A*(l_VR)zB* 4)
S o E,

where vy is the major Poisson’s ratio of the resin-rich layer, ay is the coefficient of thermal
expansion of the resin-rich layer, E is the Young’s modulus of the resin-rich layer, v, is the major
Poisson’s ratio of the laminate, 4* is a calibration constant and S is the thermoelastic signal, i.e. the
digitized output from the IR detector.

The damage analysis procedure was implemented using a MATLAB program that is applied to
the data array obtained from the infra-red system and presented the output in a full-field manner. It
incorporates both the temperature correction procedure [3] and the strain calibration procedure [10].
Firstly thermoelastic data, Sy, and absolute temperature, 7, were obtained from the undamaged
specimens. The Sy data was used to obtain the calibration constant B* and the 7, data was used as
the baseline for the temperature correction. A damaging load was applied to the specimen and
thermoelastic data, S, and the temperature, 7,, are obtained at various stages throughout the
component life. A data set was obtained that was temperature corrected in a point-by-point fashion.
The resulting output from this, S., was then calibrated, so that a metric was obtained that provided
the strain sum change in the damaged component, which occurred purely as a result of the stress
redistribution in the component. The methodology was demonstrated in cross-ply and quasi-
isotropic laminate strips that contained a circular hole. It was shown that the maximum strain
change obtained from the full field thermoelastic data indicated clearly the inception of cracking
and delamination.

A different approach was used in [14] for woven laminates here rather than calibrate the
response a metric of the difference A7/T from undamaged to damaged states was used. It was
shown that the thermoelastic response could reveal cracks in the yarns transverse to the loading
direction at very low levels of fatigue loading.

Validation of finite element models

In composite structures the stress distributions are complex and dependent not only upon the line of
action of the applied load but the material orientation as well. Numerical modelling of the stresses
in such structures is not a straightforward proposition, particularly for inhomogeneous laminated
structures whose behaviour may be governed by both geometric and material nonlinearities. In the
late 1990s [15,16], a methodology was proposed to provide a finite element model validation
procedure based on TSA. The ideas were demonstrated on single skin and sandwich tee-joints. The
premise was simple, to make the finite element data into the same form as the thermoelastic data. It
is possible to combine the material constants in the principal material directions, e.g.. a,, a,, p and
C, into two thermoelastic constants K, and K, as follows:

AT=-T(K,0, +K,0,) (5)

o (94
“—and K, = 2
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where K =
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Equation (5) can be rearranged so that a stress metric is obtained where the measured A7 can be
calibrated in such a way that it can be used for finite element analysis validation:

K
%:Aaxﬁ-?yAay (6)
. S—
TSA FE

The left hand side of Equation (6) represents the calibration of A7 into a stress metric and the right
hand side into the form that the finite element data must be processed to make it comparable with
the TSA data. Therefore an experimental means of deriving the thermoelastic constants was
established. Since the initial work the approach has proved successful on adhesively bonded joints
[17] and sandwich panels [18].

Transient loading

The modern infrared (IR) detectors that are used to measure this temperature change in TSA are
compact, robust systems that operate in conjunction with a standard PC. The technique therefore
offers great potential as a non-destructive strain-based damage assessment tool, which could be
used to assess components during routine inspections in the field. However, the current
methodology presents a barrier that has hitherto tethered to the technique to laboratory testing only.
It is the requirement for a controlled cyclic load and corresponding reference signal that presents a
barrier to moving the technique from the laboratory into the field, significantly constraining its
application range. Recent work [19] has initiated a modified approach to TSA that circumvents this
barrier. In the proposed new TSA methodology, the component under test is subjected to a single
transient load. In [19] two methods of imparting the transient load into fibre reinforced polymer
composite specimens were defined, and underpinned the new methodology. The results from the
new approach were then validated using both theory and the standard TSA method. Finally the
potential of the new TSA methodology was demonstrated through application to the assessment of
damage growth in three different polymer composite laminates. Presently the ideas introduced in
[19] are being developed in a programme funded by the MATERA + EU action and it is envisaged
that in the future TSA will be used as a strain based non-destructive evaluation technique.

Conclusions

The lecture has described in detail progress in evaluating composite structures using TSA. It has
been shown how the thermomechanical coupling that enables the thermoelastic effect can be used in
damage studies and finite element model validation of polymer composite structures. The potential
of using TSA as a strain based non-destructive evaluation tool has been explored.
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Abstract.

A reference material is defined as material, sufficiently homogeneous and stable with respect to one or more
specified properties, which has been established to be fit for its intended use in a measurement process.
Reference materials provide a simple definition of the measured quantity that can be traced to an
international standard and can be used to assess the uncertainty associated with a measurement
system. Previous work established a reference material and procedure for calibrating full-field
optical systems suitable for measuring static, in-plane strain distributions. Efforts are now underway
to extend this work to the calibration of systems capable of measuring three-dimensional
deformation fields induced by dynamic loading. The important attributes for a dynamic reference
material have been identified in a systematic and rational fashion, which have been subsequently
translated into a generic design specification. Initial prototypes of candidate designs have been
produced and evaluated using experimental modal analysis and digital speckle interferometry, and
the results have been compared with finite element analyses. Based on the outcome of this initial
evaluation, further refinements in design and manufacturing are proposed.

Introduction.

Calibration of full-field optical deformation measurement systems is an essential step in providing
traceability and promoting confidence in relation to displacement and strain distributions obtained
from experiment. Calibration is also highly desirable when the full-field experimental data is used
to validate computational models employed in engineering design. Therefore, the ADVISE project
(Advanced Dynamic Validation through Integration of Simulations and Experimentation) [[1]] has
set out to develop a Reference Material (RM) that will allow the calibration of full-field optical
systems that are used to capture dynamic deformation fields associated with cyclic and transient
loading events. The aim is to design, manufacture and demonstrate a physical RM that generates a
known and reproducible displacement/strain field in a defined gauge-zone, as a function of an
applied dynamic load. An iterative design process is being followed involving analytical,
computational and experimental mechanics techniques in order to reduce possible sources of
experimental uncertainty and to simplify the manufacturing process. The first step has been to
define and rank desirable attributes of an RM that would facilitate an effective calibration
procedure. Then, a set of designs were evaluated to arrive at preferred candidate designs.
Subsequently, these designs were elaborated and evaluated further, using CAD and Finite Element
Analysis (FEA). Then, prototype RMs were manufactured and experimentally characterised in an
inter-lab study using Laser Doppler Velocimetry (LDV) for modal analysis and full-field Digital
Speckle Pattern Interferometry (DSPI). This paper summarises the design process employed and the
results obtained from this first phase of design evaluation and refinement.
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Rational Decision Making Process

The rational decision making model [[2]] was employed to guide the definition and development of
the RM, as already done in the design of SPOTS reference material [[3]]. As a first step, a
comprehensive set of possible attributes were proposed and used as a basis of an ADVISE
questionnaire to engage the engineering community in the weighing of these attributes. The
surveyed communities included ADVISE partners and participants of the Society for Experimental
Mechanics 2009 Spring Conference (Albuquerque, NM). Contributors were asked to weigh the
attributes provided and to propose any extra attributes that they felt should be included. The results
of this exercise are shown in Figures 1 and 2, divided into those attributes associated with the
displacement field that the RM should generate, and those associated with the general embodiment
of the RM.
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c.operational atanyfrequency
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Fig. 1. Attributes and their weightings for the displacement field in the dynamic reference material. (1 - unimportant, 2 - preferred, 3

- important, 4 - highly desirable, or 5 — essential). Green bars denote the ADVISE community whereas the blue bars denote the SEM
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Fig. 2. Attributes and their weightings for the physical embodiment of the dynamic reference material. (1 - unimportant, 2 -
preferred, 3 - important, 4 - highly desirable, or 5 — essential). Green bars denote the ADVISE community whereas the blue bars
denote the SEM community.

The extra attributes suggested during the survey were that 1) the displacement field comprise both
out-of-plane and in-plane displacement components, ii) the start and end conditions of the
calibration process have to be well defined , iii) the magnitude of displacements could be varied and
iv) the RM could be manufactured from a viscoelastic material
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Selection of Candidate designs.

The weighted attributes formed the basis of a set of design constraints. The next step in the rational
decision making model was to put these constraints aside, and to brainstorm the widest set of
possible candidate designs conceivable to the ADVISE partners. Subsequently these design
concepts were tested against the essential attributes (high weighting), and those designs that did not
possess all of these were rejected. As a result of this filtering process, nine quite different candidate
designs were left. The designs selected were then evaluated once more, this time against the
desirable attributes (medium weighting), which led to the identification of two favoured candidate
designs. These are 1) a monolithic rectangular plate held by ligaments within a cylindrical (massive)
frame and ii) a monolithic cantilever beam connected to a (massive) block support. As
demonstrated in earlier work [[4],[5]], the monolithic design ensures a high degree of repeatability
and eliminates any slip phenomena due to clamping at boundaries and fixation points. An FEA
study (COMSOL Multiphysics) was then undertaken to model the behaviour of the two complete
RM structures to understand and optimise their dynamic behaviour, and to finalise design detail and
dimensions before prototype manufacture.

Fig. 3. Rectangular plate RM designed and manufactured for first phase round-robin test.

Evaluation of RM prototype by experimental investigation.

A prototype RM of each design was manufactured. The rectangular plate RM was machined from
an extruded round bar of Dural Aluminium, which was turned down inside and out, to produce a
stiff cylinder (outer diameter 180 mm) with a flat thin end-face (Imm thickness) The end-face was
then milled to produce the plate and the ligaments which attach it to the cylindrical frame (Figure
3). This RM was then evaluated experimentally in an inter-lab study using LDV-based modal
analysis and full-field DSPI. A number of excitation sources were investigated including an impact-
hammer, electromechanical shaker, sound emitted from a loudspeaker, and a piezoelectric actuator.
The restraint conditions applied to the cylindrical frame were also varied, including a simply
supported configuration where the RM stayed in position due to its own weight and the flat
machined on the outer face of the cylindrical frame (Figure. 3), and a clamped configuration where
bolts were used to rigidly attach the RM to a massive base via the flat on the cylindrical frame.

A displacement-based Fast Fourier Transform (FFT) analysis was then carried out using a single-
point LDV (Polytec, Germany, model OFV-302) and a dual-channel spectrum analyzer (Bruel &
Kiaer) to measure the response over a grid of surface points on the plate. For these initial tests, the
RM was clamped by its frame to a rigid optical table. As a first step, impact excitation was used to
identify approximately the resonant frequencies, as illustrated in Fig. 5.
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FFT analysis comparison among pts. 4,8,2,13,0,3,12
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Fig. 4 Plate measurement points Fig. 5 FFT analysis results by impact excitation on plate RM

The impact excitation was then followed by sine-sweep acoustic excitation to more accurately
characterise the resonance behaviour of the plate, as shown in Fig. 5 for some of the analysis points.
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Fig. 6. FFT analysis conducted on RM plate by acoustic excitation

The results obtained by this simple FFT analysis demonstrated the presence of many distinct modal
frequencies and a good degree of mode-shape symmetry. Both the experimental and FEA studies
indicated a total of twelve resonant frequencies in the range 0 to 2.6 kHz. The experimental modal
analysis was extended by mounting the RM on a large electromechanical shaker using a specially
designed mounting fixture to orientate the plate horizontally and apply the displacement to the
whole RM vertically along its axis. The same LDV instrument was employed to measure the

surface vibrations.
Table 1. Plate RM preliminary modal testing results- comparison of Eigen frequencies

modal testing FE model (rectangular plate without massive frame)
Pin Clamp
mode Hz mode Hz Yoerr Hz Yoerr
1 339.0 1 200.2 41 268.8 21
2 510.0 2 454.9 11 5423 -6
3 631.2 4 679.4 -8 830.0 -31
4 719.8 3 541.7 25 669.1 7
5 1081.3 6 1250.0 -16 1403.3 -30
6 1144.1 5 1136.1 1 1299.2 -14
7 1630.2 7 1444.5 11 1524.0 7

The resonant frequencies measured in this shaker configuration are indicated in Table 1, together
with the frequencies derived from FEA of an equivalent plate both the case of pin-support at its
corners and for the case of clamping around its edges. The classical experimental modal analysis
was followed by a full-field study of the RM plate vibration using DSPI. Two different excitation
sources were investigated, namely, a loud speaker and a piezoelectric (PZT) actuator, and the RM
was tested in both a clamped and unclamped configuration. The first four measured mode shapes
and associated resonance frequencies are provided in Fig. 7, for the unclamped configuration,
together with the results of FEA where the complete RM was modelled. Out-of-plane displacement
field is considered to compare the mode shapes symmetry and difference between DSPI and FEA.
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Fig. 7. Comparison between DSPI measurements and FEA for unclamped RM excited by loud speaker and PZT-actuator

The results of the experimental modal analyses and FEA compare quite well. However it can be
seen that the position of the third and fourth mode shapes are reversed between experiment and
FEA. The modal shapes were quite symmetric for the most part and more so for acoustic excitation
when compared to PZT excitation. There was an appreciable gap between experimental and FEA
derived resonant frequencies which was surprising considering the rather simple geometry of the
RM. A number of explanations were considered for this mismatch in resonant frequencies including
dimensional differences between design and prototype, residual stress, flatness of the plate,
contributions from the cylindrical frame, and non-linear behaviour of the retaining ligaments. After
further investigation through both FEA and experiment, it was concluded that the primary source of
discrepancy between the measured and predicted behaviour was due to the residual stress in the RM
that remained after manufacture. In addition to this, it was also observed that the cylindrical frame
did not behave as a rigid body as was desired, but had a tendency to deform depending on the



