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Abstract

This article outlines the development, validation
and application of a novel thermoelastic stress
analysis (TSA) system based on a low-cost and
low-grade microbolometer detector. The system
is the first of its kind and represents a radical
departure from commercial systems, which em-
ploy highly sensitive cryogenically cooled pho-
tonic detectors. Despite using a markedly inferior
detector the system achieves performance levels
that are comparable to its commercial counter-
parts, but at a fraction of the capital cost and in
a smaller, more rugged and portable package. It
is hoped this development might assist in revi-
talising interest in TSA and help expand its use
across a range of important engineering applica-
tions, including support to airframe structural in-
tegrity management. A full-scale fatigue test of a
flight-critical aircraft structural component is em-
ployed as a case study to demonstrate important
aspects of this capability and to point to possible
future directions in its development and applica-
tion.

1 Introduction

Thermoelastic Stress Analysis (TSA) is one of
only a few methods capable of furnishing a full-
field measurement of mechanical stress. Yet,
despite the commercial availability of TSA sys-
tems for over thirty years, and the advent of
rapid staring-array systems almost twenty years

ago [1], the contemporary use of TSA is not as
widespread as might have been reasonably an-
ticipated several decades ago. Indeed, aware-
ness of the method seems to be declining as its
role is gradually displaced by optical techniques
such as digital image correlation (DIC) and
electronic speckle pattern interferometry (ESPI).
These methods certainly have an important role
to play, but TSA is far from obsolete. Indeed, it
offers superior stress sensitivity as well as other
practical advantages that should see an expan-
sion of its role in experimental stress-analysis.
The reasons for its modest uptake remain a mat-
ter for conjecture and debate, however two con-
tributing factors are reasonably clear: (i) the rel-
atively high capital cost of commercial TSA sys-
tems, and (ii) a perception that the technology
is impractical and difficult to use. The afford-
ability of TSA hardware has improved signifi-
cantly over the past decade, however this hasn’t
had the anticipated effect on uptake of the tech-
nology, arguably because it has occurred at a
relatively low ebb in general awareness of the
method, so to some extent has gone unnoticed.
Recent advancements in microbolometer tech-
nology provide an opportunity for a more radical
reduction in capital cost as well as providing a
more rugged and compact imaging platform, the
combination of which has the potential to trans-
form TSA into an affordable mainstream tech-
nique with a much wider scope of potential appli-
cation than previously considered possible with
available commercial systems. The present ar-
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ticle outlines briefly the development, validation
and application of a system that realises these
goals. The system, named MiTE (Microbolome-
ter ThermoElasticity), was developed by the Aus-
tralian Defence Science and Technology Organ-
isation (DSTO) and is based on a low-grade mi-
crobolometer detector. This detector is the an-
tithesis of the highly-sensitive photonic detectors
traditionally used for stress analysis applications.
Yet, as this article will show, the MiTE system
achieves a level of performance that is compa-
rable to commercial systems and seemingly out
of proportion to its relatively poor detector spec-
ifications. The system was first reported in [2],
however that article was devoid of any technical
details. The present paper fills in the gaps, pro-
viding a more detailed albeit still brief account
of the development and validation of the system
as well as its application to several aircraft struc-
tural integrity problems. One of these, involving
an F/A-18 full-scale fatigue test article, provides
a particularly effective illustration of the practical
advantages of the MiTE system over its commer-
cial photonic counterparts, and of the potential
that then arises for TSA to contribute to structural
integrity assessments across the full life-cycle of
an engineering asset, from basic design and val-
idation [3] to through-life maintenance. It also
suggests a prospect for the emergence in future
of a structural health monitoring (SHM) capabil-
ity based on a network of in situ miniaturised mi-
crobolometer cameras.

2 Thermoelasticity

Detailed reviews of the thermoelastic effect and
TSA can be found in [3] and [4] for example, so
only a brief summary of the fundamentals is nec-
essary here. The thermoelastic effect describes a
small reversible change in the temperature of an
object when it undergoes an elastic deformation.
Gough [5] was first to report an observation of
the effect in 1805. A theoretical description was
reported by Lord Kelvin in 1853 [6]. The rela-
tionship is given by [7],

δT =
−3ToαTKδε

ρCv
(1)

whereδT is the change in temperature produced
by a change in bulk strainδε, To is the absolute
temperature,αT is the coefficient of thermal ex-
pansion,K is the bulk modulus,ρ is the mass
density, andCv is the specific heat at constant vol-
ume. In terms of bulk stress (δσ) the relationship
is;

δT =
−αTToδσ

ρCp
(2)

whereCp is the specific heat at constant pres-
sure. A few fundamental properties of the ef-
fect are immediately apparent. Firstly, only a di-
latational deformation produces a thermoelastic
response. Secondly, a positive change in stress
(increasingly tensile) produces a negative change
(drop) in temperature, and vice versa. Thirdly,
the relations describe a reversible phenomenon,
meaning that a material deformed and then re-
leased is expected to recover its initial thermal
state exactly. For that to occur the deformation
must take place adiabatically. Since strain gradi-
ents produce temperature gradients, and loading
rates are invariably finite, adiabatic conditions are
never strictly attained in practice. However, a sat-
isfactory working approximation can be achieved
if the stress varies dynamically at a rate high
enough to limit the time available for heat dif-
fusion. Static loading represents a limiting case
where the thermoelastic response is extinguished
by diffusion. The temperature changes produced
by the thermoelastic effect are relatively small
- typically under 500mK. A radiometric mea-
surement of temperature variations on this scale
is not trivial, and largely explains why the ef-
fect remained unexploited for stress analysis un-
til the latter part of the 1970’s. The sensitivity, or
noise equivalent temperature detectivity (NETD)
of a modern photonic detector is typically no
better than15mK. In aluminium, this equates
to a change in stress of approximately5MPa,
or about70µε. A standard electrical-resistance
strain-gauge typically does much better.
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3 Microbolometers

The NETD of a microbolometer is at least 4 times
higher than for an average photonic detector, so
the measurement challenge is clearly more dif-
ficult. This fundamental difference, along with
a much longer integration time, might explain
the preference shown by commercial system ven-
dors for photonic detectors. However, neither of
these factors pose a strict impediment to the de-
velopment of a useful TSA capability. Indeed,
the authors contend that for a large number of
applications the difference in stress-measurement
performance is not significant, and moreover the
practical advantages of a low capital cost, rugged
construction and compact size would likely out-
weigh shortfalls stemming from an inferior de-
tector specification. The TSA system described
in the present article was developed using a FLIR
A20M (see Fig. 1) which is a low-grade com-
mercial microbolometer camera that by photonic
detector standards has exceptionally poor per-
formance specifications. The A20M contains a
Vanadium Oxide (VOx) focal-plane array with
160(H)×120(V) detector cells, and has a rated
NEDT of 120 mK, which is almost one order of
magnitude higher than that of a cooled Indium
Antimonide (InSb) detector, and over twice that
of present generation microbolometer detectors.
Output from the detector is in 16 bit digital form
and is supplied at a fixed frame rate of 50 Hz.

Fig. 1 MiTE system in action analysing a hole-
in-plate coupon.

4 Sensitivity Enhancement

An NETD of 120mKequates to a stress measure-
ment noise floor in aluminium of approximately
44MPa, a value that suggests a poor basis for de-
veloping a precise stress measurement capability.
It turns out that is not the case. Providing the
load signal is known, and the noise in the radio-
metric signal is chiefly temporal and random, the
threshold stress measurement sensitivity can be
improved significantly with rudimentary signal
processing. Consider an applied load that varies
harmonically in time, viz.,

L(t) = Loejωt (3)

where Lo is the load amplitude andω is the
circular frequency. Equation 2 is linear so the
thermoelastic response occurs at the same fre-
quency1. If the loading is sufficiently rapid to
negate the effects of diffusion, and the structure is
not at resonance, the thermoelastic response can
be written as [8],

T(x,y, t) = A(x,y) .(L(t)−L)+B(x,y) (4)

whereL is the temporal average of the load,B ac-
counts for any background infrared emission un-
correlated with the load, and the constant of pro-
portionalityA is a function of the material prop-
erties, which are normally known, and the stress
amplitude, which is sought. A least squares esti-
mate for the constantA is obtained by minimising
the function,

χ =
N

∑
k=1

(Tn,m
k −An,mLk−Bn,m)2 (5)

where the subscriptk is an index to time, the su-
perscriptsn,m identify the detector cell,N is the
number of temporal samples andL is the oscil-
latory component of the load (i.e. stripped of its
offset). This produces the set of equations,

1A response also occurs at the second harmonic but is
much weaker and can be ignored for the present exercise.

3



NIK RAJIC, DAVID ROWLANDS AND STEVE GALEA
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(6)
SinceLk varies about a zero mean, it follows that,

An,m =
∑LkT

n,m
k

∑L2
k

. (7)

Equation 7 describes a cross-correlation be-
tween the radiometric and load signals. The
process works remarkably well in removing un-
correlated noise. Indeed, where the noise in the
measurementTn,m is random Gaussian, the stan-
dard deviation inAn,m declines as a function of√

N. That property has an important and obvi-
ous corollary. It suggests that the NETD, which
is mostly a measure of the temporal noise floor
of a detector, and is a critically important para-
meter in conventional infrared imaging, has little
bearing on TSA performance. Typically, the lim-
iting factor on performance is fixed-pattern spa-
tial noise (see for example [9]). Such noise stems
from variations in the offset and gain character-
istics across the detector cells in a focal plane
array [10] and occurs in both photonic and mi-
crobolometer imagers. Variations in the detector
gain are the most important since these are indis-
tinguishable from variations in the thermoelastic
response in the scene (i.e. are correlated with the
load signal), and appear as a bias in the estimate
An,m, which establishes a true noise floor, i.e. one
that is immune to cross-correlation. The non-
uniformity of an array is readily corrected using
a two-point calibration against a uniform scene,
however the gain and offset values are not stable
so the correction needs to be applied periodically
to maintain optimal noise performance.

5 System Implementation

Equation 7 assumes a synchronous acquisition
of the infrared data stream and the load refer-
ence signal. This is relatively straightforward
to achieved in practice if a framegrabber is em-
ployed. However, the use of dedicated hardware
was ruled out for the present implementation be-

cause of the adverse impact on system affordabil-
ity, size and ruggedness, as well as the increased
risk of obsolescence. Those considerations led
to a decision to base development of the system
on an off-the-shelf notebook computer. Only two
specific requirements were imposed: that it con-
tain an integrated IEEE1394 interface to allow for
a direct acquisition of the digital infrared signal
from the A20M, and a PCMCIA slot to accom-
modate an analog to digital converter (ADC) for
the acquisition of the load reference signal. Inci-
dentally, the ADC is the only peripheral device in
the system dedicated to the TSA process.

The pursuit of a low-cost and compact hard-
ware configuration raises some technical chal-
lenges. As anticipated, an analysis of the load
and infrared signals acquired using this arrange-
ment revealed the presence of a significant time
delay. This finding, along with other consid-
erations meant that a real-time computation of
the correlation sums was impractical. A pseudo-
real-time approach was used instead. The sums
were calculated off-line in a piecewise continu-
ous process using stored blocks of data, and then
recursively averaged over the full length of the
test. Corrections for various time delays, de-
scribed shortly, were implemented as part of that
process. The approach takes marginally longer
than a real-time computation, but the difference
is largely negligible, since at the loading frequen-
cies typically employed in TSA (≈ 1− 20Hz)
data acquisition accounts for the bulk of the to-
tal analysis time.

The process was tested using an experimental
apparatus comprising a small Peltier cell driven
harmonically by a function generator. A rela-
tively low drive frequency of1.5Hzwas required
to accommodate the slow thermal response time
of the Peltier cell. The valueAn,m was computed
for an arbitrarily chosen detector cell(n,m) as a
function of the number of temporal samples, or
image frames. Figure 2 plots the decline in signal
noise. The trend is approximately log-linear, and
the improvement in sensitivity after 10,000 sam-
ples is nearly two orders of magnitude, which ac-
cords with expectation. The result was achieved
with just over 3 minutes of processing and the im-
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Fig. 2 Improvement in sensitivity with processing time.

proved noise floor translates to a stress measure-
ment sensitivity in aluminium of below1MPa.

Recall from Equation 2 that an adiabatic ther-
moelastic response is precisely antiphase relative
to the load signal. In practice, some deviation in
that phase relationship will invariably occur due
to the effects of heat transfer, mainly conduction
within the sample. However, in the present sys-
tem the load and infrared signals are skewed by
an unknown system delay, which adds an extra-
neous phase variation. In fact, the system intro-
duces three delays. These can be expressed in
terms of an adjustment to the phase of the load
signal, which is re-written as follows,

Ln,m(t) = Loejωt e−φtc e−φtd e−φn,m
sd (8)

whereφtc denotes a phase delay due to the detec-
tor integration process,φtd refers to a transport
delay between sampling of the load and infrared
signals, andφsd describes a scan delay between
detector cells in the array. Each delay has a sig-
nificant influence on the correlation process.

A detailed account of the measures required
to characterise these delays and to compensate
for them in the computation of the thermoelastic

response is beyond the scope of the present arti-
cle, however the reader interested in those details
can refer to [11] for the relevant information.

6 Validation

A systematic validation of the capability was
achieved by comparing observations furnished
by the system with independent predictions pro-
vided by numerical and analytical methods.
Again, a full account of the validation exercise
is beyond the scope of the present article but is
available elsewhere [11]. Here, we outline the
key findings of one such exercise.

Fig. 3 Comparison of a prediction by FEA (left)
with an observation furnished by MiTE (right).
The case pertains to a plate with a circular hole
exposed to uniaxial loading.
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Fig. 4 Comparison of MiTE measurements against FEA predictions for a plate containing a circular hole.

Figure 3 compares a thermoelastic response
measurement obtained from MiTE with a corre-
sponding prediction from Finite Element Analy-
sis (FEA). The results were derived from an in-
vestigation of an aluminium plate containing a
circular hole and exposed to uniaxial loading in a
mechanical test machine. The agreement is seen
to be excellent, and is further confirmed in Fig-
ure 4 which compares the profile of the measured
thermoelastic response to the bulk stress distri-
bution from FEA along a line extending later-
ally from the hole edge. Measured traces are
shown for several different loading frequencies.
As the frequency increases the measured pro-
file is seen to converge to the FEA result, and
at 16Hz the two are largely coincident suggest-
ing that pseudo-adiabatic conditions have been
achieved.

7 Airframe Lifing - An Illustration of System
Embedment

Verification of airframe life in a military air
fleet is typically established by means of a
full-scale fatigue test (FSFT). That process is
presently underway for the centre-barrel of the
F/A-18A/B Hornet, as part of a mid-life struc-

Fig. 5 TSA of the aft bulkhead in the Centre-
Barrel of a Royal Australian Air Force F/A-18.
Top right photograph shows a close-up of the hy-
draulic hole under inspection (arrowed). Bottom
right photograph shows a close-up of the A20M
fixed to the bulkhead.

tural upgrade for the Royal Australian Air Force
(RAAF) fleet, which is aimed at ensuring the
nominal safe life of the airframe (6000 hours) can
be achieved [12]. The centre-barrel comprises

6



PROBING THE LIMITS: NEW OPPORTUNITIES IN THERMOELASTIC STRESS ANALYSIS

three wing-attachment bulkheads machined from
7050-T7451 aluminium alloy plate. Figure 5
points out one of the structurally critical features
in the centre-barrel, which is a hydraulic hole
near the wheel well in the aft bulkhead. As part
of the fatigue-life assessment process, an investi-
gation by TSA was required to verify the fidelity
of finite element modelling of this region.

The structure is subject to wing-root bending
loads, which are applied at the wing-attachment
points by means of a load frame connected to
a pair of hydraulic actuators. Two aspects of
the investigation are particularly worth noting.
Firstly, the rig is incapable of applying constant
amplitude loads above a frequency of about1Hz.
Secondly, the displacement of the structure un-
der load is large, especially near the upper wing-
attachment points where the load is applied. Both
pose a challenge for TSA. A relatively low load-
ing rate exposes the analysis to bias due to heat
conduction. Motion is potentially even more dis-
ruptive. An implied assumption in TSA is that
displacements under load are negligibly small i.e.
that the scene is effectively static. That assump-
tion does not hold in the present case as dis-
placements around the region of interest are in
the range of tens of millimetres over a load cy-
cle. A fixed observation from a standard tripod-
mounted system would clearly prove unwork-
able. Motion compensation could be applied as
an integral part of the cross-correlation process,
and indeed that, arguably, would be the only fea-
sible approach with a commercial system, but
a more effective solution was available in the
present case, by virtue of the compact size, low
cost and ruggedness of the MiTE system. It was
simply attached to the test article and permitted
to move in unison with the scene (see close-up
in Figure 5). Of course, it is possible to mount a
cooled photonic imager in the same way, but the
increased mass and size would necessitate a more
cumbersome support arrangement, and the prac-
titioner would need to be particularly risk tolerant
and perhaps exceptionally well-funded given that
structural failure of the component (which is not
unlikely in the context of a FSFT) might lead to
loss of the equipment.

Although the actual FSFT of the centre barrel
is performed using a variable-amplitude flight-
load sequence, for convenience the present analy-
sis was conducted using a constant amplitude si-
nusoidal load at a frequency of 0.6 Hz. The
peak load was limited to approximately 10% of
the maximum value in the actual flight-load se-
quence.

Fig. 6 Bulk stress distribution around the hy-
draulic hole arrowed in Figure 5, as assessed us-
ing MiTE (top) and predicted by FEA (bottom).

Figure 6 compares the stress distribution fur-
nished by MiTE with the FEA prediction. The
agreement is excellent, with peak tensile and
compressive stress values matching remarkably
well. It is to be noted that although the quadra-
ture signal indicated the presence of heat conduc-
tion, the effect on the measurement was evidently
small; probably mitigated by the relatively large
size of the hole (≈ 57mm) which has a scaling
effect on the stress (and temperature) gradient.
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8 Variable Amplitude Loading

While pure sinusoidal loading offers an experi-
mentally convenient basis for TSA, and indeed
is preferred for most laboratory investigations, it
is not a necessity. Recall that an adiabatic ther-
moelastic response is linearly related to the load
so the cross-correlation methodology described
previously is valid for any load sequence that
can be expressed as a sum of harmonic terms
of the form of Equation 3. MiTe is no differ-
ent to any other TSA system in this regard, but
it is worthwhile providing some proof of its per-
formance under these conditions. We again use
an aircraft structural integrity application as the
demonstration vehicle. The case considered in-
volves a wing-skin coupon subject to a complex
flight-load spectrum.

Fig. 7 An F-111 lower wing-skin FASS 281.28
coupon (left) with an arrow pointing to a fatigue-
critical feature examined using MiTE (right).

The coupon, shown in Figure 7, accurately
replicates the structural detail in a fatigue-critical
section of the lower wing skin of the F-111C air-
craft in a location known as FASS2 281.28. The
key feature here is a depression in the main in-
tegral stiffener, the purpose of which is to fa-
cilitate fuel flow between adjacent bays of the
wing-box fuel tank. It unfortunately also creates

2Forward Auxillary Spar Station.

a large stress concentration which leads eventu-
ally to premature fatigue cracking [13].

The variable amplitude loading applied to
the coupon was derived from an F-111C flight-
load spectrum (or sequence). This sequence was
stripped of all compressive loads for the present
exercise since the coupon lacks the restraints to
buckling found in the actual wing structure. Fig-
ure 8 shows part of the modified sequence as
measured at the load-cell during an actual test,
as well as the corresponding amplitude spectrum.
The load-points in the sequence were applied to
the coupon at a rate of two per second. For com-
parison purposes, an additional TSA was done
under pure sinusoidal loading at an equivalent
frequency (1Hz) and rms equivalent amplitude.
Figure 9 shows the measured stress distributions,
which are virtually identical. In each case, the
test duration was approximately 6 minutes.

An analysis confined to the primary fre-
quency in a variable amplitude load sequence
ignores information that is potentially valuable.
At the simplest level, response components close
to the primary frequency could be used to im-
prove the signal to noise ratio of a stress mea-
surement. More significantly, a broad-band mea-
surement of the thermoelastic response offers in-
formation that might help to retrieve an adiabatic
response [11].

9 Future Directions - In Situ Structural
Health Monitoring

The absence of cryogenic cooling in mi-
crobolometer detectors enables a degree of hard-
ware miniaturisation that is simply not possible
with photonic detectors. Indeed, miniature mi-
crobolometer cameras not much larger than a
match-box have been commercially available for
a little over a decade. Given the mass-market op-
portunities in consumer-electronic devices it is
reasonable to expect that miniaturisation of in-
frared imagers will continue as a trend in the
foreeseable future. The implications for TSA
could be significant and the F/A-18 centre barrel
application described previously illustrates how.
In that case an in-situ multi-site inspection was
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Fig. 8 Sample of a modified flight-load spectrum applied to the FASS 281.28 coupon (top), and its
magnitude spectrum (bottom).

possible only because of the low-cost, compact
size and ruggedness of the MiTE system. From
there it takes only a small conceptual leap to
imagine a ubiquitous in situ network of miniature
cameras that could conceivably furnish a constant
stream of information about the stress state and
structural integrity of any engineering asset. The
concept is clearly useful in FSFT programs, as
demonstrated in the F/A-18 example, and partic-
ularly if applied in the way suggested in [3], how-
ever it has broader potential for in-service appli-
cations, where it could provide a uniquely pow-
erful basis for in situ structural health monitoring
(SHM). In furnishing a measurement of stress,
TSA provides information that can be applied for
structural management across the full life-cycle
of an asset, from furnishing load information for
life prediction, to in situ detection and monitor-
ing of cracks, and finally to aid prognostic assess-
ments. Few SHM methods offer this breadth of
potential capability.

10 Conclusion

This article has described the development, val-
idation and application of a novel thermoelastic

Fig. 9 Results from MiTE obtained under a
variable amplitude flight-load spectrum (left) and
pure sinusoidal loading (right).

stress analysis system based on a low-cost mi-
crobolometer detector. Several experimental case
studies were employed to validate the system and
to illustrate some of its unique aspects. Its per-
formance across those case studies was shown to
be excellent, which underscores that an effective
TSA capability can be achieved without the use
of a high-cost photonic detector. In many prac-
tical situations a microbolometer detector might
actually be preferred because of its relatively
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low-cost, compact size, rugged construction and
lower energy requirements. It is hoped that the
development of this facility will make TSA more
broadly accessible and foster its more widespread
use within the engineering community.
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