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ARTICLE INFO ABSTRACT
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Non-destructive evaluation of components often relies on infrared thermography, yet metallic and highly
conductive surfaces provide weak radiative contrast and require emissivity calibration. We present an emissivity-
independent optical approach for rapid spatiotemporal heat-flow mapping and subsurface anomaly detection
using transmission-mode phase measuring deflectometry (PMD). A sinusoidal fringe field is imaged through a
transparent sensing medium in thermal contact with a thermally stimulated specimen. Thermal diffusion into the
sensing medium creates transient temperature gradients; via the thermo-optic effect, these gradients induce
refractive-index gradients that modulate the fringe field, enabling an estimation of the temperature-gradient field
from the retrieved phase. A coupled experimental-numerical framework is used for quantitative validation:
COMSOL-predicted and PMD-derived ROI-averaged vertical temperature-gradient show close agreement over the
0-3 s early-time window, with a root-mean-square error of 0.074 K/mm. Varying the applied thermal load from
5 K to 55 K yields an approximately linear phase response with a system responsivity of 0.0399 rad per unit
applied AT,,, (defined between the hot-water reservoir and the imaging chamber at t = 0). Demonstrations on
representative anomaly classes (dissimilar-material interface, localized low-conductivity insert, and void-type
discontinuity) show clear localization of subsurface thermal anomalies within the first few seconds after stim-
ulation, supporting rapid anomaly indication when radiative techniques are constrained.

1. Introduction Infrared thermography (IRT) and heat-flow thermography (HFT) are

among the most widely used techniques for thermal diagnostics [2,7-9].

Understanding heat flow within materials is essential for applica-
tions across energy systems, electronics, aerospace, and advanced
manufacturing [1]. Localized deviations in heat transport often reveal
structural defects or spatial variations in thermal conductivity, making
non-destructive thermal diagnostics crucial for ensuring material
integrity [2]. In manufacturing quality assurance, particularly for
metallic components, rapid detection of subsurface discontinuities is
important for process monitoring, post-process inspection, and in-
service screening [3-5]. Optical visualization of heat flow provides a
pathway for identifying subsurface anomalies while avoiding surface-
emissivity limitations associated with radiative methods [6].
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However, IRT relies on surface emissivity and performs poorly for
metallic or highly conductive surfaces where radiative emission is weak
and rapidly varying [10-12]. HFT extends IRT by tracking thermal
diffusion but still requires emissivity calibration and high-sensitivity
infrared detectors [13-16].

Refractive-index-based optical techniques provide an emissivity-
independent route to thermal-field visualization. Classical Schlieren
imaging and its digital variants, including background-oriented
Schlieren (BOS), respond to refractive-index gradients and are valu-
able for visualizing large-scale thermal or flow fields [17-22]. Digital
holographic interferometry (DHI), in contrast, measures optical-path
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differences with high phase sensitivity but requires coherent illumina-
tion, careful alignment, and stringent vibration isolation [23-28].

BOS estimates refractive-index gradients by computing pixel-level
displacement fields between a distorted background image and an un-
disturbed reference [29,30]. While effective with high-contrast artificial
backgrounds, its accuracy degrades under small-magnitude refractive-
index disturbances, complex natural backgrounds [31], small-scale
vortices [32], or varying illumination conditions [33]. These factors
limit its suitability for detecting the weak and rapidly evolving tem-
perature gradients encountered in conduction-driven thermal fields
within confined geometries. In contrast, transmission-mode phase
measuring deflectometry (PMD) analyses phase variations in a high-
contrast sinusoidal fringe field, offering higher sensitivity and
enabling quantitative retrieval of optical-path gradients within confined
transparent media [34].

In practical manufacturing and maintenance settings, conduction-
driven thermal signatures are often used in active thermography and
related thermal NDE to infer hidden discontinuities [4,35]. This is
particularly relevant for metallic components, where infrared inspection
can suffer from weak radiative contrast and significant uncertainty due
to emissivity variations [36]. Representative scenarios include (i) multi-
material or dissimilar-metal regions (e.g., aluminium-steel joints or
bimetal assemblies) [37], (ii) localized low-conductivity interlayers or
inclusions (e.g., adhesive/bondline defects, insulating inserts, shims, or
non-metallic interlayers within a conductive load path) [38,39], and
(iii) geometric or material-loss discontinuities such as drilled features,
voids, porosity, and occluded cavities that perturb heat-flow pathways
and produce detectable thermal anomalies [35,40]. These three classes
are intentionally represented by the test specimens used here (Objects
1-3), providing an application-oriented baseline for rapid anomaly
screening under controlled thermal loading [35].

PMD offers a compact, alignment-tolerant, and emissivity-
independent approach for visualizing refractive-index gradients in
transparent media. PMD measures angular deflections of structured-
light fringes, enabling reconstruction of optical-path variations
[34,41,42]. Although originally developed for surface-shape metrology,
recent extensions have demonstrated its applicability to refractive-index
imaging, including microscopic profiling of transparent micro-objects
[43], refractive-index estimation of liquids [44], and qualitative heat-
flow visualization in metals [45].

Building on these developments, the present work advances PMD
from qualitative visualization toward quantitative thermal-field map-
ping by correlating measured PMD phase gradients with numerically
simulated temperature gradients. In the proposed configuration, heat
diffuses from a thermally loaded metallic specimen through a thin
aluminium foil into a transparent medium, where conduction estab-
lishes refractive-index gradients that distort the imaged fringe pattern. A
coupled experimental-numerical framework is implemented: PMD re-
cords the dynamic phase evolution, while a COMSOL model computes
the corresponding transient temperature gradients. Their agreement
demonstrates that PMD can retrieve quantitative thermal-gradient in-
formation, enabling compact and calibration-ready thermal-metrology
systems that rely on optical sensing while using contact-mediated heat
transfer.

2. Theoretical background

Transmission-mode phase measuring deflectometry (PMD) measures
angular deflections of light rays caused by spatial variations in refractive
index within a transparent medium, which appear as distortions of an
imaged sinusoidal fringe pattern [46]. In the present work, the fringe
pattern is imaged through a sensing medium with temperature-
dependent refractive index. Heat conducted into this medium estab-
lishes transient temperature gradients, which induce refractive-index
gradients via the thermo-optic effect. These gradients bend rays and
cause measurable displacements (distortions) in the recorded fringe
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pattern [46-48].

In transmission-mode PMD, ray bending can be interpreted as
refraction in a medium with spatially varying optical thickness: rays
deviate toward regions of higher optical path length, and the corre-
sponding deflection is governed by optical-thickness gradients trans-
verse to the optical axis [46]. Practically, PMD quantifies this effect by
analysing the change in the imaged fringe pattern between a reference
state and a thermally disturbed (object) state, recorded using a dis-
play-lens—camera configuration [34]. The retrieved phase is propor-
tional to the angular deflection and therefore to the gradient of optical
thickness perpendicular to the fringe orientation; absolute optical
thickness can be obtained by integrating the measured gradients over
the field [49]. Several fringe-analysis algorithms exist for recovering the
phase from the recorded fringe pattern. Fourier-transform fringe anal-
ysis is particularly robust and computationally efficient for PMD appli-
cations [50].

Under the small-angle approximation, the local deflection angle « is
proportional to the lateral gradient of optical thickness S along the PMD
sensitivity direction (here taken as y) [46-48]:

oS

ac €8]

The y-direction is selected because the thermal stimulus is applied
approximately as a planar heat source, so the dominant heat flow and
hence the maximum temperature gradient in the sensing medium is
expected to be normal to the heated interface (along y). With = nL,
where n is the refractive index and L is the physical thickness of the
medium along the optical axis (i.e., the effective optical path length
through the medium), the presence of a thermal gradient gives

R R A @

where y = & is the thermo-optic coefficient of the medium.

A sinusoidal pattern is displayed on an LCD screen and recorded by a
lens-camera system. First the reference intensity distribution I.¢(x, y) is
captured with the medium at uniform temperature (or without thermal
loading),

Lep(x,Y) = Io(%,¥) + T (X,¥) 08 [ (%, ¥)] 3)

where Iy(x,y) and I (x,y) are the background and modulation terms,
respectively, and ¢,.¢(x,y) is the total phase of the fringe pattern at the
camera plane. When the object is imaged through the heated sensing
medium, the corresponding object intensity distribution Iy(x,y) be-
comes [51]

Iﬂbj(x7y) =10(X,y)+11(X,y)COS[(/)obj(X,y)} “@

The total phase term in each case can be decomposed into a geometry-
dependent carrier contribution and a local phase modulation:

2
o) =%t gy (x.y).k € {refob) ©®)

where d is the distance between the displayed fringe pattern and the
phase object, p is the fringe period, and « is the local ray deflection angle
along the sensitivity direction. For small deflections (a<1rad), sin
a ~ a. The term ¢, (x,y) represents the local phase modulation associ-
ated with the refractive-index gradients in the medium for the reference
(k = ref) and object (k = obj) states.

A phase-extraction algorithm (e.g., phase-shifting or Fourier fringe
analysis) is applied separately to I(x,y) and I,(x,y) to retrieve the
corresponding phase maps ¢,.¢(x,y) and ¢y (x,y). The PMD phase shift
due to thermal loading is then defined as

A¢(X7y) = ¢obj(x7y)7¢ref(x7.y) (6)
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which isolates the contribution of the thermally induced refractive-
index gradient and removes static system aberrations.
Combining Egs. (1) and (2) with the geometric sensitivity of the
fringe pattern, the phase shift can be written as [34,46,50],
2nd puL 0T

Ag — 27d pl. oT 7
& D 1oy )

where ng is the refractive index of the medium at the reference tem-
perature, L is the physical thickness of the sensing medium, and dT/dy is
the temperature gradient along the sensitivity direction. Eq. (7) defines

the proportionality constant = 2%(1 %, which links the experimentally

measured phase shift to the underlying temperature gradient. This
relation is used later (Section 4) to compute the predicted PMD phase
shift from simulated temperature gradient and to enable a direct com-
parison with the experimentally retrieved phase-shift maps in Section 5.

To retrieve phase maps, Fourier-transform fringe analysis is
employed [50] where the Fourier spectrum of the recorded fringe in-
tensity (Eq. (3) or (4)) is filtered around a first-order lobe to form an
analytic signal whose argument yields the wrapped phase, which is then
unwrapped using a standard two-dimensional phase-unwrapping algo-
rithm. The resulting A¢(x,y) is therefore proportional to the local
temperature gradient via Eq. (7).

To visualize heat flow in opaque and diffusely scattering materials,
the test object is placed in thermal contact with a transparent sensing
medium (Fig. 1). Thermal anomalies within the object perturb heat flow
into the sensing medium, producing localized variations in 0T/dy and
corresponding anomalies in A¢(x, y), enabling subsurface anomaly
visualization through the refractive-index response of the coupled
transparent layer.

3. Experimental setup

Fig. 2 provides an overview of the transmission-mode PMD system
and the thermal-loading arrangement used for heat-flow mapping and
anomaly detection.

3.1. Test objects and anomaly cases

Three test objects were designed to represent distinct classes of
thermal anomalies relevant to defect detection. The anomaly types and
corresponding specimen constructions are summarized in Table 1. In
brief, Object 1 evaluates discrimination between two materials with
different thermal conductivities, Object 2 represents a localized

Probe heat front

Test Object

Cumulative
thermal
signature of test
object along

Cumulative y-direction
gradient phase
along z-direction T Transparent
Imaging Medium
y
X
Z

(a)
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discontinuity smaller than the overall object size, and Object 3 repre-
sents a subsurface discontinuity embedded within the bulk.

Preliminary transient heat-conduction simulations were used to
guide the experimental design by indicating (i) the time window during
which anomalies remain detectable and (ii) the thermal contrast
required for clear discrimination between nominal and perturbed re-
gions. The simulations also showed that a spatially uniform, high-flux
thermal stimulus improves anomaly visibility. Accordingly, a hot-
water reservoir was selected as the thermal probe, as it provides a
nearly uniform and sustained heat input. Further simulation details are
provided in Supplement 1.

3.2. PMD measurement system

The experimental setup used for transmission-mode PMD-based
thermal mapping consists of three primary components: (i) the fringe-
display unit, (ii) the sensing unit (imaging chamber), and (iii) the im-
aging unit. A schematic of the arrangement is shown in Fig. 2(a-b), and a
photograph of the implemented system is provided in Fig. 2(c).

The fringe-display unit consists of a high-resolution TFT-LCD screen
(1080 x 1920 pixels, 403 PPI, 800 nits), which displays a sinusoidal
fringe pattern. The fringe period is chosen to be 0.7 line pairs/mm, and
the pattern is oriented at 45° so that both x- and y-components of the
optical-path gradient contribute to the measured phase. This oblique
orientation eliminates the need for separate measurements with hori-
zontal and vertical fringes and enables efficient two-dimensional sensi-
tivity. The LCD display allows flexible adjustment of fringe frequency
and orientation to tune the measurement sensitivity for different
samples.

The sensing unit comprises a transparent imaging chamber filled
with distilled water, enclosed by 1.5 mm thick glass walls. The top of the
chamber is sealed using a thin aluminium foil (=~ 200xm), which acts as
the thermal interface between test object and water of the imaging
chamber. The test object is placed directly above the foil. When a
thermal load is applied to the object, heat conducts into the water-filled
chamber, producing refractive-index gradients that distort the imaged
fringe pattern. Water is selected as the sensing medium due to its rela-
tively high thermo-optic coefficient, good optical clarity, and ease of
handling. Other transparent media (e.g., acrylic, glass, silicone oils) can
be used to tailor sensitivity for specific applications.

The imaging unit consists of a CCD camera (768 x 1024 pixels, 8-bit,
4.65 um pixel pitch) equipped with a 25-mm focal-length lens. The
camera is positioned to directly image the displayed fringe pattern
through the sensing chamber. From the system geometry, the overall

Probe heat front

Metal slab
with cylindrical
hole defect

Heat signature of
the metal slab

S—_Transparent

Imaging medium

(b)

Fig. 1. Principle of anomaly detection using transmission-mode PMD. (a) Heat flows from the opaque test object into the transparent sensing medium through a thin
aluminium foil, producing refractive-index gradients. (b) These gradients distort the fringe pattern, generating a PMD phase map that reveals subsurface ther-

mal anomalies.
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Fringe pattern display

Probe heat front

Imaging chamber
filled with water

Al
Hot Water

poured into the
reservoir (T

Fig. 2. Experimental setup for PMD-based thermal-field mapping. (a) Block diagram of the complete system. (b) Schematic of the imaging chamber, fringe display,
and camera geometry. (c) Photograph of the table-top implementation with the region of interest (ROI). (d) Thermal loading of the test object using a hot-water
reservoir at temperature Tyop, producing a uniform heat pulse.

Table 1
Description of test objects and thermal anomalies they are designed to represent.
Sr. No. Type of thermal Description of the Diagram
anomaly test object
Object Distinguishing Two slabs of
1 between two Aluminium (Al) \ ss “
materials of different and Structural
thermal conductivity Steel (SS) of
dimension 25 mm
X 25 mm x 5 mm
each placed side by
side
Object Identifying thermal Glass slab (25 mm
2 discontinuity x 1 mm x 5 mm) °
relatively smaller placed between glass
than the object in two aluminium
which it is present slabs (25 mm x 25
mm x 5 mm)
Object Identifying thermal SS slab (25 mm x
3 discontinuities 25 mm x 6 mm)

situated well within
the bulk object

with a centrally
located hole of
diameter 3 mm
oriented through
thickness

optical demagnification factor is approximately 0.082.

3.3. Thermal excitation, acquisition, and processing

Thermal excitation is applied using a hot-water reservoir maintained
at Tyop, delivering an approximately uniform thermal load to the upper
surface of the test object (Fig. 2(d)). A reference fringe image is acquired
with the system at the initial uniform temperature Ty. After thermal
loading begins, a time-resolved sequence of fringe images is recorded at
30 fps for 10 s to capture the evolution of refractive-index gradients
generated by heat flow from the object into the sensing medium.
Recorded fringe images are processed using Fourier-transform fringe
analysis (Supplement 1). The reference phase is subtracted from the
heated-state phase to isolate the thermally induced component, yielding

time-resolved phase-shift maps. Using the phase-temperature-gradient
relation derived in Section 2 (Eq. (7)), these phase maps are converted
to temperature-gradient fields within the sensing medium. The resulting
spatiotemporal maps form the basis for heat-flow visualization and for
identifying localized perturbations associated with thermal anomalies
(Section 5).

4. Numerical simulation

To support the interpretation of defect signatures and to enable
quantitative validation against experiments, two complementary simu-
lation approaches were employed. ANSYS Workbench was used as a
screening model to study how different anomaly classes (Objects 1-3)
perturb the transient heat-flow field under a planar thermal stimulus.
COMSOL Multiphysics was used as a quantitative model to replicate the
full experimental configuration and to predict the temperature gradients
within the sensing medium that give rise to the measured PMD phase
response for the homogeneous aluminium-slab validation case.

4.1. ANSYS screening simulations for thermal signature prediction

Three-dimensional transient heat conduction was simulated in
ANSYS Workbench 2023 R2 (Student Version) for the three test objects
described in Table 1. A spatially uniform (planar) thermal stimulus was
applied to the loading surface, and the resulting spatiotemporal tem-
perature fields were analysed to identify characteristic thermal signa-
tures expected for each anomaly type. The governing heat-conduction
model follows the Fourier-Biot equation [52]:

d JaT 7} JaT 0 JaT oT
i (50) oy (65) 22 (k) ra=rey ®

here p, c,, and k are the density, specific heat, and thermal conductivity,
respectively, and g, is the volumetric heat-generation term. These sim-
ulations are used to support the qualitative interpretation of anomaly-
induced perturbations; detailed settings and representative field plots
are provided in Supplement 1.
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4.2. COMSOL model for quantitative comparison and phase prediction

A numerical model was developed in COMSOL Multiphysics 6.2 to
replicate the experimental configuration and to predict the transient
temperature field that drives refractive-index gradients in the sensing
medium and hence the PMD phase response. The geometry comprised
an upper water chamber (21 mm x 26 mm x 24 mm) acting as the heat
reservoir, an aluminium slab representing the test object (24 mm x 6
mm x 27 mm), a lower water chamber (86 mm x 26 mm x 24 mm)
representing the sensing volume, and glass walls of 1.5 mm thickness
enclosing both chambers. All domains were embedded in an air box
representing the laboratory environment (Fig. 3). The thermophysical
properties used for each material are listed in Table 2.

The initial temperatures were prescribed to match the experimental
boundary conditions used for validation, with the hot-water reservoir at
Tiop = 303.15K and the sensing chamber initially at Tp = 298.15 K.
The air inside the enclosing air box was initialized at 303.15 K. Heat
exchange at the outer boundary of the air domain was modeled using a
convective boundary condition with an external ambient temperature
T, = 308.15K and a uniform heat transfer coefficient h = 5Wm2K!,
representing weak natural-convection coupling at the enclosure
boundary. Because the present comparison focuses on the initial 0-3 s
heating window, the PMD-relevant ROI gradients are dominated by heat
transfer through the object-interface-sensing-medium stack, while
moderate variations in h primarily influence slower ambient exchange.

The chosen value therefore provides a physically reasonable
approximation of ambient coupling while preserving the conduction-
dominated behaviour relevant to the measurement. Gravity was
included along the negative y-direction to account for natural convec-
tion within the fluid regions (air and water). A transient heat-transfer
simulation was performed, and the temperature field was analysed
over the first 3 s to correspond to the time window of interest in the
experiment.

4.3. Region of interest and extraction of representative gradients

The simulation indicates that the applied thermal stimulus is
approximately planar at the top surface of the specimen; consequently,
the dominant heat flux propagates along the y-direction into the lower
water chamber. To enable direct comparison with the PMD measure-
ments, all quantitative comparisons are restricted to the 0-3 s early-time
window, which captures the initial conduction-dominated response
responsible for establishing measurable refractive-index gradients in the
sensing medium. Over this interval, the ROI-averaged vertical temper-
ature gradient (0T/dy)(t) exhibits a well-defined transient maximum and
then evolves as boundary exchange and the decay of the driving thermal

Temperature (K)
308

307 [ — —
306 Air Box

305

304 4 :
303 | %:
302

301

300

-100 0 =l S
299 mm “100 s ~ - 200
2

y = 0
208 %x 00 200
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Table 2
Thermophysical properties of materials used in the COMSOL simulations.
Material Density = Thermal Specific Dynamic Source
(kg/ Conductivity Heat (J/ Viscosity
m®) (W/mK) kg-K) (Pa-s)
Water 998 0.6 4180 0.001 COMSOL
default
Aluminium 2700 205 900 - Standard
values
[53]
SiO, 2200 1.38 703 - Standard
(Glass) values
[53]
Air 1.2 0.026 1005 1.8 x 10°  COMSOL
default

load begin to influence the response. The simulated temperature-
gradient field is used together with Eq. (7) to predict the correspond-
ing PMD phase response, providing the forward model for the experi-
mental validation in Section 5.1.

For a quantitative comparison with the measurements, the temper-
ature field was evaluated over a region of interest (ROI) beneath the test
object. In the numerical model, this ROI was defined as a cuboid of di-
mensions 20 mm x 2 mm x 21 mm along the x-, y-, and z-directions,
respectively. The lateral dimensions (20 mm x 2 mm) were chosen to
approximately match the experimentally imaged ROI used during PMD
post-processing, which is inherently two-dimensional. The additional
extent in the third direction (21 mm) was included to capture the full
three-dimensional heat transport within the sensing volume.

To quantify the representative vertical temperature gradient, the ROI
was discretized into a series of parallel sheets along the y-direction with
a spacing of Ay = 0.1mm . The average temperature was computed for
each sheet, yielding 20 sheet-averaged temperatures Ti, Ta, -+, T2,
where T; corresponds to the sheet closest to the slab-side interface. A set
of average (secant) gradients was then computed with respect to this
reference sheetas g = ﬁ,, i=2,...,20 and the representative vertical
temperature gradient within the ROI was taken as the mean of g over all
sheets. This approach provides a robust macroscopic estimate by aver-
aging over multiple gradient evaluations, thereby reducing sensitivity to
small-scale numerical noise. Furthermore, the use of sheet-averaged
temperatures is consistent with PMD measurements, which inherently
integrate refractive-index variations over finite imaging regions rather
than resolving pointwise values. Thus, the methodology establishes a
direct and physically meaningful link between the simulated tempera-
ture field and the experimentally observed phase contrast.

Within this ROI, the vertical temperature gradient 0T/dy is clearly
dominant, whereas the gradients along the in-plane directions 0T/dx and

Fig. 3. COMSOL geometry used for simulating transient heat transfer. (a) Air domain enclosing all components used in the PMD experiment; the colorbar illustrates a
representative simulated temperature field (K) used for visualization of the simulation geometry and thermal loading configuration. (b) Enlarged view showing the
upper water chamber (heat reservoir), aluminium slab, lower water chamber (sensing volume), and glass walls.
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0T/0dz remain comparatively small. This behaviour follows from the
applied boundary conditions: the principal heat flux is directed normal
to the slab surface, leading to predominantly one-dimensional heat flow
through the thickness, while lateral temperature variations are
smoothed out by diffusion. The sign and magnitude of 0T/dy confirm
that heat is transferred from the upper hot-water reservoir toward the
lower glass wall of the imaging chamber, generating the refractive-index
gradient responsible for the measured PMD phase shift.

5. Experimental results and discussion
5.1. Dynamic response, comparison with simulation, and responsivity

To enable a direct quantitative comparison with the COMSOL model,
an experiment was performed with the hot-water reservoir maintained
at Tip = 303.15 K and the imaging chamber at Ty = 298.15 K, corre-
sponding to an applied temperature difference AT,p, =5 K, identical to
the simulation condition. The ambient conditions were controlled using
air conditioning; the imaging-chamber temperature was monitored with
a standard thermometer and stabilized at the target initial value before
each measurement. A homogeneous aluminium block (25 mm x 25 mm
x 6 mm) was used as the test specimen for this validation measurement.

Fig. 4(a) shows the time evolution of the ROI-averaged vertical
temperature gradient, (0T/dy)(t), comparing the COMSOL prediction
with the gradient estimated from the measured PMD phase using Eq. (7).
Fig. 4(b) shows the corresponding evolution of the ROI-averaged PMD
phase shift in the vertical sensitivity direction, (A¢(t)). To reduce the
influence of measurement noise, the experimental gradient curve was
obtained by repeating the AT,,, = 5K experiment multiple times and
averaging the phase-derived gradients prior to comparison with
COMSOL.

A quantitative measure of agreement is the global RMSE between the
experimental and simulated 0T/dy(t) curves over 0-3 s. Over this in-
terval, RMSE = 0.074 K/mm, which is ~ 10% of the peak experimental
gradient magnitude, indicating good agreement for a proof-of-concept
transient thermo-optic measurement. Minor deviations are expected
due to practical uncertainties in initial/boundary conditions and
simplified modelling of convective exchange.

The purpose of the COMSOL-experiment comparison is to demon-
strate that the proposed sensing configuration and the forward model
reproduce the initial conductive heating response that is most relevant
to rapid inspection. During this early window (here taken as 0-3 s), the
PMD-relevant gradients in the ROI are dominated by heat transfer
through the object-interface-sensing-medium stack, making this inter-
val appropriate for quantitative comparison. This interval also

daT/dy vs Time
0.2
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O e —
0 ey
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&
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corresponds to the time range in which detectable anomaly signatures
first appear, which is important for rapid identification. At later times,
additional effects (e.g., convective exchange with the surroundings,
evolving boundary interactions, and decay of the thermal driving force
as the hot-water probe cools) increasingly influence the transient
response and can introduce case-dependent cooling behaviour. There-
fore, the quantitative validation is intentionally restricted to the first 3 s,
where the physics is conduction-dominated and most directly linked to
the measured phase response. Once agreement is established in this
window, COMSOL outputs can be used with greater confidence to sup-
port interpretation and calibration in the remainder of the study. The
hot-water reservoir is used to create a quick and approximately uniform
planar thermal load at the start of this transient phase. Beyond the early-
time validation window, the response remains qualitatively interpret-
able as a continuation of the early-time heat-flow process, but is not used
for precise quantitative comparison with the COMSOL model.

To further investigate the response of the system to different thermal
inputs, a second set of experiments was performed by varying the
applied thermal load on the aluminium block. The temperature of the
top water reservoir was increased from 303.15 K to 353.15 K in steps of
10 K, while the imaging-chamber temperature was maintained at
298.15 K. This produced applied temperature differences AT ranging
from 5 K to 55 K.

For the AT = 5 K experiment, the actual temperature rise within the
field of view during the initial heating stage is small, typically around or
below 1 K, and evolves rapidly over a few seconds. Conventional tem-
perature measurement techniques such as thermocouples or infrared
cameras do not provide the required combination of spatial and tem-
poral resolution to capture these fast, low-magnitude variations. As this
work is a proof-of-concept study, COMSOL-derived temperature fields
are therefore used to interpret the measured thermal gradients and to
validate the observed PMD phase shifts under controlled boundary
conditions.

Accordingly, the externally applied temperature difference (between
the hot-water reservoir and the imaging chamber at t = 0) is used as the
reference input for defining the system responsivity. For each applied
thermal load, the ROI-averaged PMD phase was computed, and the
resulting phase-versus-AT curve (Fig. 5) exhibits an approximately
linear trend. From the slope of this curve, a responsivity of 0.0399 rad
per unit applied AT was obtained. This quantity characterizes how
strongly the measured phase responds to changes in the applied thermal
load within the investigated operating range; it should not be inter-
preted as a direct physical sensitivity in rad/K to the internal ROI tem-
perature change.

The responsivity of the system is defined as the slope of the ROI-
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Fig. 4. Dynamic response of the PMD system for an applied AT =5 K. (a) ROI-averaged vertical temperature gradient estimated from PMD phase via Eq. (7)
compared with COMSOL prediction. (b) Corresponding mean PMD phase in the same ROI. The experimental gradient curve is obtained from repeated measurements

averaged prior to comparison.
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Fig. 5. Responsivity curve: ROI-averaged PMD phase shift as a function of
applied temperature difference AT. The slope yields the system responsivity in
rad per unit applied AT.

averaged PMD phase shift with respect to the applied thermal load

Ryar = % rad per K of applied AT, where AT denotes the difference

between the hot-water reservoir and the imaging chamber att = 0. This
definition uses AT,p, as a surrogate input because direct, spatially
resolved measurement of the small, rapidly evolving internal tempera-
ture change within the ROI is not feasible with conventional sensors at
the required spatiotemporal resolution in the present proof-of-concept
setup. Accordingly, Ry ar,, should be interpreted as a system-level
responsivity of the overall sensing configuration to the applied ther-
mal stimulus (units: rad per unit applied AT,pp), rather than an intrinsic
rad/K sensitivity to the local ROI temperature.

In addition to this system-level metric, the intrinsic sensitivity link-
ing the measured PMD phase shift to the local vertical temperature
gradient in the sensing medium is given by Eq. (7), A¢ = K (dT/dy),
where K is set by the optical geometry and the thermo-optic response of
the sensing medium. Since the thermo-optic gradients are distributed
throughout the water depth, d is defined using an effective phase plane
located within the sensing volume (rather than at a single glass inter-
face). With this effective definition, the resulting geometric constant is K
~-1.6 x 10~*rad/(K/m) . This constant is used to relate simulated
temperature gradients to the expected PMD phase response and to
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support comparison between COMSOL predictions and PMD

measurements.

5.2. Spatiotemporal thermal mapping and anomaly detection

A second set of experiments demonstrates thermal anomaly detec-
tion for the three objects described in Table 1. In the present work,
“anomaly detection” refers to the detection and localization of thermal
anomalies through spatially resolved phase variations, rather than
criterion-based defect segmentation. The known positions of the mate-
rial interfaces, low-conductivity insert, and void-type discontinuity
provide a direct reference for interpreting the measured phase maps and
line profiles where clear local deviations from the surrounding regions
are observed. However, accuracy measures such as segmentation accu-
racy, error in estimated defect area, or overlap-based metrics are not the
focus of the present study and would require an additional analysis
framework involving objective threshold selection, ground-truth defect
masks, and validation across a wider range of defect sizes, depths, and
geometries. In each test, the object was placed on the imaging chamber
(water initially at ambient temperature), and a thermal probe was
applied using hot water (Fig. 2). The spatiotemporal PMD phase maps
presented below reflect the evolving refractive-index gradients in the
sensing medium and are therefore proportional to the temperature-
gradient field (Eq. (7)).

Fig. 6 shows the PMD phase maps obtained for Object 1 (Table 1) for
an imaging-chamber temperature of T, = 298.15K and a hot-water
(probe) temperature of T, = 336.15 K, corresponding to an applied
temperature difference AT,,, = T, —T. = 38K. Here, t = 0 denotes the
instant when the hot water first contacts the upper surface of the
specimen.

Because aluminium has substantially higher thermal conductivity
(and thermal diffusivity) than structural steel, the heat front propagates
more rapidly and produces a larger phase response on the aluminium
side, making the material interface detectable as a spatial discontinuity
in the phase field. To visualize the evolution more clearly, the phase
profile is evaluated along a horizontal line (along x) crossing the inter-
face, as indicated by the dashed line in Fig. 6(c). Since the dominant heat
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Fig. 6. Spatiotemporal evolution of the PMD phase map (proportional to the vertical temperature gradient) for Object 1. Times: (a) 0.40 s, (b) 0.87 s, (c) 1.87 s, (d)
2.87 s, (e) 3.67 s, (f) 4.67 s. Aluminium and Structural steel regions produce distinct thermal signatures due to differing thermal conductivities. (See Visualization 1.).
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flow is along the y-direction in this configuration, this lateral profile
highlights the contrast between the two materials. Fig. 7(a-f) shows the
corresponding phase profiles at successive times. A distinct interface
signature becomes apparent approximately ~ 1s after application of the
thermal load.

The phase on the Al side increases more rapidly and reaches higher
values than on the SS side, consistent with faster heat propagation
through aluminium. The interface location is indicated by the vertical
dotted line in Figs. 6 and 7.

Fig. 8 presents the PMD phase maps obtained at different times for
Object 2 (Table 1) with an imaging-chamber temperature of T, =
298.15 K and a hot-water (probe) temperature of T, = 328.15 K, cor-
responding to an applied temperature difference AT,pp =Tp — Tc = 30 K.
Object 2 consists of a glass slab placed between two aluminium slabs.

Because aluminium has a much higher thermal conductivity (and
thermal diffusivity) than glass, the heat front propagates more rapidly
through the aluminium regions, whereas the glass segment retards
conduction and alters the local heat-flow pathways. This strong thermal-
transport contrast produces a non-uniform temperature field and a clear
discontinuity in the PMD phase distribution across the insert region.

As the hot-water probe is not actively maintained, the thermal
driving force decreases with time and the imaging-chamber water
gradually approaches thermal equilibrium. Consequently, temperature
differences between regions diminish and the phase contrast reduces as
the field becomes increasingly uniform, eventually obscuring finer
anomaly details at later times. Fig. 9(a-f) shows the corresponding PMD
phase profiles along the dashed line indicated in Fig. 8(c), further
illustrating the reduced phase response over the glass segment relative
to the adjacent aluminium regions. Compared with the alumi-
nium-structural steel interface case (Object 1), the alumi-
nium-glass—aluminium configuration introduces a much larger thermal-
property contrast, which yields a clearer anomaly signature; however,
the low-conductivity glass region also delays heat penetration, so the
signature typically evolves over a longer transient before homogeniza-
tion dominates. Together, Figs. 8 and 9 demonstrate that the technique
can detect localized variations in thermal conductivity and is therefore
suitable for identifying defect-like thermal discontinuities and material
inhomogeneities.
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Fig. 10 shows the PMD phase maps obtained at different times for
Object 3 (Table 1) for an imaging-chamber temperature of T. =
298.15K and a hot-water (probe) temperature of T, = 353.15K , cor-
responding to an applied temperature difference AT,,, =T, —T, =55K.
Here, t = 0 denotes the instant when the hot water first contacts the
upper surface of the specimen. Object 3 is a structural steel slab con-
taining a cylindrical void; the void perturbs heat-flow pathways and
locally reduces conductive heat transfer relative to the surrounding solid
material. As a result, the PMD phase response above the void region
differs from that of the adjacent intact structural steel.

This behaviour is evident in Fig. 10(b), where the phase field exhibits
a distinct spatial deviation above the cylindrical hole compared with the
surrounding region. The variation observed along the x-direction arises
from changes in the dominant heat flow along the y-direction caused by
the subsurface discontinuity. Fig. 11(a-f) shows the corresponding PMD
phase profiles extracted along the dashed line indicated in Fig. 10(c),
further highlighting the reduced phase response associated with the
void. Since the host is fully metallic, the heat front develops rapidly in
the intact regions, and the void-induced perturbation becomes detect-
able within the first few seconds of heating.

The time at which a detectable phase signature appears is governed
by two factors: (i) the magnitude of the thermal-property contrast that
creates spatial differences in heat flow, and (ii) the rate at which the heat
front develops within the specimen. For Object 1 (Al-SS), both regions
are metals, so the thermal contrast is moderate; the interface becomes
detectable after a short delay (=1 s), but the phase contrast is relatively
modest compared with Object 2. For Object 2 (Al-glass-Al), the con-
ductivity/diffusivity mismatch is much larger, producing a clearer
discontinuity; however, the low-conductivity glass insert also delays
heat penetration, so the anomaly signature evolves over a longer tran-
sient before diffusion and probe cooling reduce contrast. For Object 3
(SS with a void), heat transport in the intact metal is fast, and the void
perturbs the conduction pathway strongly, so a localized deviation be-
comes visible within the first seconds of heating.

The spatiotemporal evolution of the PMD phase maps for all three
objects is provided in the supplementary visualization files. In all cases,
the PMD phase increases with time, reaches a maximum, and then de-
creases. This trend reflects the nature of the thermal probe: the hot water
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Fig. 7. Temporal evolution of the PMD phase profile along the dashed horizontal line in Fig. 6(c), illustrating the progression of the heat front through aluminium

and structural steel.
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Fig. 8. Spatiotemporal evolution of the PMD phase map for Object 2, containing a glass insert between aluminium slabs. Times: (a) 0.40 s, (b) 0.60 s, (c) 1.80 s, (d)
3.13 s, (e) 5.47 s, (f) 7.13 s. Thermal conduction slows through the glass region, producing a clear thermal discontinuity. (See Visualization 2.).
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Fig. 9. PMD phase profiles along the dashed line in Fig. 8(c), highlighting slower heat propagation through the glass insert relative to the surrounding aluminium.

loses heat to both the object and the surroundings, leading to a decay in
the applied heat flux. As the source cools, the driving temperature dif-
ference diminishes, and the measured PMD phase in the region of in-
terest correspondingly decreases.

6. Conclusion

This work demonstrates transmission-mode phase measuring
deflectometry (PMD) as an emissivity-independent technique for
spatiotemporal heat-flow mapping and subsurface thermal-anomaly
detection in opaque, conductive components. A controlled thermal

stimulus is applied to the specimen, and the resulting heat transfer into a
transparent sensing medium generates transient refractive-index gradi-
ents that distort an imaged sinusoidal fringe field. The recovered PMD
phase evolution provides a quantitative, optical proxy for the underlying
temperature-gradient field, enabling conduction-based thermal inspec-
tion without relying on infrared emission or emissivity calibration at the
specimen surface.

Experiments on three representative anomaly classes (i) metal-metal
interfaces, (ii) localized low-conductivity inserts/interlayers, and (iii)
void-type geometric discontinuities within a metal host produced clear
spatiotemporal phase signatures consistent with expected heat-transport
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Fig. 10. Spatiotemporal evolution of the PMD phase map for Object 3 containing a cylindrical void. Times: (a) 0.33 s, (b) 0.60 s, (c) 0.93 s, (d) 1.60 s, (e) 2.27 s, ()
3.60 s. The void perturbs local heat flow, producing a distinct PMD phase signature. (See Visualization 3.).
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Fig. 11. PMD phase profiles along the dashed line in Fig. 10(c), showing reduced heat-flow magnitude beneath the cylindrical void.

behaviour. Across these cases, detectability is governed by the interplay
between thermal-property contrast and heat-front development speed:
modest contrasts (metal-metal) yield weaker but still detectable dis-
continuities, stronger mismatches (metal-glass—metal) produce higher
contrast but can delay local heat penetration, and void-type disconti-
nuities in an otherwise highly conductive host perturb the heat path
sufficiently to become visible early in the heating transient. These
representative cases provide an application-oriented baseline for rapid

10

screening of conduction-driven anomaly signatures under controlled
loading.

Quantitative validation was performed for a homogeneous
aluminium reference specimen by comparing PMD-derived ROI-aver-
aged vertical temperature gradients with a COMSOL transient heat-
transfer model over the 0-3 s early-time window, which is the regime
most relevant to rapid inspection and least influenced by later-stage
ambient exchange and probe cooling. The agreement over this
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window is strong, with a global RMSE of 0.074 K/mm between the
simulated and experimentally estimated gradient time histories. Minor
deviations at early times are expected because the gradients are close to
zero. A modest divergence develops toward the end of the 0-3 s interval,
which may arise from differences between the idealized boundary
conditions in the model and the experimental thermal coupling/ambient
exchange.

To characterize system-level response under variable loading, an
applied thermal-load sweep was performed and the ROI-averaged phase
response showed an approximately linear dependence on the applied
temperature difference between the hot-water reservoir and the imaging
chamber at t = 0. The resulting system responsivity was 0.0399 rad per
unit applied AT,p,. This metric is intentionally reported as an applied-
load responsivity (rather than an intrinsic rad/K sensitivity to the in-
ternal ROI temperature rise), because the actual temperature change
within the field of view during the early transient is small (typically <1
K) and not directly measurable with conventional sensors at the required
spatiotemporal resolution in this proof-of-concept configuration. For
physically grounded interpretation, the phase response is therefore
linked to the local temperature gradient via Eq. (7) and supported by the
COMSOL-derived thermal field.

The present implementation employs a hot-water reservoir as a
convenient proof-of-concept thermal stimulus, selected to provide a
rapid onset of uniform planar thermal loading over the specimen sur-
face. At the same time, the hot-water source can introduce temporal
variability because the driving temperature difference decays during
contact. Future implementations would therefore benefit from more
regulated and repeatable excitation strategies, such as PID-controlled
flat resistive heaters, cartridge-heated metal contact blocks with a
more uniform surface temperature, or localized optical heating,
depending on specimen geometry and the desired thermal loading
profile. Although the present study uses simple flat benchmark speci-
mens, the anomaly-detection principle is not inherently restricted to
planar components. If the region of interest can be coupled to a suitable
transparent sensing medium and the nominal geometric response is
known, anomalous regions should remain detectable through their de-
viation from the surrounding heat-flow signature. Extending the
approach to more complex geometries and manufacturing-relevant parts
will, however, require careful control of thermal coupling and excita-
tion, accounting for heat-flow variations introduced by the sample ge-
ometry, and, where necessary, adapting the sensing medium according
to specimen geometry and sensitivity requirements. For small-sized
objects, fine-scale defects, or multiple defect regions, detectability is
expected to depend on coupled thermal and optical factors, including
defect size, depth, and spacing, thermal-property contrast, the heating-
source profile, heat-transfer time through the object-interface-sensing-
medium system, the thermal and thermo-optic response of the sensing
medium, and the spatial resolution and phase sensitivity of the PMD
system. Smaller or multiple defects may be detectable if they produce
distinguishable perturbations in the measured heat-flow signature
relative to the surrounding response. However, when defects are very
close together, very small, or located deeper within the sample, their
thermal responses can overlap or become less distinct. In such cases,
improved excitation control, appropriate choice of sensing medium, and
more careful analysis methods will be needed. Systematic studies using
larger datasets will therefore be needed to establish detection limits for
smaller and multiple anomalies and support automated defect catego-
rization. Future work will focus on refined calibration and uncertainty
quantification, improved modelling of the coupled conduction-
refraction process, and automated interpretation of phase signatures
to support robust deployment in inspection workflows.

Overall, the results establish transmission-mode PMD as a promising
spatiotemporal, conduction-based, emissivity-independent optical in-
spection method for rapid thermal-gradient mapping and anomaly
indication in manufactured metal components.
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Appendix A. Supplementary data

Supplementary File S1 contains details of the Fourier-transform-
based phase retrieval algorithm used to generate the PMD phase
maps, together with preliminary transient heat-flow simulations of the
three test objects. These simulations were used to identify the time
window in which the thermal anomalies are most discernible and to
guide the thermal loading conditions. Videos V1-V3 show the real-time
spatiotemporal evolution of the PMD phase maps for Objects 1-3,
respectively, in the imaging medium immediately beneath the thermally
loaded test objects. The videos illustrate the transient phase response
associated with heat-flow perturbations caused by the material inter-
face, glass insert, and internal void-type discontinuity, respectively.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.optlastec.2026.115664.
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