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Abstract. Stereo digital image correlation (Stereo-DIC) is recurrent in photo-mechanics to measure kinematic
fields which can be of high interest for instrumenting open-mould forming processes. Nevertheless, in the
presence of pre-heating operations, as observed in the context of thermoforming processes, natural convective
heat flows risk emerging and causing optical distortions in the recorded images. Consequently, this alters the
precision of the measured full-fields of displacements. To address these challenges, this study proposes an
experimental approach with two distinctive features. Firstly, it focuses on regenerating the heat haze effect at a
laboratory scale within a partially opened vertical enclosure and without utilizing any filtering air flows.
Secondly, the study quantifies the spatial and temporal variations of errors through statistical analyses of the
differences between measurements obtained from quasi-static speckle translations and known imposed
displacements. Experimental results indicate that the main cause of displacement errors is related to the 3D
nature of the hot air turbulence caused by the natural convection phenomenon. This observation is supported by
the detection of feather-shaped heat flows causing optical out-of-plane surface deviations. Furthermore, the
study validates the possibility of obtaining time-dependent corrective functions for bias errors, which
characterize the performance of the calibrated Stereo-DIC system in the presence of heat haze. Despite the
limitation of extensive measurements required by the proposed approach, this study contributes to addressing
the heat haze effect and constitutes a step towards extending the use of stereo-DIC for in-situ instrumentation of
short-duration thermomechanical tests in the presence of heat haze.

Keywords: Stereo-DIC / systematic errors / random errors / heat haze / thermoforming
1 Introduction
Stereo-digital image correlation (stereo-DIC) is a metro-
logical technique with the potential to provide three-
dimensional kinematic fields through the use of stereo-
vision and digital image correlation algorithms [1,2]. Its
application in instrumenting open-mould forming processes
constitutes one potential case of application of stereo-DIC,
enabling the tracking ofmechanical deformations amaterial
undergoes under realistic forming conditions. Within the
specific range of thermoforming temperatures for thin
thermoplastic sheets (at relatively high temperatures below
300 °C), stereo-DIC has effectively demonstrated its ability
to achieve the following: characterizing out-of-plane insta-
bilities during pre-stretching operations [3–5], measuring
polar deflections during bulge operations [6], mapping full
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fields of thicknesses during plug-assisted forming [3,7,8],
and controlling formingaspect ratios during thehot-bending
of thin thermoplastic sheets [9]. Despite the existence of a
broad consensus within the material forming community to
adhere to general guidelines such as those provided by the
International Digital Image Society for using stereo-DIC
measurements [10], the lack of standards for conducting
measurements in industrial environments still require more
efforts to acquire reliable metrological data for control or
certification tests [11–13]. Indeed, potential extrinsic sources
of errors (such as changes in luminosity, vibrations, and the
presence of heat sources) have been reported to cause optical
flaws in images used as input for correlation algorithms,
ultimately leading to inaccurate kinematic fields [14–17].
To address these sources of errors, studies in uncertainty-
quantification are conducted to either (i) quantify errors and
uncertainties and/or (ii) correct these errors to provide
reliable metrological data [18–20].
monsAttribution License (https://creativecommons.org/licenses/by/4.0),
in any medium, provided the original work is properly cited.

https://orcid.org/
https://orcid.org/0000-0003-3909-8036
https://orcid.org/
mailto:abderrahmane.ayadi@imt-nord-europe.fr
https://www.edpsciences.org
https://doi.org/10.1051/meca/2023034
https://www.mechanics-industry.org
https://creativecommons.org/licenses/by/4.0


2 A.G. Dastidar et al.: Mechanics & Industry 24, 39 (2023)
The utilization of industrial thermoforming equipment
often involves the presence of thermal gradients at
relatively high temperatures. These gradients act as
precursors to both thermal phenomena (such as natural
convective heat fluxes, including buoyancy effect) and
optical phenomena (such as the heat haze effect). The heat
haze effect in particular refers to an optical distortion
observed in the air near hot surfaces due to local
temperature variations. It occurs in an optical field when
light rays pass through the hot air near the hot material
towards the cold camera lenses, resulting in deviations
caused by local fluctuations in the air’s refractive index
[20,21]. In the realm of experimental mechanics, research-
ers have long been exploring DIC measurements in the
presence of heat haze sources. A non-extensive literature
review indicates that the heat haze effect has primarily
been observed in studies involving optical measurements at
high temperatures (higher than 300 °C). For instance, the
pioneering work by Lyons et al. investigated the accuracy
of two-dimensional DIC in measuring displacements and
strains at temperatures up to 650 °C, considering different
tests involving free thermal expansion, rigid body motion,
and uniform tensile loads [22]. Their work confirmed that
two-dimensional DIC could effectively assess strains with a
level of accuracy comparable to ambient conditions,
provided that precautions were taken to: (i) mitigate
image distortions due to the optical path’s glass quality,
and (ii) maintain a constant refractive index of the heated
air near the furnace (i.e., filtering heat haze effect by
applying forced air flows). In more recent comprehensive
studies, other authors such as Berny et al. introduced a
spacetime implementation to extend DICmeasurements to
temperatures exceeding 1200 °C, suitable for applications
involving ceramic matrix composites [21]. For temper-
atures exceeding 600 °C, the same study provided an in-
depth review of the literature, providing insights into:
(i) the utility of two-dimensional DIC in characterizing
creep crack growth, evaluating coefficients of thermal
expansion, and more, and (ii) the applicability of stereo-
DIC in assessing thermal expansion coefficients of stainless
steels. On the other hand, Berny et al. outlined three
challenges when conducting DICmeasurements at temper-
atures surpassing 600 °C. These challenges relate to: (i)
black body radiations (where image brightness is not
conserved), (ii) the lack of image contrast conservation,
leading to degradation of white and black speckles at
temperatures beyond 300 °C, and (iii) thermal gradients
causing fluctuations in the refractive index of the air. In
another comprehensive overview paper, Yu et al. similarly
reported three challenges that impact the quality of imaged
speckles [23]. These challenges include: (i) image intensity
saturation due to radiative heat transfer, (ii) deterioration
of image contrast caused by speckle degradation, and
(iii) image distortion due to heat haze. Heat haze, in this
context, refers to the presence of a natural convective heat
flux between hot and cold domains within the optical field.
When air is heated, local changes in its density and
refractive index of light can lead to visually imperceptible
distortions of light beams captured by optical cameras [20].
For relatively high temperatures (i.e., up to 300 °C,
such as in the thermoforming temperature range of
thermoplastics), Yuile et al. employed CFD simulations to
model the thermal field of a regulated thermal chamber to
analyze optical distortions during two-dimensional DIC
measurements [24].Their resultsdemonstrated thatwithout
forced convective flows for air mixing and cooling, the
measured deformation errors induced byheat haze could not
be neglected when air temperatures exceeded 60 °C. To
quantify and subsequently rectify distortions in recorded
optical images at relatively high temperatures, Ma et al.
proposed the use of the background-oriented Schlieren
(BOS) technique. They further applied temporal averaging
to the corrected images before subjecting them to digital
image correlation algorithms [25]. Jones et al., on the other
hand, assessed the mitigation of image distortions by
imposing forced convective air flow cooling within the
optical camera’s field of view during image acquisition.
Additionally, they applied a temporal filter to the images
prior to calculating the displacements [6]. Results from both
previous studies demonstrated that employing temporal
filters was the more effective approach in reducing
distortions induced by heat haze, compared to solely relying
on forced convective air flow during image acquisition.
Despite the considerable efforts mentioned earlier, the
complex nature of thermal challenges in industrial-scale
thermoforming processes involving thin thermoplastic
sheets requires additional work to quantify stereo-DIC
errors. This becomes particularly pertinent when heat haze
manifests in close proximity to the speckled surface of the
heated material rather than directly near the camera. As a
result, conventional solutions involving filtering the heat
haze effect through forced airflowsduring image capture can
potentially introduce conflicting influences on the thermo-
mechanical behavior of softened thermoplastic sheets during
stretching [6] or open-mould forming operations [26,27].
These solutions may inadvertently interfere with in-situ
measurements. Although this study does not directly delve
into thermoforming or stretching of thermoplastics at high
temperatures, the defined experimental work is tightly
inspired from previous work by the authors [28].

Compared to the existing studies in the context of
thermoplastics thermoforming processes, the current study
claims originality by addressing the lack of explicit research
regarding the quantification of displacement errors. It
contributes, alongside other existing studies in the field of
experimental mechanics, to quantifying both systematic
and random errors induced by heat haze in stereo-DIC
displacement measurements. These claims primarily relate
to scenarios where conventional practices, such as turbu-
lent air flow through ventilation, are inapplicable to
mitigate heat haze distortions. The laboratory-scale
procedure proposed herein and the expected output of
the manuscript should be considered in light of the
following points in mind: First, the study focuses on
regenerating natural convection air flows within a
“partially open enclosure” and within the temperature
range commonly used for thermoforming High Impact
Polystyrene sheets. Second, unlike studies conducted at
relatively high temperatures (i.e., below 300 °C), the
current research examines the influence of quasi-static
speckle translations on measured displacement errors in
the presence of heat haze. Third, it evaluates the
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performance of a laboratory-scale stereo-DIC system after
calibration, which is essential for instrumenting thermo-
forming rigs, building on the authors’ previous work [29].
Lastly, the study hones in on scenarios where heat haze-
induced errors cannot bemitigated by forced convective air
flows, particularly in the context of in-situ measurements
during thermoforming processes. In such cases, introduced
air-flows can interfere with the applied thermomechanical
loads. As will be later justified in Section 2.2, the study
deliberately excludes errors stemming from black body
radiations and thermal speckle degradation from its scope.

Consequently, the proposed laboratory-scale procedure
relies on unidirectional rigid body translation tests
conducted on a tensile machine equipped with an auto-
regulated heating chamber. The thermal configuration
corresponds to the thermal case of a partially open vertical
enclosure [30]. The article’s structure unfolds as follows:
the experimental part is devoted to the requisite
experimental precautions in order to: (i) regenerate heat
haze within the thermoforming temperature range of
commonly used thermoformable material, high-impact
polystyrene (HIPS), and (ii) ensure temporal synchroniza-
tion between the imposed and measured displacements
during mechanical tests. The subsequent sections, encom-
passing results and discussions, will focus on themacroscale
temporal and spatial fluctuations of displacement errors
influenced by heat haze. Particular attention will be given
to two pivotal parameters: the regulation temperature
(TR) and the displacement speed. The garnered outcomes
will then guide the proposition of a time filtering approach
for the measured displacements.

2 Material and methods

2.1 Equipment

Unidirectional rigid body motion tests were carried out

along the Y
→
direction (see Fig. 1a) using the same speckled

target plate (i.e., the same specimen) measuring
120� 40� 3 mm3. The plate was manufactured through
injection moulding of a temperature-resistant grade of
short glass fiber-reinforced polyamide 66 commercialized
under the name Zytel

®

70G35HSL by DuPont
®

and having
a melting temperature of 263 °C and a coefficient of linear
thermal expansion of 17� 10�6 (K�1) [31]. Mechanical
boundary conditions involved pneumatic clamping of the
target plate from its upper side within a tensile machine
(Roell-Z010, Zwick

®

) equipped with a temperature
chamber (AllroundLine-Z010, Zwick

®

) having inner
dimensions of 260� 445� 700 mm3 (Fig. 1a). During
thermal regulation, the temperature chamber was sealed
and uniformly heated using forced convection from an
integrated mixing fan that circulated hot air, until it
stabilized at the desired regulated temperature, TR
(Fig. 1b). An additional delay of 180 s was imposed to
stop the mixing fan and allow the target plate’s tempera-
ture to stabilize. For conducting thermal and optical
measurements, an observation window sized 120� 140
mm2 (i.e., covering 9.2% of the surface) was fully opened in
the front wall of the temperature chamber (Fig. 1c) to
mimic hot-forming operations. An infrared camera
(PI-640i, Optris

®

) captured average temperatures (TS)
from the speckled region of interest, while two CCD
cameras (ImagerMX-4M, LaVision

®

) recorded stereoscopic
images at a fixed frequency of five Hz. These measurements
were initiated a few seconds before opening the observation
window to allow posteriori synchronization between dis-
placements measured by the stereo-DIC system (denoted
by Vi) and those imposed by the tensile machine (denoted
by V t

�
). The experimental plan included four temperatures

{25;105;115;120}°C and three displacement speeds
{10;50;100} mm/min. Since the region of interest (ROI)
covered 35� 30 mm2, a single test case was considered to
provide full fields of displacements from each temperature/
speed combination of parameters.

2.2 Speckle characterization

Random speckle patterns were applied to the specimen’s
surface using paint sprays for experimental characteriza-
tion. Initially, a layer of mat white paint (Sinto

®

, reference
925020) was applied, followed by the application of heat-
resistant black paint (ColorWorks

®

, reference 918550),
capable of withstanding temperatures up to 800 °C, to
create the black speckle patterns. During conducted
“moving specimen” tests the stereovision system captured
images of the same speckled specimen under various
temperature/speed conditions.

2.2.1 Morphological descriptor of the speckle

Feret’s diameter as a morphological descriptor of the black
spots within the speckle patterns was analyzed based on
the open-source software ImageJ. First, images recorded by
the left camera of the stereovision system at time t0 were
selected, then were encoded into 8-bit. Second, automatic
Otsu threshold-based binarization was applied, followed by
an automatic watershed filter to separate adjacent black
spots. Figure 2a illustrates histogram distributions of
Feret’s diameter. At 25 °C (i.e., the reference condition
representing the absence of heat haze effects) the average
Feret’s diameter measured approximately 735mm with a
standard deviation of 570mm. These speckle patterns
closely resembled those employed for instrumentation on
an industrial-scale thermoforming rig [3].
2.2.2 Verification of potential effect of blackbody radiation

For qualitative and quantitative verifications, representa-
tive images of the speckle corresponding the following time
stamps {t0; t0+ 5s; t0 + 10s and t0 + 15s} were extracted
and were encoded into 8-bit. Then histograms of greylevels
were generated and provided in Figure 2b. At 25 °C and a
speed of 10mm/min, discernible disparities were observed
in the areas under the curves between the test’s start at t0
and at t0+ 15 s. Upon escalation to speeds of 50 and
100mm/min, corresponding to total displacements of
12.5mm and 25mm, the histograms exhibited a gradual
shift towards brighter greylevels. This shift implied an

illumination gradient along the Y
→

direction. Quantitative



Fig. 1. (a) Experimental equipment. (b) Average temperature at the ROI measured by the IR camera for the same speckled specimen
across all tests with varied temperature/speed conditions. (c) Illustration of the sealed thermal enclosure during temperature
regulation. (d) Illustration of the partially open thermal enclosure during rigid body motion tests.
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analysis of the areasunder the curvesbetween t0 and t0+15 s
for speeds of 10, 50, and 100mm/min resulted in algebraic
variations of +0.8%, �3.1%, and �2.3% respectively. This
quantification confirms that in the absence of heat haze,
changes in image intensity remain limited. Upon introduc-
tion of heat haze, the most pronounced shifts in pixel
intensities towards higher greylevels were observed at
100mm/min. At 10mm/min and 50mm/min, the peak
shifting towards higher greylevels seemed to mirror optical
distortions introduced by heat haze, with discernible
temporal variations. For instance, at 120 °C and 50mm/
min the trendof greylevel variations over time, as depicted in
Figure 2b, didnot consistently incline towardshigher values.
The associated algebraic variations of curve areas at t0+ 5s;
t0 + 10s and t0 + 15 s were of + 2.8%, �2.2%, and �6.5%
respectively. Upon the conducted thorough histogram
analysis, it is evident that pixel oversaturation did not
occur, and changes over time of image intensity remained
notably limited. Thus, the influence of the “black body”
effect falls beyond the scope of this study.Tovisually inspect
the speckle in presence of heat haze, a few supplementary
raw stereo-DIC images are provided in supplementary
data. These images correspond to tests conducted at
120 °C with imposed displacement speeds of 10, 50, and
100mm/min.

2.2.3 Verification of potential effect of applied speckle on
emissivity

To assess the potential impact of speckle patterns on
emissivity variations, a dual-domain speckle pattern was
introduced to a second specimen used only for “non-moving”



Fig. 2. (a) Feret’s diameter distributions of black spots within the considered virtual gauge for stereo-DIC computations. The shown
miniaturized images correspond to captured (left) and binarized (right) images of the speckle at time t0. All dimensions are presented in
micrometers. (b) Histograms of greylevels from all tests conducted on moving specimen and corresponding to time stamps indicated in
the legend.
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specimen tests. An illustrative depiction of this dual-domain
speckle configuration is provided in Figure A1 in
Appendix A. The zones with different black spot densities
were termed “Coarse” for low black spots density and “Fine”
for the highest density of black spots. The IR camera’s
emissivity was deliberately adjusted to unity. Average
temperature measurements were acquired from equivalent
areas within the speckle domains during “non-moving”
specimen tests at temperatures (TR) of 105 °C and 115 °C.
The obtained average temperature profiles are presented in
Figure A2 in Appendix A. A temperature difference of less
than 1.5 °C was observed between the two speckle domains,
with higher temperatures in the denser black spot region.
The authors recall that thermograms served as supplemen-
tary temperature checks within the speckle and for backing
the embedded K-type thermocouple used for regulation of
the heating chamber. To minimize speckle effects on the IR
camera measurements, the same specimen with the same
speckle patterns (whichwas characterized inSects. 2.2.1 and
2.2.2) was used consistently for all “moving specimen” tests
and emissivity of the IR camera was assumed equal to unity.
The study’s systematic approach, utilizing identical speckle
patterns, mitigated potential experimental bias related to
emissivity changes during IR measurements.
2.2.4 Verification of potential thermal degradation of the
speckle

Complementary experimental tests were conducted on the
dual-domain speckle (which was indicated in Sect. 2.2.3)
according to the same thermal procedure (as indicated in
Sect. 2.3) to investigate potential thermal degradation of
the speckle. The corresponding tests were performed in the
case of a “non-moving” specimen at temperatures of 25, 105,
115, and 125 °C. The latter regulation temperature was
purposely set 5 °C higher than the one indicated in
Section 2.1. Thermal and optical data were collected at
time t0 (after achieving TR) to assess potential changes in
the speckle patterns. Infra-red thermograms were also
provided in Fig. A3 in Appendix A to indicate the average
temperature within the region of interest (ROI). Simulta-
neously, optical images that were captured using the left
camera of the stereo-DIC system underwent processing
with an Otsu filter of the collected optical images following
by an automatic watershed filter. These filters isolated the
black spots of the speckle patterns, allowing for a statistical
analysis of the Feret’s diameter distribution. The histo-
grams generated from this analysis revealed no significant
alterations in the Feret’s diameter (see Figure. A3 in
Appendix A). As the relative errors in Feret’s dimater were
less than 1.5 % compared to the speckle at 25 °C, negligible
thermal degradation of the speckle was confirmed. This
observation aligns with findings by Berny et al. [21], which
propose that thermal degradation becomes noticeable at
temperatures exceeding 300 °C. The comprehensive com-
plementary analysis provided in Appendix A supports the
assumption that the tested temperature range does not
induce substantial speckle deterioration.
2.3 Experimental procedure

Each rigid body test followed these steps: (i) Regulating the
thermal chamber, (ii) Stabilizing the temperature (3min),
(iii) Initiating stereovision recordings (5 fps), (iv) Opening
the observation door of the thermal chamber, (v) Halting
the ventilation of the thermal chamber, (vi) Commencing
the rigid body translation, (vii) Halting all systems after
CCD cameras’ random memory saturation. It is important
to note that the experimental procedure, based on the rigid
body motion tests, encompassed three imposed speeds {10;
50; 100} mm/min, four regulation temperatures {25; 105;
115; 120} °C and relied on the same speckled specimen.
Tests performed at the same displacement speeds were
respectively designated Test1, Test2, and Test3. The
various thermal conditions were chosen within the
thermoforming temperature range of a commonly used
thermoplastic, High Impact Polystyrene (HIPS), based on
a prior study by the authors involving an industrial-scale
thermoforming equipment [29]. In the heating step of a
thermoforming cycle for large thermoplastic sheets, the
heated material may display temperature dispersion of up
to 15 °C. The chosen regulation temperatures in all cases
represented different possible thermal conditions for
forming HIPS (with Tg ≈ 96 °C):

- Case 1: 105 °C (≈Tg+10 °C) � defined as the
minimum.

- Case 2: 120 °C (≈Tg+25 °C) � defined as the
maximum.

- Case 3: 115 °C (≈Tg+20 °C) � defined as a
verification case.

Due to the random nature of image distortions caused
by heat haze, one single rigid body test was considered
sufficient for each combination of parameters (speed,
temperature). Despite the simplicity of the described
experimental protocol, synchronizing measurements
across the three systems (tensile machine, thermal
chamber, and stereo-DIC system) necessitated additional
precautions involving: (i) temperature control during
stereovision, (ii) calibration of the stereo-DIC system, and
(iii) identification of the reference state of the speckle
patterns after temperature regulation. Subsequent para-
graphs will provide further details on these technical
precautions.

2.3.1 Temperature evolution during stereovision

Verification efforts were centered on the period following
the opening of the heating chamber door. This aimed (i) to
estimate the required duration for maintaining the
temperature above the glass transition of HIPS (96 °C)
and (ii) to characterize the temperature of the speckled
region of interest (ROI) during stereovision recordings. To
preventsignificant temperature,dropbetweenthebeginning
and end of optical measurements, all digital image correla-
tion calculations were limited to a duration of 15 s after
effective specimen translation commenced (i.e., the global
starting point of the experimental timeline denoted by t0).



Fig. 3. Illustration of the calibration grid and the corresponding reference markers. (b) Backward double-fit identification of the
reference of effective rigid body motions.
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2.3.2 Stereo-DIC calibration and post-processing

The calibration of the stereovision system was performed
at 25 °C using a grid containing equidistant target points
(Fig. 3a). Translations and rotations of the grid were
performed in the plane (XY) of the hydraulic jaws of the
tensile machine to capture five pairs of images. Utilizing
DaVis software (LaVision

®

) the intrinsic and extrinsic
parameters of the stereo-DIC system were identified
(Tab. 1). All image correlations considered a virtual gauge
covering approximately 35� 30 mm2. The defined extents
of the subsets and of the step size were respectively fixed
to 19� 19 pixels2 and 9 pixels. Due to the extent of final
displacements reached by specimen, an image correlation
procedure implemented in DaVis and designated by
“sum-of-differentials” was applied. More details about the
sum-of-differential procedure can be found in the following
reference [3].

Before conducting the digital image correlations, it was
necessary to objectively identify the reference state of
displacementsat t0, themomentof effective initiationof rigid
body motion, utilizing the sets of recorded stereoscopic
images. The method employed to identify the reference
image pair at t0 (i.e., the effective starting point of the
experimental timeline) for all three used experimental
devices (the tensile machine, the stereo-DIC system, and
the IR-camera, as presented in Fig. 1a) was based on a post-
processing approach. This approach entailed analyzing the
recorded images in reverse order,moving from the end to the
beginning. Through a double linear fitting process, the point
of intersection of the fitted curves was identified as t0. This
two-step procedure was applied across all conducted tests
within the current study. Figure 2b provides an illustrative
example of this method, where negative displacements
denote the reversed order post-processing of stereoscopic
images. Two distinct domains are distinguishable: (i) the
first is a quasi-static domain, representing the time period
before the start of effective speckled specimen translation,
and (ii) the second domain corresponding to a quasi-linear
displacement increase at a constant slope, indicative of the

effective rigid motion along Y
→

direction.
2.3.3 Effect of reference state of displacements on
statistical data

The influence of the choice of the reference state of the
speckle on the statistical data distribution was further
investigated at 25 °C (i.e., in absence of thermal haze).
Within this context, two reference states were considered:
the first reference state (Ref1) was determined using the
double regression method (as outlined in Sect. 2.3.2), and
the second reference state (Ref2) was chosen visually at the
moment of complete opening of the observation window of
the thermal chamber.

Image correlation operations were performed on the
same set of stereoscopic images corresponding to the rigid
body test conducted at 10mm/min and 25 °C. To visualize
the distribution of displacements (Vy), histograms centered
around five specific time points were extracted. These time
points were defined at 1, 2, 3, 4, and 5 s from Ref1 and Ref2,
respectively. In the case of Ref1 (Fig. 4a), the spatial
distribution of centered displacements appeared to obey a
single Gaussian distribution. However, for Ref2 (Fig. 4b),
the centered histograms indicated the presence of at
least two types of displacements within the same region
of interest (ROI). Further visual examinations of the
recorded stereoscopic image pairs confirmed that at
the moment the chamber window was opened and before
the onset of rigid body translation, the ventilation fan was
not completely stopped. As a result, the second observed
population of displacements was generated by the image
correlation algorithm due to changes in light reflection
caused by the fan blades. The deceleration of the
ventilation fan’s blades is clearly discernible from
the attenuation of the left-side peaks over time in



Table 1. Intrinsic and extrinsic parameters obtained from calibration of the stereo-DIC system.

Parameters Cam. 1 Cam. 2

Rotations (°) 37.034, �2.979, �2.157 36.014, 6.378, �0.854
Positions (mm) �14.246, �195.191, 645.764 �22.327, �192.428, 653.943
Focal length (mm) 43.158 43.340
Scale factor (pixel/mm) 11.151

Fig. 4. Histograms of centered VY corresponding to Ref1 (a) and Ref2 (b).

8 A.G. Dastidar et al.: Mechanics & Industry 24, 39 (2023)
Figure 4b. Given the challenges associated with visually
selecting the reference state after thermal regulation, the
double regression method was adopted to quantitatively
assess the errors induced by heat haze, as will be elaborated
in the subsequent sections.

2.3.4 Inertial effects of the tensile machine

To assess the characteristic time-response of the tensile
machine required to initiate effective motion of the
speckled plate, imposed displacements V Y

�ð Þ were

extracted from the cross- head’s movement along the Y
→

direction using the control interface at {10; 50; 100} mm/
min. Subsequently, the corresponding derivatives over
time dV Y

�=dtð Þ were calculated. As observed from
Figure 5a, the change in speed slopes took almost 0.4 s
to manifest. This time-offset was implicitly considered to
define t0 from the imposed displacements recorded by the
tensile machine.

2.4 Thermal problem: Natural convection near
partially-open vertical cavity

Considering the adiabatic temperature chamber’s capacity
to minimize convective air currents within the specified
temperature range, the thermal problem during stereo-
scopic recordings was framed as a scenario involving a
partially-open vertical enclosure. This setup was achieved
by opening the 9.2 area % observation window (Fig. 1c),
paralleling the concept of a partially-open cavity discussed
in references [30,32]. According to the first law of
thermodynamics, the established temperature difference
(DT=TR�T∞) caused natural convection, leading to the
bulkmotion of air molecules from the enclosure’s interior to
the exterior (Fig. 1c). Zhao’s unified formalism [33], applied
to natural convection in compressible fluids without the
influence of forced air velocity, correlated the emergence of
aconvectiveheatflux(q)with localizedchanges inairdensity

(r) along the Z
→
direction, as expressed in equation (1). Due

to the relatively lower density of heated air compared to
the external air, buoyancy-driven thermal plumes (i.e.,
resembling feather-shaped streams) were expected to rise

against gravity with a deviation along the Z
→
direction [34].

q ¼ rcp
b

a
∂ln r

r∞

� �
∂z

2
4

3
5 ð1Þ

where, a is thermal diffusivity, b is volumetric thermal
expansion, r∞ is air density at temperature T∞ and C∞ is
specific heat capacity.

2.4.1 Turbulence of a natural convective flow

To assess the turbulence in the natural convection of air,
the dimensionless Rayleigh number (Ra) was calculated as
expressed in equation (2). In this equation, Ra represents
the ratio of buoyant forces causing instability to diffusive
restoring forces, thus indicating the onset of natural
convection.

Ra ¼ gbz3c
ay

TR � T∞ð Þ; ð2Þ



Fig. 5. (a) Imposed displacements V y
�� �

and their derivatives dV y
�=dt

� �
from tensile machine. (b) Double-fit based identification of t0

origin of time from the test case conducted at 105 °C and 10mm/min.
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where, the indicated physical parameters and their
respective corresponding values are provided in
Table B1 (Appendix B), while the critical distance zc
(Fig. 1c) separates the speckle (at TR) from the surround-
ing environment (at T∞). With the imposed temperature
TR falling within the range of [105;120] °C, the correspond-
ing Ra numbers were situated within the interval of
[9.8� 107 ; 1.2� 108]. These values closely aligned with the
threshold for the onset of turbulence (i.e., Ra=108 in the
natural convection of air, as can be verified from literature
[24,35].
2.4.2 Thermal performance of the temperature chamber

For the tests conducted at TR, of 105, 115, and 120 °C, the
chamber’s temperature (T) and the average temperature of
the speckled specimen (TS) were monitored upon opening
the observation window to assess their stability (Fig. 1c).
According to Figure 1b, the average temperature (Ts) was
lower than TR by almost five degrees Celsius. This
difference can be attributed to the control mechanism of
the temperature regulation utilizing an integrated K-type
thermocouple in contact with the inner wall of the
temperature chamber and located far from the speckled
plate. However, the non-overlapping profiles ofTS (Fig. 1b)
across different imposedTR levels indicated that the used
equipment allowed for the generation of relatively
controlled specimen temperatures.
2.5 Optical problem: domain affected by natural
convective flow

The provided formalism aims to estimate bias errors (DY)
in the presence of heat haze in the air. It was formulated
based on the work of Dalziel et al. and Fermat’s principle
regarding the propagation of light rays in media with
heterogeneous refractive indices [36,37]. In comparison to
similar formalisms outlined in [20,25], the current study
considers the generation of turbulent natural convection
between a speckled surface at TR and cameras maintained
at T∞ in the context of a partially open vertical enclosure.
As illustrated in Figure 6, one ray of light was considered

and was assumed parallel to Z
→

direction (i.e.,
dy
dz ¼ tan að Þ << 1Þ. In addition, spatial variations of the
refraction index of air n*from its reference value n∞ (atT∞)
were assumed of same magnitudes along all spatial
directions as expressed by equation (3):

n� ¼ n� x; y; zð Þ ¼ n x; y; zð Þ � n∞: ð3Þ
Based on the variational principle for the behavior of

light in an inhomogeneous medium [36] and assuming
n*<< n∞, the deviation of the trajectory of the light ray can
be expressed by equation (4):

d2y

dz2
¼ 1

n∞

∂n�

∂y
: ð4Þ

By recalling that dy
dz ¼ tan að Þ and assuming that the

respective angular trajectories of light a1 and a2 in Figure 6
were equal, the integration of equation (4) over the heat-
affected-domain (z∈ [zc ; zc+ zi]) satisfied equation (5):

tan a2ð Þ ¼ tan a0ð Þ þ 1

n∞
∫zcþzi
zc

∂n�

∂y

� �
dz: ð5Þ

Based on a geometric interpretation (Fig. 4), bias error
Dy can be expressed by equation (6):

Dy ¼ yi � y0 ¼ zc½tan a1ð Þ þ tan a2ð Þ�≈ 2zctan a2ð Þ: ð6Þ



Fig. 6. Schematic illustration of the optical problem presented in case of one single camera of the stereoscopic system.

10 A.G. Dastidar et al.: Mechanics & Industry 24, 39 (2023)
By combining equations (3) and (6), and recalling
that lim

a0!0
½tan a0ð Þ� ¼ 0, the bias Dy can be expressed by

equation (7):

DY≈ 2zc
1

n∞
∫zcþzi
zc

∂n�

∂y

� �
dz: ð7Þ

Based on the empirical equations of C eddor [20,38],
refraction index of the air (n*) within the range of
[20 ; 150] °C can be approximated to m.T (wherem is a
fitting constant). Consequently, Dy can be expressed
in terms of local thermal differential as indicated in
equation (8):

Dy≈ zc
m

n∞
∫zcþzi
zc

∂T
∂y

� �
dz: ð8Þ

By assuming that z1+ zi≈ 0.22m, zc= 0.23mand the
temperature difference DT∈ [80 ; 95] °C across a field of
view of 0.04m in height, Dy ranged between 58.4 and
69.4mm For a pixel size of 5.5mm, these bias errors
corresponded to a range of [10.6;12.6] pixels which were 103

higher than sub-pixel noise levels expected at precise
laboratory-scale DIC measurements.
2.6 Statistical analyses of temporal random errors
and bias errors
2.6.1 Assumptions for statistical analyses

In conformity with the formalism provided by Su et al.
[18], a recorded optical image (I) of the speckle can be
presented by a discrete function F(x,y) of a finite
resolution, such as I =F(x,y). This same image (I) can
be associated to its antecedent in the real world (I0) as
expressed by equation (9):

I ¼ G⋅I0 þW ð9Þ
where, G encodes optical distortions caused by heat haze
andW encodes optical noise from sensors. By considering a
reference pattern p (x0, y0) in the real world, a rigid body

translation of the specimen (along Y
→

direction) at a
distance yk results in a target pattern p (x0, y0+ yk). By
assuming that stereo-DIC calibration minimized noise
(Wk≈W), a reference image F (x0, y0) and a target image
F (x0, y0+ yk) both affected by random optical distortions
(Gk) due to heat haze can be expressed by equation (10):

F x0;y0
� �

≈G0 � p x0;y0
� �þW

F x0;y0 þ yk
� �

≈G1 � p x0;y0 þ yk
� �þW

�
ð10Þ

Based on the decomposition indicated in equation (10),
and by recalling that stereo-DIC displacements (V) were
identified based on a minimization process of the sum of
squared difference criterion (cf. Sect. 2.5) as expressed in
equation (11), bias errors representing the deviation of
measured displacements from imposed ones were consid-
ered random.

BEr tð Þjthermal ¼ BEr tð Þj@TR

�BEr tð Þj@25�C jt∈ 1; ::::; 75½ � ð11Þ

Due to randomness of displacement bias, statistical
analyses of displacement components, errors and uncer-
tainties were considered global and relied on the evaluation
of respective mean and the standard deviation as defined in
equations (12) and (13):

sk

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N� 1

XN

i¼1
xi;k � xk

� �2
r

ð12Þ

where x̄k is the spatial mean value over the ROI of the
component xk of a displacement vector (VX ;VY ;VZ)
measured at a time increment k.

xk ¼ 1

N

XN

i¼1
xi;k ð13Þ

At 25 °C, spatial random errors, temporal random
errors and relative uncertainty were evaluated based on the
deviations of displacement components from imposed
displacements (V X

�;V Y
�
; k;V Z

�Þ to assess the baselines
of noise. In presence of heat haze (i.e., atTR≠ 25 °C), the
corresponding values were evaluated from the deviations
between measured displacement components and their
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baselines measured at 25 °C. Bias errors caused by heat
haze were evaluated by assuming additive decomposition
of displacements as indicator of required displacement
corrections over time.

2.6.2 Measurement quality: Systematic error and Relative
uncertainty

Systematic errors and precision of measurements were
respectively evaluated by quantifying mean bias errors and
relative uncertainty over time in the presence of heat haze.
Within this study, the quantification of precision and errors
for stereo-DIC was focused on the VY components of
displacement vectors. The focus primary emphasis was
mainly attributed to the evaluation of the temporal
random errors (TStdevVi) as expressed in equation (14)
and bias errors BEr (t) as expressed in equation (15). The
reader can refer to the following references to have more
insight about the evaluation of noise and systematic errors
from stereo-DIC measurements [8,9].
2.6.3 Temporal random errors

Temporal standard deviation TStdev (Vi) referring to
the temporal variation in the deviation of each
displacement component V i n;mð Þ � V i

� n;mð Þð Þ over
across the entire duration of the rigid body test at
the same subset center of coordinates (n,m) within the

ROI. TStdev (Vi) in the main directions (X
→
;Y
→
;Z
→
) were

evaluated as in equation (14) to generate full-fields of
localized temporal noise:

TStedv V i n;mð Þ½ � ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

T

XT

t¼1
V i m;n; tð Þ � V i

� tð Þð Þ½
r

� 1

T

XT

t¼1
V i m;n; tð Þ � V i

� tð Þð Þ�2

ð14Þ
where, T, Vi (n, m) and V i

� tð Þcorrespond respectively to
the total time increments (T=75), the measured and
imposed displacement components at a time increment (t).

Given the same temperature/speed couple of param-
eters, the reconstructed fields of temporal random errors
were needed not only to quantify levels of temporal noise
but also to visualize regions with accumulated major
optical distortions caused by heat haze.

2.6.4 Mean bias error

Mean bias errors (i.e., representing systematic errors) were
assessed following a methodology akin to that described by
Pan et al. [39], as outlined in equation (15). This procedure
was then extended to each time increment between t0 and a
defined time stamp.

BEr tð Þ ¼ 1

N � M

XN;M

n;m¼1
ðV i n;m; tð Þ


 �
t

� V i� tð Þjt∈ 1; :::; 75;½ � ð15Þ
where, N and M are respectively the total numbers of
subset centers along the ~X and ~Y directions of the ROI.

3 Results and discussion

3.1 Principal components of displacement vectors
3.1.1 Baselines of measured displacements
*
 Case of the moving specimen

At 25 °C and in the absence of any heat source in the
optical field of the stereoscopic system, displacement
components (Vi ; i∈ {X, Y, Z }) from all conducted tests at
different speeds were measured. The first measured
displacement vectors were obtained from the correspond-
ing test at a time-stamp of 15 s. Subsequently, statistical
analyses of means (Vt;i∈{X,Y,Z}) and standard deviations
(si ; i∈ {X, Y, Z }) of principal components of the
measured displacement vectors (Vi where i ∈ {X, Y,
Z }) over the considered region of interest were extracted
and plotted in Figure 7. In terms of precision, the Y-
direction corresponds to the translation direction imposed

by the tensile machine (see Fig. 1), while the Z
→

direction
corresponds to the out-of-plane direction (see Fig. 1a). The
time evolution of VX and VZ components was examined to
check the presence of any potential non-imposed displace-
ments (i.e., parasite displacements) in transverse direc-
tions. At 25 °C, the profiles of VZ in Figure 7 presented the
baselines of mean displacements, offering insight into the
effective translations measured in the absence of heat haze.
Specifically, at speeds of 10, 50, and 100mm/min, the VY
baselines (Figs. 7b, 7e, and 7h) displayed quasi-linear
increases over time with slopes of 9.8, 49.5, and 98.9mm/
min- respectively. For the imposed speed of 10mm/min,
the Vx and VZ baselines in Figure 7a and Figure 7c were
nearly aligned with their respective zero lines (i.e., VZ =0).
At 50mm/min (respectively 100mm/min), parasite dis-
placements VX and VZ became evident in Figures 7d
Figure 7f (respectively in Fig. 7g), displaying quasi-linear
progressions and reaching approximately �0.2 and 0.7mm
(respectively around�0.45 and 1.7mm) at a time-stamp of
15 s. Such evolution of both transverse components
indicated existence of a non-visual misalignment of the

speckled plate around the Y
→

and X
→

directions due to
experimental bias induced by the clamping configuration of
the experimental equipment. This considered experimental
assumption is the most probable according to experimental
verifications related to speckle characterizations indicated
in Section 2.2.
*
 Case of a non-moving specimen

Supplementary verification experiments were system-
atically executed on a “non-moving” specimen to compre-
hensively elucidate: (i) stereo-DIC equipment performance
at 25 °C, (ii) image correlation method precision at 25 °C,
and (iii) the scope of measured displacements amid heat
haze. The procedures encompassed a second calibration of
the stereo-DIC system using uniform illumination and the
same reference plate. Calibration data from both the initial



Fig. 7. Time evolution of means (continuous lines) and standard deviations (background bands) calculated from displacement
components measured by stereo-DIC at considered regulation temperatures and speeds. The average displacement components are
quantified in millimeters.
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and subsequent campaigns were integrated and are
accessible in Table C1 in Appendix C. The specimen
remained stationary and underwent testing at temper-
atures of 25, 105, 115, and 125 °C. Notably, the highest
regulatory temperature (TR) was intentionally set 5 °C
higher than that detailed in the campaign described in
Section 2.3. Thismodificationwas tolerated to qualitatively
assess calibrated stereo-DIC system performance in the case
involving heat haze presence and absence. Employing the
same post-processing approach, baselines were calculated
via the “sum of differential” image correlation method.
Detailed baseline outcomes are provided in Figure C1 in
Appendix C. At a temperature of 25 °C, where heat haze is
absent, the baselines derived from the “non-moving”
specimen demonstrate centered displacement components,
spanning the entire 15 s timeline while closely aligning with
the zero line. The mean measured displacements over
thisperiod(VX=�0.682�10�3mm,VY=0.721�10�3mmand
VZ = 6.00�10�3mm) exhibit one order of magnitude
between in-plane and out-of-plane precisions, as indicative
of the optical equipment’s performance of the used Stereo-
DIC system. The standard deviations along the principal
directions, namely X

→
;Y
→
andZ

→
, remain consistently con-

strained.Moreover, a thorough observation of the generated
baselines throughout the 15 s duration at 25 °C reveals no
discernible alterations attributed to the image correlation
procedure. With an increase in the regulation temperature
(TR) to 105 115 and 125 °C, the average displacement data
exhibit noticeable shifts away from the zero line.These shifts
are observed to be randomly positioned both below and
above the zero line, displaying occasional fluctuations over
time, as depicted in the temporal evolution within
Appendix C. Such behavior reflects the random optical
shimmering caused by the turbulent nature of heat haze
effect. An important observation arises from the average
displacements in the principal directions, which are detailed
inFigureC2 inAppendixC.Particularly under the influence
ofheathaze, themagnitudesofdisplacementshifts exhibitan
amplification of over one order of magnitude. Notably, the
measured displacements from the “non-moving” specimen
along the Z

→
direction exceed those of the other directions.

For example, at 115 °C, VZ reaches approximately
170.9� 10�3mm, a contrast to the 6.0� 10�3mmmeasured
at 25 °C. In comparison, at the sametemperature,VXandVY
reach 9.7� 10�3mm and �29.6� 10�3mm, respectively,
compared to the 0.61� 10�3mm and the 0.72� 10�3mm at
25°C. This pronounced discrepancy underscores the sub-
stantial impact of heat haze on displacementmeasurements,
with theZ

→
direction demonstrating heightened susceptibili-

ty to this influence.
3.1.2 Measured displacements in presence of heat haze

In the presence of heat haze, as TR increased from 105 to
115 and then to 120 °C, similar slopes were observed in
the VY profiles (Figs. 7b, 7e, and 7h), accompanied by
an increase in the corresponding standard deviations.
These augmented dispersions indicated heightened
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turbulence of air over the ROI, a phenomenon
corroborated by the Rayleigh numbers (cf. Sect. 2.3).
For a fixed TR, the width of standard deviation bands
(Fig. 7) exhibited minimal expansion over time, leading
to the assumption that cumulative errors stemming
from the image-correlation procedure were relatively
negligible in comparison to those induced by heat haze.
The average transverse components of parasite dis-
placements VX and VZ displayed not only heightened
standard deviations but also deviations from their
respective baselines recorded at 25 °C (Fig. 7a-7c and
Figs. 7g-i).With increasing speed from 10 to 50mm/min
(and further to 100mm/min), the standard deviation
bands narrowed, particularly evident for a TR of 120 °C
(Figs. 7e-7f). For instance, at a time-stamp of 9 s, sz at
50mm/min accounted for 57.1 % of that measured at
10mm/min. In summary, inspection of measured
displacement components in the presence of heat haze
indicated: (i) the capacity of the temperature chamber
to induce heightened dispersions of displacements
within the range of thermoforming temperatures and
(ii) the existence of parasite effects in the out-of-plane Z

→

direction attributed to potential existence of experi-
mental bias. With increasing imposed speed, these
dispersions were attenuated across all principal direc-
tions, reflecting increased optical shimmering and
consequent heightened filtration of random optical
distortions.

3.2 Local deviations of surface angle to out-of-plane
axis

As the material of the speckled plate was chosen for its
dimensional stability in the range of consideredTR
(cf. Sect. 2.1), the focus was attributed to mapping local
out-of-plane angular deviations of the surface. This was
done to confirm the 3D nature of optical shimmering in
recorded images and thus validate the need for stereo-DIC
over two-dimensional DIC. As the heat flux from natural
convection would be most significant at t0, Figure 8

presents full fields of angular deviations to Z
→
direction (i.e.,

out-of-plane direction) during the initial 0.2 s of each

conducted rigid body translation along the Y
→
direction. For

pure illustrative purposes, the authors provided two cases
at speeds of 10 and 50mm/min, depicted in Figure 8 at a
time stamp of 9 s. At 25 °C, the average angular deviations
of the surface for speeds of 10 and 50mm/min were
approximately 2.61° and 2.52°, respectively, with localized
maxima reaching 5° (Figs. 8a and 8e). In addition, the
projections of displacement vectors on the XY plane

(indicated by arrows in Fig. 8) were aligned ith the Y
→

direction. With the presence of heat haze, Figures 8b-8d
and Figures. 8f-8h displayed feather-shaped zones with
localized maxima of angular deviations surpassing 10°.
These markers indicated regions of significant optical
distortions. The most pronounced angular deviations
occurred at a TR of 120 °C, compared to 115 and 105 °C,
reflecting increased turbulence within the range of
considered temperatures. As TR increased, the correspond-
ing projections of displacement vectors on the XY plane
indicated not only an increase in magnitudes but also

higher in-plane deviations from the Y
→

direction. These
heterogeneous and localized changes in projected displace-
ment vectors and out-of-plane angular deviations con-
firmed generation of buoyant heat plumes and, thus
delineating zones of major optical shimmering within the
range of thermoforming temperatures.
3.3 Temporal random errors (Noise)
3.3.1 In absence of heat haze

Full-field temporal random errors TStdev (Vi) were
computed using Eq. 14 over a 9 s period for both speeds
of 10 and 50mm/min, with the results presented in
Figures 9 and 10, respectively. At 25 °C, the baseline levels
of temporal noise, collected from the case of the moving
specimen, exhibited a descending order of magnitude along

the Z
→
; Y
→

and then X
→

directions. The respective mean
values TStdev (Vi) were equal to 24.4mm > 17.1mm >
5.8mm at 10mm/min, and were respectively equal to
135.0mm > 11.3mm > 1.4mm at 50mm/min.

As the speed increased from 10 to 50mm/min, the
observed 553% increase in TStedv (VZ) , can be mainly
explained by the detected experimental bias resulting from
the plate’s clamping configuration. This bias is evidenced
by the measured average displacements. Such experimen-
tal bias is also apparent from gradient-like effects across

over TStedv (Vi) fields obtained along the Y
→

and Z
→

directions (Figs. 9 and 10, at 25 °C). To further investigate
the potential impact of experimental bias associated with
increased speed on temporal standard deviations, a
straightforward approach was employed. This method
involved considering two scenarios wherein artificial

parasitic displacements (along the Z
→
direction) were

assumed to take place due to parasitic bending induced
by the clamp which caused small (either positive/negative)

bending of the rigid XY plane around the X
→

axis (refer
to Figs. D1a in Appendix D). Then, the full-fields of
(TStdev (VZ)) at 25 °C which were already provided in
Figures 9 (at 10mm/min) and 10 (at 50mm/min) were
re-evaluated according the two following scenarios:

In the first scenario, an artificially imposed out-of-plane
displacement bias exhibits a negative slope over time as
illustrated in the Figure D1c in Appendix D. The
re-evaluated temporal standard deviations, when con-
trasted with the original experimental data, appear to
maintain the same localizations of high and low value albeit
with a rescaled representation. Upon transitioning from a
speed of 10 to 50mm/min, there is an observable expansion
in the range of temporal standard deviations (refer to Fig.
D2 in Appendix D). In the second scenario, an artificially
imposed out-of-plane displacement bias with a positive
slope over time is considered as illustrated in the



Fig. 8. Full-fields of surface angles to Z
→

direction at a time stamp of 0.2 s extracted from all conducted rigid body tests. Black arrows
indicate in-plane projections of measured displacements.
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Figure D1b in Appendix D. The re-evaluated temporal
standard deviations, in comparison to the initial experi-
mental data, appear to invert the positions of high and low
values. Notably, with the increase in speed from 10 to
50mm/min, the range of temporal standard deviations
seems to be dampened, suggesting that the artificially
imposed slope compensates for the initial experimental bias
(refer to Fig. D2 in Appendix D). Both scenarios can
further justify that experimental displacement bias can
affect temporal standard deviation as the speed increases.
3.3.2 In presence of heat haze

Figures 9 and 10 showed higher maximum temporal
random errors localized within feather-shaped zones

mainly oriented along the Y
→

direction (i.e., the pure
translation direction). For the same TR values, these zones
coincided spatially within the same regions within the ROI,
while demonstrating an incremental shift towards higher
levels among, TStedv (VY)andTStedv (VZ).

In Figure 10, the TStedv (VZ) fields corresponding to
the presence of heat haze unexpectedly showed local
attenuation of temporal noise levels when compared to
those measured at 25 °C. Such observation seemed to go
along with the hypothesis that the cumulative effect of
increasing speed in the presence of heat haze tends to filter
out random errors over time. Furthermore, by comparing
TStedv (VZ) full fields among 105, 115, and 120 °C, this
filtering effect along the Z

→
direction seemed to be affected
by the randomness over time of optical shimmering
attributed to turbulence from heat waves. Importantly,
this phenomenon was not limited solely to the imposed TR.
3.4 Time evolution of bias errors (systematic errors)

The time evolution profiles of displacement bias from all
tests are presented in Figure 11a. All profiles seem to obey
to quasi-linear regression functions. In the absence of
heating, the bias-error curves exhibit negative slopes for all
tested displacement speeds, indicating an underestimation
of the measured stereo-DIC displacements. Moreover,
these systematic errors become more significant as the
imposed displacement speeds increased. Indeed, the
absolute values of the corresponding slopes rise from
6� 10�3 to 28.8� 10�3 and further to 51.1� 10�3. By
recalling that the number of numerical correlation
operations is fixed to 75 iterations, it should be noted
that this effect can be attributed to (i) the respective
translation deviations of 0.16, 0.83, and 1.67mm between
the respective image pairs and to (ii) an accumulation of
computational errors induced by the used correlation
method. Under the effect of heat haze, the slopes of the
measured displacement bias profiles exhibit a decrease as
they approach the zero line, compared to the cases at 25 °C.
Indeed, for speeds of 10 and 50mm/min, the rise in
temperature from 105 to 115 and 120 °C appears to shift the
evolution of the bias errors toward positive values.
However, this observation does not hold true for a speed



Fig. 9. Full fields of temporal standard deviations (TStedvmaps) evaluated from tests conducted at 10mm/min at a time stamp of 9 s.
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of 100mm/min particularly at 115 and 120 °C. Such
irregular changes do not seem to be solely related to optical
distortions induced by the natural convection of air; they
also seem to be associated with the onset of local turbulence
of hot air at the interface of the moving specimen at
100mm/min.
3.5 Temporal filtering of bias errors

As per the considered experimental protocol, the global
bias of the measured displacements can be broken down
into two additive components: (i) systematic errors arising
from the image correlation method in the absence of heat
haze and (ii) systematic errors resulting from heat haze.
The output results of thermally induced systematic errors
are provided in Figure 11b. The obtained outcomes reveal
that the time-evolution of haze-induced errors follows
quasi-linear patterns with positive slopes. These corre-
sponding linear regression curves can be considered as
corrective functions for thermally-induced systematic
errors.

3.6 Case application of temporal filtering of
systematic errors

Based on the previously established bias corrective
functions, it became feasible to define a temporal correction
procedure aimed at mitigating the impact of heat haze. To
illustrate this correction procedure, a time stamp at 15 s
was chosen from the displacement data of the rigid body
motion test conducted at 120 °C and a speed of 50mm/min.
Initially, the displacement imposed by the tensile machine
was extracted from the stereo-DIC displacements to
evaluate the spatial distribution of global bias errors
(Fig. 12). Subsequently, the bias errors estimated at 25 °C
and 50mm/min for the same time stamp were subtracted.
The histograms of displacements corresponding to the
outputs of both preceding operations are depicted in
Figure 12, and their respective mean displacement values
equate to 11.839 and 12.588mm.

Finally, by additionally subtracting the thermal haze
amount using the corrective function corresponding to the
specific test conditions (120 °C and 50mm/min), the mean
displacement value shifted to 12.134mm. Prior to any
correction, the displacement error accounted for 5.29 % of
the imposed displacement. After conducting the aforemen-
tioned filtering operation, the relative error was reduced to
2.23 %, signifying an approximate gain of 44.6 %.
3.7 Limitations of suggested temporal filtering of bias
errors

This research addresses the absence of explicit quantitative
studies on heat-induced errors and their variations within
the thermoplastic thermoforming community. The moni-
toring of measurement accuracy under realistic conditions
holds significant importance. The proposed corrective
functions account for systematic errors arising from the
image correlation method (in the absence of heat haze) as
well as those induced by heat haze. These functions offer
insight into the performance of the stereo-DIC system in
the presence of heat haze, considering the specific thermal



Fig. 10. Full fields of temporal standard deviations (TStedvmaps) evaluated from tests conducted at 50mm/min at a time stamp of 9 s.
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equipment and protocol employed to generate heat haze.
Inmorepractical terms, several challengesmustbeovercome
beforeapplying thisapproachmorebroadly.First, in thecase
of laboratory-scale tests with short characterization dura-
tions (e.g., tensile tests, bulging tests), extensive campaigns
remain needed with and without heat haze. Collected data
can be used to construct an empirical dataset, and
extrapolation techniques can be applied to characterize
the performance of the “thermal/optical” system. However,
the authors clarify that suggesting an extrapolation
approach falls beyond the current study’s scope. Second,
in the case of laboratory-scale tests with extended
characterization durations (e.g., creep tests), the current
solution may be impractical due to the extensive nature of
data collection required by stereo-DIC and the spatial-
temporal scales of optical distortions caused by heat haze.
Third, in the case of in-situ stretching or open-mould
thermoforming equipment instrumentation, further
improvements are needed. Importantly, the time evolution
of bias errors under the combined effects of speed and
temperature in the presence of heat haze should be
considered. Therefore, the temporal evolution of corrective
functions serves as an initial step towards a better
understanding of the heat haze effect when conventional
filtering solutions are not applicable.

4 Conclusions

The primary conclusions drawn from this study pertain to
the evaluation of systematic errors and noise based on rigid
body tests conducted across the range of thermoforming
temperatures. A distinctive aspect of the study lies in (i)
the recreation of heat haze using a partially-open vertical
enclosure, and (ii) the application of a laboratory-scale
stereo-DIC system in a specific context imitating industrial
scenarios where conventional filtering methods, such as
applying forced air flows, are not easily applicable. Firstly,
the experimental verifications underscored the necessity to
scrutinize the heating chamber’s performance and objec-
tively establish the reference state of displacements, as
monitoring the speckle during temperature regulation is
challenging, akin to the thermoforming process. Secondly,
the assessment of temporal random errors revealed the
sensitivity of noise to illumination quality, as evident at
25 °C and by varying displacement speeds. However,
primary attention was directed towards the impact of
heat haze, assuming negligible blackbody radiation. In the
presence of heat haze, noise distributions indicated
localized fluctuations that intensified as the regulated
temperature increased. These fluctuations were corrobo-
rated bymeasured angular deviations of the speckle surface
and the presence of localized feather-shaped heat plumes.
Thirdly, the time evolution of systematic errors at 25 °C
revealed a dependence on the imposed displacement speed.
However, within the considered temperature range,
systematic errors decreased, evident from changes in the
bias error profile slopes. Nevertheless, an unusual alter-
ation of bias errors at a speed of 100mm/min was
hypothetically linked to the potential influence of turbulent
convective effects of hot air, alongside natural convection,
as predicted by thermal turbulence considerations. By
assuming the additive decomposition of systematic errors



Fig. 11. (a) Time evolution of global systematic errors. (b) Time evolution of thermal bias errors.

Fig. 12. Histogram distributions illustrating the effect of filtering global systematic errors and thermal haze induced systematic
errors.
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into errors induced by stereo-DIC measurements in the
absence of heat sources and errors stemming from heat
haze, a temporal correction scheme was proposed. These
functions encapsulate the temporal evolution of bias errors
and characterize the calibrated system’s “lack of perfor-
mance” in the presence of heat haze, accounting for specific
thermal and optical challenges. Considering the case of
application, this correction procedure demonstrated an
approximate 44% enhancement in the precision of
measured displacements.

In addition to these findings, the suggested correction
scheme can be applied to rectify macroscopic spatial
displacements based on statistical descriptors over the
designated region of interest, and local time correction
within the center of subsets based on temporal standard
deviation maps. Despite the feasibility of the proposed
filtering approach, a few limitations remain unresolved
within this study’s scope, notably (i) the need for
extensive replications of stereo-DIC measurements both
with and without heat haze, and (ii) the adaptability of
the approach primarily to short-time tests. Further
research is needed to (i) gain deeper insights into
convective heat turbulence at displacement speeds
exceeding 100mm/min, and (ii) extend the correction
procedure to high-temperature stretching tests of
thermoformable polymers.



Appendix A

This appendix provides supplementary data conducted on a second specimen in the case of a “non-moving specimen”. The
corresponding data are also used for supporting information related to the characterizations of the speckle in Section 2.1
of the main manuscript.

Fig. A1. Exploring two speckled zones of the same specimen: unveiling insights from (a) optical image captured by the left camera of
the stereo-DIC system, (b) corresponding greylevel histograms for low density (denoted by coarse) and high density (denoted by fine)
of black patterns, and (c) Size distributions of dark patterns post an automatic greylevel thresholding using an Otsu filter.

Fig. A2. (a) Temporal evolution profiles of average temperatures in the coarse and fine speckled regions, assuming emissivity as unity
(equal to 1), (b) Zoomed view highlighting temperature discrepancies due to variations in speckle density in Coarse and Fine zones and
(c) Representative thermograms captured by the IR camera, illustrating themeasurement zones for two tests conducted respectively at
105 °C and 115 °C.
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Appendix B

Fig. A3. Complementary experimental verification of potential thermal degradation of the applied paint speckle. All results
correspond to the same speckle patterns used in the case of a “non-moving” specimen.

Table B1. Physical properties of air at an absolute temperature of 310K (values from [35]).

g Gravity (m/s2) 9.81

b Thermal expansion coefficient (1/K) 3.37� 10�3

v Kinematic viscosity (m2/s) 1.53� 10�5

a Thermal diffusivity (m2/s) 2.15� 10�5

A.G. Dastidar et al.: Mechanics & Industry 24, 39 (2023) 19



Appendix C

Fig. C1. Time evolution baselines of means (continuous lines) and standard deviations (background bands) calculated from
displacement components: (a) V̅X, (b) V̅Y and (c)V̅Z obtained from “non-moving” specimen tests (i.e., at a speed of 0mm/min). The
average displacement components are quantified in millimeters.

Fig. C2. Graph depicting the absolute values of the average measured displacement components from the “non-moving” specimen.
Measurements are in millimeters, and the axis graduation employs a logarithmic scale.
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Appendix D

Fig. D1. (a) Illustrative representation of first scenario, (b) illustrative representation of second scenario, (c) the corresponding

temporal evolution of displacement component VZ following during displacement imposed along Y
!

direction for 9 s.

Fig. D2. Full fields of temporal standard deviations as provided in Figure 9 and Figure 10 with no modification. And corresponding
changes according to the suggested scenarios 1 & 2.
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