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 A B S T R A C T

The thermomechanical and calorimetric responses accompanying the deformation of materials bring comple-
mentary information to purely mechanical approaches. In the case of elastomers, many studies carried out 
under homogeneous strain fields are available in the recent literature. They enable us to discuss the nature of 
the elasticity (due entropic and/or isentropic couplings), to identify the intrinsic dissipation (due to viscosity 
and/or damage) and to determine whether or not the material experiences microstructure changes. In the 
case large heterogeneous strain fields, typically those induced in the vicinity of a crack tip, imaging systems 
must be coupled in order to track the points that are moving the IR images. The first part of the present 
article deals with the development of a methodology for reconstructing heat source surface fields in the case 
of large heterogeneous deformations. This methodology is based on the coupling of full kinematic and thermal 
fields measurements, for compensating the point motion in the thermal images in order to calculate the heat 
source from the heat diffusion equation. A complete metrological characterization has been carried out. It 
shows that the compensation technique does not alter significantly the thermal resolution in the variation 
range of experimental parameters in relation with the experimental setup used. The heat source resolution 
reached is less than 5 103 W∕m3, which is two orders of magnitude less than the heat source values classically 
measured for stretched elastomers. The accuracy of the conduction term has been evaluated in the Lagrangian 
configuration according to the temperature gradient level. This methodology is used in the second part of the 
present paper to characterize full strain, calorimetric and strain-induced crystallinity fields at the crack tip of 
a natural rubber submitted to cyclic loadings.
1. Introduction

The calorimetric response accompanying the deformation of materi-
als provides information of importance to better understand and model 
the physical phenomena involved. This response is obtained by using 
a temperature measurement and by applying a simplification of the 
heat diffusion equation formulation for determining the corresponding 
heat power density. Contrarily to the temperature, the heat power 
density, also referred to as the heat source in many studies, is an 
intrinsic quantity to investigate the thermomechanical behavior in the 
sense that it does not depend on conducto-convective effects [1,2]. 
In the case of elastomeric materials, characterizing the calorimetric 
response enables us to discuss on the nature of the elasticity (due 
entropic and/or isentropic coupling) [3–6], to identify the mean in-
trinsic dissipation due to viscosity and/or damage [7–9], to evaluate 
the strain-induced crystallinity [10,11], and to enrich the modeling 
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of these phenomena [12]. The calorimetric approach is therefore a 
powerful tool for elastomer mechanics. It should be noted that studies 
are generally carried out under homogeneous strain fields, typically 
induced by uniaxial tensile loadings when the temperature field in the 
measurement zone is assumed to be homogeneous. However, many 
situations studied in mechanics and mechanical engineering deal with 
heterogeneous strain fields and should also benefit from such calori-
metric approaches. In the case of small deformations, more exactly 
small displacements of points at the surface observed, measuring ther-
mal fields by infrared (IR) cameras gives access to the temperature 
evolution at any point of the field and enables us to characterize both 
temporal and spatial gradients in the thermal response. The heat source 
fields can be calculated from the temperature variation one, which 
provides the calorimetric signature of heterogeneities, whatever they 
are due to the type of loading, specimen geometry or material effects. 
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Under certain assumptions, the mean intrinsic dissipation field can also 
be characterized, which is of first importance to enrich and to validate 
models. For further information, the reader can refer to [13–19]. In the 
case of large heterogeneous deformations, typically those undergone by 
elastomers, the points observed with an infrared camera move from one 
position to another in the successive infrared images. Therefore, only 
spatial heterogeneities can be discussed at a given time or deformation 
level, for instance at the maximum opening of a crack [20,21]. The 
measurement provides information on the temperature distribution at 
the crack tip, but this distribution is generally affected by conducto-
convective effects (the tests are not adiabatic). Therefore, the same 
mechanical loading conditions possibly lead to different temperature 
fields, depending on heat diffusion conditions and does not enable us 
to characterize the thermomechanical couplings, especially the ther-
moelastic couplings, even less the mean intrinsic dissipation from the 
measurement. This is the reason why determining the heat source is 
of a main interest. This requires knowing the position of the points in 
the infrared (IR) images at any time. Therefore, a full kinematic field 
measurement must be coupled with the full thermal field measurement. 
In the case of large deformations undergone by elastomers, Digital 
Image Correlation (DIC) is probably the most suitable technique to 
track points at the surface of highly stretched specimens [22,23]. In 
the case of moderate strain gradients, two studies are reported in the 
literature. In [24], the authors combined DIC and IR thermography 
to map displacement, strain, temperature and heat source fields in 
the case of a stretched 3-branch rubber specimen. The two techniques 
were coupled, i.e. a common basis was built, by selecting common 
points in the visible and thermal images. In [25], the common basis 
was established using a plate with holes beforehand put at the same 
place as the specimen to be stretched. The authors reconstructed the 
heat sources. Assuming a behavior model to calculate the heat sources 
from the strain field, they identified the constitutive parameters at each 
point independently, meaning that the identification method they de-
veloped from the heat source reconstruction does not require knowing 
the boundary conditions. More recently, Nozaki et al. [26] applied 
such an approach for investigating the evolution of nonuniform SIC 
in unfilled NR under heterogeneous deformation achieved with the 
planar tension of a specimen with a hole. In the case of high strain 
gradient, typically in the vicinity of a stretched crack tip, only the 
two studies by Samaca Martinez and coworkers has determined the 
heat sources field at the crack tip zone in a carbon black filled styrene 
Butadiene Rubber (SBR) [27] and both in carbon black filled Natural 
Rubber (NR) and SBR [28]. The authors demonstrated that such a 
calorimetric approach is promising for characterizing the thermome-
chanical behaviors of crack tip zones and for highlighting the effects 
of the Strain-Induced Crystallization (SIC). In all these exploratory 
studies, the metrology of the coupling technique was not addressed. 
Therefore, no information is provided on the resolution of the thermal 
field after coupling, even less on the resolution of the heat source. 
However, such metrological information is required to go further since 
heat sources are determined from space and time-based derivatives, 
and that the mean intrinsic dissipation and crystallinity maps are both 
obtained by integrating the heat source over time. The present study 
aims to propose a methodology for determining the optimal conditions 
for characterizing the heat source field in high temperature and strain 
gradient zones such as crack tip. The method couples IR thermography 
and DIC techniques for compensating the point motion in the successive 
IR images. A full metrological characterization is carried out in order 
to evaluate the thermal resolution after motion compensation and the 
heat source resolution.

The paper is organized as follows. Section 2 briefly recalls the 
theoretical background for reconstructing the heat source fields from 
temperature field measurements. Section 3 presents the methodology 
for compensating the movement of points in the IR images. A metro-
logical study circumscribed to the experimental devices used has been 
carried out in the case of a rigid body motion in order to validate 
2 
the methodology. The influence of many parameters of different nature 
has been investigated; parameters used for the DIC, parameters linked 
to the equipment used (distance of the cameras, the loading rate, the 
acquisition frequency, the relative spatial resolution of the cameras, 
etc.). It is presented in Section 4. Then, the methodology has been 
has applied to the numerical simulation of a homogeneous tensile 
test of a hyperelastic material in order to investigate what are the 
best parameters to optimize the heat source resolution and its spatial 
resolution. The last part of the section aims at defining in which extend 
the conductive term of the heat diffusion equation can be determined 
accurately in case of high temperature gradients. This experimental 
setup and the methodology developed are used in the second part of 
the present paper in order to map the strain, the heat source and the 
crystallinity fields at the crack tip of a notched rubber specimen under 
cyclic loading.

2. Theoretical background for surface calorimetry

Quantitative surface calorimetry (QSC) lies in the determination 
(the reconstruction) of the heat source from temperature measurements 
at the surface of a material and the heat diffusion equation [29]. If 
the thermal measurement provides bidimensional fields, typically when 
using an IR camera at the flat surface of a specimen, the tridimen-
sional formulation of the heat diffusion equation has to be simplified 
accordingly [2]. This is all the more justified if the heat sources are 
homogeneous or if heat conduction is negligible.

2.1. Tridimensional heat diffusion equation

In the case where the constitutive state equations are derived from 
the Helmholtz free energy function and that heat conduction follows 
Fourier’s law, the lagrangian formulation of the local heat diffusion 
equation writes as follows: 
𝜌0𝐶𝑇̇ + DivQ − 𝑅 = 𝑆̂ (1)

with 𝜌0 the initial mass density, 𝐶 the heat capacity, 𝑇  the absolute 
temperature, Q the heat flux per unit reference area and 𝑅 the external 
radiations. Note that Q = −𝑑𝑒𝑡(𝐅) 𝐅−1𝐊𝟎𝐅−TGrad 𝑇 , where 𝐊𝟎 is the 
thermal conductivity tensor. The superposed dot stands for the material 
time derivative.

2.2. Simplification of the heat diffusion equation

The temperature fields provided by IR thermography are bidimen-
sional. Reconstructing the heat source field from them requires there-
fore the formulation of a two-dimensional version of the heat diffusion 
equation. To this end, several assumptions are successively made. Here, 
the heat conduction is considered as isotropic (the thermal conductivity 
coefficient is denoted 𝑘0 in the following)1 and the temperature as 
constant over the specimen thickness. Moreover, the material is con-
sidered as incompressible. If the specimen is relatively thin, Eq. (1) 
can be integrated over the thickness,2 which leads to the following 
two-dimensional formulation of the heat diffusion equation 

𝜌0𝐶
(

𝑇̇ +
𝑇 − 𝑇𝑎𝑚𝑏

𝜏2𝐷

)

− Div2D(𝑘0𝐂−1Grad2D 𝑇 ) − 𝑅 = 𝑆̂, (2)

1 It should be noted that this assumption can be strong in the case of 
very large deformations undergone by elastomers. Nevertheless, the conduc-
tion term is generally neglected in most calorimetric approaches applied 
to stretched elastomers. Therefore, even though our methodology can be 
improved, it allows us to go further in the determination of heat sources under 
large strains by integrating the calculation of a conduction term.

2 The relevancy of this assumption (homogeneous temperature in the thick-
ness direction) for a given situation can be evaluated by calculating the Biot 
number 𝐵  [30].
𝑖
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where 𝑇𝑎𝑚𝑏 is the ambient temperature. 𝐂 = 𝐅𝐓𝐅 is the right Cauchy–
Green tensor. 𝜏2𝐷 is a time characterizing the heat exchanges along 
the thickness direction by convection with the air at the specimen 
surface. If the external radiations 𝑅 are constant during the deformation 
process, they can be removed from the heat diffusion equation by using 
the temperature variation 𝜃(𝑋, 𝑌 , 𝑡) = 𝑇 (𝑋, 𝑌 , 𝑡) − 𝑇𝑟𝑒𝑓 (𝑋, 𝑌 ) instead 
of the temperature itself. It should be noted that 𝑇𝑟𝑒𝑓  is the ambient 
temperature if it remains constant over the test. In this case, Eq. (2) 
writes: 

𝜌0𝐶
(

𝜃̇ + 𝜃
𝜏2𝐷

)

− Div2D(𝑘0𝐂−1Grad2D 𝜃) = 𝑆̂. (3)

For the sake of simplicity, 𝜏2𝐷 is denoted 𝜏 in the following. 𝜏 can be 
characterized from a natural return to room temperature after a heating 
(or a cooling) for each testing configuration (machine used, environ-
ment, etc.). Indeed, in this case 𝜃 = 𝜃0𝑒

−(𝑡−𝑡0)
𝜏 . Either 𝜏 is determined 

at different increasing stretches as done in [5], or it can be obtained in 
the undeformed state and corrected according to its dependency on the 
stretch and the multiaxiality state as follows, assuming the material to 
be incompressible [25]: 
𝜏 = 𝜏(𝜆𝐼 , 𝐵) = 𝜏0𝜆

−𝐵−1
𝐼 , (4)

where 𝐵 = 𝑙𝑛𝜆𝐼𝐼
𝑙𝑛𝜆𝐼

 denotes the biaxiality ratio [31,32], defined as the 
ratio of the logarithm of the minimum by the maximum in-plane 
principal stretches, respectively.

Under equi-biaxial tension, pure shear, and uniaxial tension, 𝐵 is 
equal to 1, 0 and −0.5, respectively. Here, 𝜏0 is characterized from the 
return to the ambient temperature of a heated undeformed specimen. 
The evolution of 𝜏 with the stretch is then given by Eq. (4). Note 
that 𝜏 is determined without any displacement of the specimen in air. 
In the present paper, the specimens are stretched symmetrically in 
order to limit additional heat convection due to displacement of the 
measurement surface in air and to meet the same conditions as those 
for determining 𝜏. Finally, it should be noted that Eq. (3) is formulated 
in the case where the ambient temperature 𝑇𝑎𝑚𝑏 is constant during the 
test. In case where changes in ambient temperature occur, the term 𝜃𝜏
has to be corrected accordingly and replaced by 𝑇−𝑇𝑎𝑚𝑏𝜏 .

When the material points move from one pixel to another in the IR 
images, the bi-dimensional formulation of the heat diffusion equation 
does not apply directly and material points have to be tracked in the 
IR images. For that purpose, kinematic field measurements must be 
performed and coupled to the thermal field measurements. This is 
explained in the next section.

3. Coupling the infrared and visible images

Applying Eq. (3) requires knowledge of the displacement and the 
temperature variation of any material point at any time. The large 
deformations undergone by elastomeric materials induce large displace-
ments of the material points. Therefore, measurement of the kinematic 
field has to be carried out during the test in order to track the material 
points in the infrared images. Fig.  1 gives a schematic view of the 
experimental setup used. In this configuration, the charge-coupled 
device (CCD) and IR cameras are placed on both sides of the specimen 
and their detector centers and the zone of interest center are aligned, 
but this is not mandatory. It should be noted that in the case of 
small deformations (inferior to 10%), the measurements (kinematic and 
thermal) have already been done on the same specimen’s side [33,34] 
with a dichroic mirror. The authors investigated the heterogeneities 
in strain and temperature fields at the microstructural level of poly-
crystalline metals. Moreover, in the study due to [35], only one IR 
camera was employed and a limited number of reflective points at 
the surface of a stretched filled notched NR specimen were tracked 
in IR images during the test, which leads to a very low resolution 
relatively to the strain gradient expected at the crack tip. Up to now, 
measuring the two full fields on the same side has not been yet carried 
3 
out in the case of large deformations. This is currently investigated 
in our team for large thickness specimens, for which the assumption 
of homogeneous temperature field in the thickness of heterogeneous 
materials appears as too strong (kinematic and thermal fields different 
from one side to another). A uniform cold lighting at the specimen 
surface is ensured by a home-made LED lamp on the CCD camera side. 
A glass window of emissivity equal to 0.84 is put between the CCD 
camera and the specimen and is oriented at 45◦ in order to limit the 
reflexion effect, as a black body is placed at 90◦ of the IR camera axis. 
Therefore, the radiations emitted and received by the camera are due 
to the specimen itself. Furthermore, the whole device is protected from 
external radiations by using a box made of high emissivity materials 
that is not represented in the figure. Distances between the visible 
camera and the specimen as well as the distance between the IR camera 
and the specimen are respectively denoted 𝐿𝑉 𝐼𝑆 and 𝐿𝐼𝑅 in the rest of 
the paper.

The aim of the coupling method is to be able to transfer information 
from the visible images to the IR ones by using a common basis. For 
that purpose, a spatial calibration procedure is done to couple the two 
cameras before performing the test. The calibration is performed by 
using a calibration pattern, which is composed of two sets of four holes 
that form a large rectangle and a small square patterns, as shown in Fig. 
2. Here, the large rectangle (ABCD) has been chosen. The size of the 
pattern chosen depends on the area of the zone to be observed. The 
calibration pattern is placed at the same location as the specimen is 
during the test, so that the four points A, B, C and D appear in both 
the visible and the IR images. Their position in the visible and the IR 
images is determined as follows using a mark tracking algorithm:

– the area that contains each marker (point) is selected by hand, as 
shown in Fig.  3(a),

– for each area (for instance the one in Fig.  3(b)), a threshold is 
defined, i.e. each pixel value is compared with a reference one. 
Each pixel under this reference value is set to 0 (full black pixel) 
and each pixel over it is set to 255 (full white pixel). Fig.  3(c) 
presents the resulting thresholding for a single marker area,

– the barycenter of zones of either black or white pixels is calcu-
lated (see Fig.  3(d)). This operation is made for the four markers. 
At the end of the mark tracking algorithm, the position of the 
four markers in both CCD and IR images is known and a common 
basis can be defined to transfer the coordinates of the CCD and 
IR points.

For both images, an affine transformation (translation and rotation) 
and a scaling operation (converting pixel to millimeter) are performed 
considering point C (see Fig.  3) as the origin of the common coordinate 
system. As an example, for the CCD camera this operation is performed 
using the following formulation: 

𝑥𝑡𝑟𝑎𝑛𝑠𝑙𝑎𝑡𝑖𝑜𝑛 =
(

𝑋𝑐𝑎𝑚𝑒𝑟𝑎 −𝑋𝐶𝑐𝑎𝑚𝑒𝑟𝑎

) 𝐿𝑋
𝐼𝑜𝑝𝑡

(5)

with 
𝐼𝑜𝑝𝑡 = 𝑐𝑜𝑠(𝛼) ∗ (𝛥𝑋) − 𝑠𝑖𝑛(𝛼) ∗ (𝛥𝑌 ) (6)

and 

𝑦𝑡𝑟𝑎𝑛𝑠𝑙𝑎𝑡𝑖𝑜𝑛 =
(

𝑌𝑐𝑎𝑚𝑒𝑟𝑎 − 𝑌𝐶𝑐𝑎𝑚𝑒𝑟𝑎

) 𝐿𝑌
𝐽𝑜𝑝𝑡

(7)

with 
𝐽𝑜𝑝𝑡 = 𝑠𝑖𝑛(𝛼) ∗ (𝛥𝑋) + 𝑐𝑜𝑠(𝛼) ∗ (𝛥𝑌 ) (8)

with 𝑥 and 𝑦 the position in the translated coordinate system (in mm), 
𝑋𝑐𝑎𝑚𝑒𝑟𝑎 and 𝑌𝑐𝑎𝑚𝑒𝑟𝑎 the position of the pixel in the camera coordinate 
system (in pixels), 𝑋𝐶𝑐𝑎𝑚𝑒𝑟𝑎

 and 𝑌𝐶𝑐𝑎𝑚𝑒𝑟𝑎
 the position of point C in the 

camera coordinate system (in pixel), 𝛼 the angular deviation between 
the two coordinate systems, 𝛥𝑋 and 𝛥𝑌  are respectively the horizontal 
and vertical distances between two measured markers in the image (in 



J. Trubert et al. Polymer 342 (2026) 129286 
Fig. 1. Schematic view of the experimental setup. The two cameras are located on both sides of the specimen. A glass plate is positioned between the CCD 
camera and the specimen in order to limit the external radiations from the CCD camera side. A black-body (emissivity close to 1) is placed perpendicularly to 
the cameras axes in order to limit reflexion effects at the glass plate surface. The red lines stand for the very small external infrared radiations reflected by the 
glass plate and for the particles emitted by the specimen. The blue lines illustrate the rays of light parallel to the optical axis between the CCD camera and the 
specimen surface.
Fig. 2. Calibration pattern and bases necessary to couple visible and IR 
images. The angle shift is voluntary in order to evaluate the angular correction 
accuracy.

pixel) and 𝐿𝑋 and 𝐿𝑌  are the horizontal and vertical distances between 
two markers on the calibration pattern (in mm). This procedure is 
also carried out for the IR images. In Fig.  2, < 𝑂′

𝐶𝐶𝐷∕
⃖⃖⃗𝑟′, ⃖⃖⃗𝑠′ > and 

< 𝑂′
𝐼𝑅∕

⃖⃖⃗𝑥′, ⃖⃖⃗𝑦′ > are coordinate systems that is used by Matlab software 
for reading CDD and IR mages respectively.

Once the infrared and visible images are coupled, the temperature 
monitoring of each material point can be obtained if their displacement 
is known. In the present case, the kinematic field is obtained by the 
DIC technique, which is well adapted and generally used in the case of 
large deformations. The principle of the method consists in comparing 
two digital images of a specimen surface with a random gray pattern 
(or speckle). This pattern can be natural if the gray level distribution 
meets the DIC requirements, for instance with the roughness of the 
material [36], or artificial, typically by spraying paint at the specimen 
surface. Matt paint must be used to avoid any reflection. The software 
used for the correlation process was 7D [37]. From the displacements, 
the principal stretches (𝜆𝐼 𝜆𝐼𝐼 ) and the biaxiality ratio (𝐵) are deter-
mined in order to calculate 𝜏2𝐷 in Eq. (2). For that purpose, square 
elements are created, each corner of a square element corresponding 
4 
Fig. 3. Illustration of the mark detection algorithm used for determining the 
coordinates of points A, B, C and D. (a) Selection of the four points A, B, C 
and D (b) Zoom in the region of point D (c) Thresholding step (d) identifying 
the barycenter of the zone corresponding to point D.

to a grid node where the displacement has been determined. Within a 
square element 𝑖, the horizontal and vertical displacements, 𝑖𝑈 and 𝑖𝑉
respectively, are assumed to be bilinear of the position: 
{ 𝑖𝑈 (𝑋, 𝑌 ) = 𝑎 + 𝑏𝑋 + 𝑐𝑌 + 𝑑𝑋𝑌

𝑖𝑉 (𝑋, 𝑌 ) = 𝑒 + 𝑓𝑋 + 𝑔𝑌 + ℎ𝑋𝑌
(9)

with 𝑎, 𝑏, 𝑐, 𝑑, 𝑒, 𝑓 , 𝑔 and ℎ eight parameters that can be identified from 
displacement measurement of the four corner of the square element. 
The calculation is carried out by considering the square element center 
to be the origin of the coordinate system. Finally, the deformation 
gradient tensor 𝐅 at the square element center is obtained by using Eq. 
(10): 

𝐅 =

(

𝜕𝑥
𝜕𝑋

𝜕𝑥
𝜕𝑌

𝜕𝑦
𝜕𝑋

𝜕𝑦
𝜕𝑌

)

=

(

𝜕𝑋+𝑖𝑈
𝜕𝑋

𝜕𝑋+𝑖𝑈
𝜕𝑌

𝜕𝑌+𝑖𝑉
𝜕𝑋

𝜕𝑌+𝑖𝑉
𝜕𝑌

)

=
(

1 + 𝑏 𝑐
𝑓 1 + 𝑔

)

(10)

From the gradient deformation tensor obtained, the principal
stretches are easily deduced. First, the left Cauchy–Green tensor 𝐁 =
𝐅𝐅𝑇  is calculated and diagonalized, which gives: 

𝐁 =
(

𝜆2𝐼 0
2

)

(11)

0 𝜆𝐼𝐼
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Fig. 4. Illustration of the bilinear interpolation of the temperature field at a tracked point of the visible image. The tracked point is a node of the correlation 
grid.
with 𝜆𝐼 ≥ 𝜆𝐼𝐼 , where 𝜆𝐼  and 𝜆𝐼𝐼  are the maximal and minimal in-plane 
principal stretches, respectively.

To summarize, once the cameras are coupled and the kinematic 
fields obtained, the position of each point can be theoretically tracked 
in the IR images. Nevertheless, it should be noted that:

– the spatial resolution of the two cameras is different,
– the DIC does not provide an integer number of pixels for the 
displacement.

Therefore, the tracked points in the visible images will not move from 
a pixel to another in the infrared images, but in between. This is why 
the temperature field is first interpolated by a bilinear function, using 
the neighboring IR pixels, as illustrated in Fig.  4. The temperature at a 
tracked point is given by: 
𝑇 (𝑥, 𝑦) = 𝑎𝑥 + 𝑏𝑦 + 𝑐𝑥𝑦 + 𝑑 (12)

with 𝑇  the temperature of the material point tracked, which has a 
position (𝑥, 𝑦), and 𝑎, 𝑏, 𝑐 and 𝑑 four parameters that can be found 
using the four neighboring IR pixels whose temperature values are 𝑇1, 
𝑇2, 𝑇3 and 𝑇4 and positions are (𝑥1, 𝑦1), (𝑥2, 𝑦2), (𝑥3, 𝑦3) and (𝑥4, 𝑦4), 
respectively.

4. Metrological characterization of the method

In this section, the motion compensation technique and more pre-
cisely the sensibility of the thermal resolution to the different pa-
rameters is evaluated, in the range of variation enabled by both the 
experimental setup and the data processing method used. This has been 
carried out from the rigid body displacement of a thermal pattern. This 
study is presented in Section 4.1. Then, a numerical study described in 
Section 4.2 is dedicated to the determination of the heat source during 
the stretching of a rubber specimen. This study enables us to estimate 
the resolution of the heat source, since the problem considered has an 
analytical solution. Finally, even though the heat diffusion is small in 
rubbery material, i.e. the laplacian term in Eq. (3) does not contribute 
significantly to the heat source, a numerical study is finally proposed 
in Section 4.3 in order to discuss on the strategy for calculating the 
laplacian term for two different temperature gradient levels.

4.1. Validation of the motion compensation technique and effect of the 
experimental and data processing parameters on the thermal resolution

In order to validate the technique, it has been applied to a cor-
rugated cardboard glued on a metallic plate painted in black color 
moved horizontally (see Fig.  5(a)). Here, the temperature of the card-
board is homogeneous, but the apparent emissivity and therefore the 
temperature field measured by the IR camera is heterogeneous due 
to the cardboard waves (see Fig.  5(b)). Indeed, the surface is not 
perpendicular to the IR detector matrix at any point, and surfaces 
5 
Fig. 5. Visible (a) and IR (b) images of the corrugated cardboard glued on a 
metallic plate painted in black color.

closer to the IR detector matrix appear periodically colder. It should 
be noted that temperature variations due to waves are one order of 
magnitude superior to the thermal resolution of the camera. Here, 
the Noise-Equivalent Temperature Difference (NETD) is 20 mK in the 
temperature range between 5 and 40 ◦C. Thus, if the motion of points 
is not accurately compensated in the IR images, the standard deviation 
of the temperature variation at any point should significantly increase. 
In other words, the technique can be validated if the wave-like pattern 
is still observed from one IR image to another and if the mean standard 
deviation is close to the thermal resolution of the camera.

4.1.1. Kinematic field measurement
Images of the specimen surface at increasing stretches were stored 

with a IDS UI-3160CP Rev. 2 camera equipped with a 55 mm telecentric 
objective. The objective is C-mount partially telecentric, with constant 
magnification over a range of working distances ±12.5 mm of object 
movement before 1% error image scale occurs. The CCD of the camera 
has 1920 × 1200 joined pixels. A uniform cold lighting at the specimen 
surface is ensured by a home-made cold LED lamp. The camera was 
fixed on a multidirectional adjustable support. The software used for 
the correlation process was 7D [37]. Three main parameters could 
have an influence on the thermal resolution and will be considered 
in the following; the subset size, the step size and the gray level 
interpolation function (the interpolant) (see [38] for further details on 
the terminology).

4.1.2. Thermal field measurement
Temperature measurement was performed with a cooled high-

resolution FLIR X6540sc infrared camera equipped with a focal plane 
array of 640 × 512 pixels and detectors operating in wavelengths 
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Fig. 6. IR images of a black body surface at the same temperature at different times after the NUC procedure.
between 1.5 and 5.1 μm. The integration time was equal to 2.623 ms. 
The image acquisition was triggered at the same frequency as the CCD 
camera. The calibration of camera detectors was performed with a 
DCN1000N12 HGH Infrared Systems black body using a one-point non-
uniformity correction (NUC) procedure at this acquisition frequency. 
The infrared camera was switched on 60 min before the test in order 
to stabilize its internal temperature. In the case where the correction of 
the temperature measurement according to the IR detector temperature 
has been shunted, it should be noted that temperature measurements 
can be strongly affected by the occurrence of a halo effect even though 
the NUC procedure has been performed. This shunt is made to avoid 
automatic temperature correction, which would lead to a jump in 
temperature evolution. This halo can be illustrated by Fig.  6 that gives 
IR images of a black body stored at different times after the NUC 
procedure. This figure clearly shows that in spite of the NUC, the halo 
pattern reappears with time.

Fig.  7 shows the time evolution of the amplitude of temperature 
values over the whole field (max(T) - min(T), at the top). A 3D map 
of the temperature fields at different times is provided at the bottom. 
This figure clearly shows that the halo pattern intensifies strongly the 
first hour. Therefore, it can strongly affect the thermal resolution of the 
motion compensation technique, as the points of the surface observed 
move through the halo. From 1 h on, the maximum temperature 
amplitudes between two points in the thermal field vary little over 
time. More specifically, for a 1 min measurement duration, i.e. the case 
in the present study, the difference is 0.00035 K, which is a variation 
two orders of magnitude lower than the camera’s NETD. Therefore, no 
real-time correction is needed. This is why we turn on the camera two 
hours before performing the NUC and start the measurement, which 
lasts about one minute. It should be noted that if the measurement is 
longer, it is recommended to activate an automatic real-time correction 
and to switch on the camera several hours before doing the NUC and 
starting the measurement.
6 
Fig. 7. Evolution of the amplitude of the temperature value (max(T) - min(T)) 
in the field (top). Evolution of the halo pattern (bottom).

A noteworthy problem is due to the infrared environment of the IR 
camera, typically the reflexion of the IR detector matrix in the visible 
camera lens. This issue is solved by positioning a glass plate of thermal 
emissivity equal to 0.84 between the LED light and the specimen. A 
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Table 1
The 11 configurations considered for the experimental parameters.
Configuration frequency loading rate 𝐿𝑉 𝐼𝑆 𝐿𝐼𝑅 R𝑉 𝐼𝑆 R𝐼𝑅 < 𝜎 > < 𝜎 >
number (frame/s) (mm/min) (mm) (mm) (mm/px) (mm/px) with filtering (K) without filtering (K)

#1 5 300 70 50 0.059 0.17 0.0179 0.0199
#2 10 75 70 50 0.059 0.17 0.0164 0.0212
#3 10 150 70 50 0.059 0.17 0.0192 0.0242
#4 10 225 70 50 0.059 0.17 0.0147 0.0198
#5 10 300 70 50 0.059 0.17 0.0152 0.0212
#6 10 300 140 50 0.118 0.17 0.0192 0.0192
#7 10 300 140 110 0.118 0.35 0.016 0.0206
#8 10 300 140 176 0.118 0.54 0.0143 0.0203
#9 10 300 190 50 0.165 0.17 0.0194 0.0225
#10 15 300 70 50 0.059 0.17 0.0158 0.021
#11 20 300 70 50 0.059 0.17 0.0151 0.02
black body is placed at an angle of 45◦ to limit the incident radiation 
on the glass plate (see Fig.  1).

4.1.3. Parameters considered for the metrological characterization
The experimental parameters whose influence on the thermal res-

olution is investigated are the loading rate, the acquisition frequency, 
the distance between the IR detector (𝐿𝐼𝑅) and the specimen as well as 
the distance between the CCD detector and the specimen (𝐿𝑉 𝐼𝑆 ). The 
influence of the step size, the subset size and the interpolation function 
was also investigated for the DIC technique, as well as the temporal 
filtering of the temperature variations. The effect of the different pa-
rameters is addressed with several configurations. The values of the 
different parameters for each configuration are summarized in Table  1. 
They have been chosen accordingly to the features and limitations of 
the experimental setup used. In this table, the spatial resolution of the 
visible (R𝑉 𝐼𝑆 ) and the IR (R𝐼𝑅) images are given for each configuration.

These configurations were tested without and with an averaging 
temporal filter of size 3, which is the minimum size, applied to process 
the temperature variation. A grid step of 10 pixels and a subset size 
of 10 pixels were used for the DIC. Here, no spatial filtering is applied 
on the visible and infrared images. Note that the interpolation of the 
temperature at the position of the correlation grip nodes indirectly 
slightly filters the temporal field. Nevertheless, the effect is very small 
as the IR image resolution is of the same order of magnitude as the 
visible image one. It should be noted that when the distance between 
the specimen and the cameras is changed, the size of the windows 
where the specimen is moved changes. The displacement is adjusted ac-
cordingly. This means that even though both the acquisition frequency 
and the distance of the cameras are changed in order to fully meet 
the experimental conditions, it changes the number of temperature 
values for calculating the standard deviation 𝜎 and the mean standard 
deviation < 𝜎 >. The effect of high loading rates can be limited by 
increasing the frequency and reducing the integration time, but this 
requires changing the type of lighting. The results reported in this study 
is therefore relative to LED lamp used. The maximum loading rate and 
maximum frequency applied with this configuration is 300 mm/min 
and 20 Hz, respectively. Parameters due to the image processing have 
also been investigated by considering configuration #5. It is chosen as 
it provides an intermediary thermal resolution (presented in the results 
section). The type of interpolation function (bilinear or bicubic), the 
grid step and the subset size. They are reported in Table  2.

4.1.4. Results obtained with the motion point compensation method
Fig.  8 illustrates the compensation of the point motion in the IR 

field. This figure shows IR images of the cardboard plotted in the 
visible images once the calibration procedure is done. The scale is the 
same for the three temperature fields considered. From a qualitative 
point of view, it is shown that the pattern is well tracked. In order 
to evaluate the thermal resolution, the standard deviation of the tem-
perature variation signal is calculated at any point of the field during 
a return trip in translation. The mean of the standard deviation field 
is then calculated for each configuration and the value is reported in 
Tables  1 and 2. Since no temperature variation should occur during 
7 
Table 2
The 19 configurations considered for investigating the effect of the DIC 
parameters.
 Configuration grid step subset size interpolation Mean standard 
 number grid step subset size function deviation  
 #12 10 6 Bicubic 0.0148  
 #13 10 8 Bicubic 0.0148  
 #14 6 10 Bicubic 0.0149  
 #15 8 10 Bicubic 0.0149  
 #16 10 10 Bicubic 0.0149  
 #17 12 10 Bicubic 0.0149  
 #18 10 12 Bicubic 0.0148  
 #19 10 16 Bicubic 0.0149  
 #20 10 20 Bicubic 0.0149  
 #21 10 4 Bilinear 0.0148  
 #22 10 6 Bilinear 0.0148  
 #23 10 8 Bilinear 0.0149  
 #24 6 10 Bilinear 0.0149  
 #25 8 10 Bilinear 0.0149  
 #26 10 10 Bilinear 0.0149  
 #27 12 10 Bilinear 0.0149  
 #28 10 12 Bilinear 0.0149  
 #39 10 16 Bilinear 0.0149  
 #30 10 20 Bilinear 0.0149  

the translation, the performance of the method will be evaluated by 
measuring the standard deviation of the temperature of each material 
point and compared with the Noise Equivalent Temperature Deviation 
(NETD of 20 mK) of the IR camera.

The first parameter studied is the image acquisition frequency. The 
corresponding configuration numbers are 1, 5, 10 and 11 (frequencies 
in blue color in Table  1). The loading rate and the distance between 
the cameras and the specimen were kept constant. Fig.  9(a–d) show 
the cartography of the standard deviation of the temperature variation. 
It is close to the NETD of the IR camera, the maximum value being 
equal to 29 mK. As seen on these maps, a pattern that corresponds 
to the pattern of the cardboard is observed. It is recalled that the 
apparent temperature variation due to the cardboard waves of one 
order of magnitude higher that the camera’s NETD. The mean standard 
deviation for each frequency is given in Fig.  9(e). The acquisition 
frequency seems to have only a small influence on the performance. 
In this figure, it is shown that a minimum centered temporal filtering 
size of 3 decreases the thermal resolution below the camera’s NETD.

The second parameter studied is the loading rate, the other param-
eters being kept constant. The corresponding configuration numbers 
are 2, 3, 4, and 5 (loading rates in green color in Table  1). Fig.  10(a–
d) show the cartography of the standard deviation of the temperature 
variation. Fig.  10(e) gives the mean standard deviation versus the 
loading rate. In the loading rate range studied, the performance of 
the motion compensation technique in terms of the mean standard 
deviation of the temperature variation does not evolve significantly. It 
should be noted that with a higher loading rate, visible images become 
blurred, which impacts the accuracy of the DIC technique, and by 
extension of the motion compensation method.
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Fig. 8. IR images of the cardboard plotted at different positions in the visible 
images.

The third parameter studied is the distance between the specimen 
and the visible camera (configurations #5, #6, and #9, (𝐿𝑉 𝐼𝑆 in red 
color in Table  1)). Fig.  11(a–c) show the cartography of the standard 
deviation of the temperature variation. As for the previous results ob-
tained, the temperature pattern is visible except for the lowest distance. 
The thermal resolution is higher for the lowest distances. This could 
be easily explained by the fact that with a higher distance, the spatial 
resolution of the camera increases, i.e. each pixel corresponds to a 
larger area of the specimen. In that case, a same error in the DIC 
technique in term of pixel leads to a higher error of the displacement 
on the specimen, and in the case of heterogeneous temperature field, 
an higher error on the temperature tracked.

Fig.  11(d) gives the mean standard deviation for each configuration.
The last parameter studied is the distance between the specimen and 

the IR camera (configurations #6, #7, and #8, (𝐿𝐼𝑅 in magenta color in 
Table  1)). Fig.  12(a–c) show the cartography of the standard deviation 
of the temperature variation. As for the previous results obtained, the 
pattern is visible. Fig.  12(d) represents the mean standard deviation 
for each test. In the distance range studied, the performance of the 
motion compensation technique does not evolve strongly. However, 
with a higher distance, the spatial resolution of the IR images increases, 
which decreases the precision, especially for high temperature gradient. 
Finally, the parameters relative to the DIC have been investigated and 
the results in terms of the mean standard deviation of the temperature 
variation is reported in Table  2. For that purpose, configuration #5
8 
is considered. This configuration is for the highest loading rate, in-
termediary frequency and distance of the cameras. It is the closer 
from experimental conditions required with the rubber specimens used 
with this experimental setup. The grid step, the subset size and the 
interpolation function are changed. The results obtained shows that 
these parameters have no significant effect on the thermal resolution 
after motion compensation, which is logical as the Zones of Interest 
(ZOIs) tracked do not deform.

To conclude, the influence of different experimental parameters on 
the motion compensation of the material points in the infrared images 
has been investigated. For all the configurations investigated, which 
are defined with respect to the features of our experimental setup, 
the temperature standard deviation found is close to the NETD of the 
IR camera, which validates the motion compensation technique. The 
most influential is the distance between the visible camera and the 
specimen, since a same displacement error (in pixel) leads to a higher 
error of the displacement (in mm) when it is increased, and in the 
case of heterogeneous temperature field, this leads to a higher error 
in the tracking of material points in the IR images and therefore a 
higher temperature error. It was also shown that filtering temporally 
the temperature variations, even with the lowest filter size, decreases 
the thermal resolution below the one of the IR camera. The results of 
this first metrological study, showing that the motion compensation 
technique does not alter the thermal resolution is of first importance as 
the thermal field is then derived to apply the heat diffusion equation 
for calculating the heat source. The next metrological study aims at 
characterizing the heat source resolution and therefore must be carried 
out in the case of a large deformation process.

4.2. Numerical study of the heat source resolution

The previous test, corresponding to a rigid-body motion, allowed 
us to validate the motion compensation technique using the spatial 
calibration of the two cameras. It also shows that the temperature noise 
obtained after the motion compensation technique is mostly due to 
the thermal sensitivity of the IR camera. In other terms the numerical 
processing for the motion compensation does not alter the thermal 
resolution. To estimate errors on both deformation and heat source 
fields, a procedure has to be defined. It consists in simulating a uniaxial 
tensile test. The motion compensation technique is applied to the set 
of images obtained from numerical simulations in order to deform 
accordingly the speckle. It is precisely described in the following.

4.2.1. Generation of simulated kinematic and thermal fields
In order to evaluate the errors on the heat sources, the heat sources 

are first computed numerically. A mechanical test consisting in stretch-
ing homogeneously a rectangular specimen is simulated by the finite el-
ement method using the ABAQUS software. The specimen is 123.54 mm 
in length, 29.82 mm in width and 2 mm in thickness. Opposite ver-
tical displacements of 70 mm are prescribed on the upper and lower 
grips at a loading rate of 150 mm/min. The mechanical behavior of 
the specimen, i.e., the strain–stress relationship, is predicted with a 
Neo-Hookean model. This model has been chosen as its constitutive 
parameter directly depends on the temperature (see Eq. (2.7), page 765 
in [39]), which provides a simple analytic expression of the correspond-
ing heat source induced by the deformation under uniaxial tension (see 
Eq. (26) in [40]). This model assumes that the elasticity of the material 
is purely entropic, with no viscosity or crystallization. This is typically 
the case of the unfilled nitrile rubber used in [25] and this why we used 
the value of the constitutive parameter the authors found in the case of 
uniaxial tension (0.24 MPa, issued from Figure 13 in [25]). It should 
be noted that the sole purpose of this calculation is to evaluate the 
heat source resolution. The calorimetric approach, on the other hand, 
is applicable to all types of elastomer, regardless of whether they are 
viscoelastic or crystallize under stretch.
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Fig. 9. Cartography of the standard deviation of the temperature variation for different acquisition frequencies ((a) to (d)). Temperature variation is not filtered, 
neither spatially nor temporally (e) Mean standard deviation of the temperature variation versus the acquisition frequency, with and without temporal filtering 
(centered filter of size equal to 3).
Visible images are then created by deforming a speckle image by 
using the displacement field predicted numerically. The spatial reso-
lution is chosen here equal to 0.15 mm/px, the acquisition frequency 
is chosen equal to 5 Hz. Fig.  13 gives the image of the speckle in the 
underformed and maximum deformed states.

In order to generate the corresponding IR images, the heat diffusion 
equation is applied. The initial temperature is supposed to be homoge-
neous, and equal to 20 ◦C. The thermal diffusion within the material 
is neglected, the heat equation can be therefore simplified to its ’’0D’’ 
formulation: 

𝑆 = 𝜌0𝐶
(

𝜃̇ + 𝜃
𝜏

)

(13)

The mass density and the heat capacity are supposed to be constant 
during the whole test, however the time 𝜏 depends on the strain state. 
For an uniaxial tensile test, assuming that the material is incompress-
ible, 𝜏 can be obtained using the following formulation: 

𝜏 =
𝜏0
√

𝜆
(14)

Neo-Hookean model is used to determine the heat source produced by 
the material (more details are provided in [25,40]), and is expressed as 
9 
followed for uniaxial tension: 
𝑆 = 2𝐶𝑛ℎ

(

𝜆 − 𝜆−2
) 𝑑𝜆
𝑑𝑡

(15)

After determining the time evolution of the specimen’s temperature 
during the simulated test, IR images are created, by applying a constant 
temperature equal to 18 ◦C to each pixel outside the specimen, and 
the calculated temperature to each pixel inside the specimen. These IR 
images are computed at the same times as for visible images, at an 
acquisition frequency of 5 Hz, for a spatial resolution of 0.5 mm/px. In 
order to better meet experimental IR images obtained with an infrared 
camera, a thermal noise is added to the images. For this purpose, the 
thermal noise is characterized for the IR camera. Fig.  14 represents the 
power density and probability density of the measured thermal noise, 
and shows that the noise can be modeled using a white noise with a 
standard deviation of 20 mK, i.e. the noise added has a mean value 
equal to 0 K and a standard deviation equal to 20 mK.

Fig.  15 represented IR images obtained using this method for the 
undeformed and maximum deformation states.

4.2.2. Kinematic field determination
First, a metrological study on the kinematic field is performed. For 

that purpose, DIC is performed, using the software 7D, on numerical 
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Fig. 10. Cartography of the standard deviation of the temperature variation obtained for several loading rate ((a) to (d)) (e) Mean standard deviation of the 
temperature variation versus the loading rate, with and without temporal filtering (centered filter of size equal to 3).
visible images. For this study, the grid step is set to 10 pixels and the 
subset size ranges between 4 and 20 pixels.

Fig.  16(a) presents the maximal principal stretch at a single point 
measured using this method for several ZOI sizes. Fig.  16(b) shows that 
the relative error is low, 1.8% maximum. From a ZOI (subset) size of 
10 pixels on, the relative error on the maximum principal stretch is 
inferior to 0.58%.

4.2.3. Resolution of the heat source
Using the spatial calibration of the two cameras, the motion com-

pensation technique is performed to measure the temperature at the 
different points where the kinematic field has been measured. For this 
study, the ZOI size is fixed to 10 pixels. Then, the heat equation is used 
to obtain the heat produced by the material during the test. The heat 
source is measured for raw temperatures and temperature filtered with 
different filter sizes. In this study, a mean filter is used, and different 
sizes of filter have been applied to study the influence of the filter on 
the heat source measured. Fig.  17 presents the heat source measured at 
a single point for the different filter sizes. The temperature variations 
are derived with a centered finite difference.

Fig.  18 presents the absolute error for all the filters (Fig.  18(a)) and 
for a filter size of 15 and 20 (Fig.  18(b)). These figures clearly show that 
from a temporal filter of size 15 on, the thermal noise from IR images 
is reduced, so that the maximum absolute error is about 5 103. This 
is one to two orders of magnitude less than the heat source resolution 
10 
necessary to investigate the thermomechanical response of elastomers 
(see for instance [5,25,41]).

It should be noted that this filter size is significant as the acquisition 
frequency is 5 Hz. Obviously, in the case of high temporal temperature 
gradients (within 1 s typically), the acquisition frequency has to be 
adjusted according to both the thermal temporal gradient and the 
temporal filter size. If it is not possible, a more suitable temporal filter 
has to be used, typically a Savitzky–Golay finite impulse response (FIR) 
smoothing filter [42] (see Part II).

4.3. Numerical study of the heat diffusion term

The previous metrological study has investigated the effect of the 
motion compensation method and the kinematic field measurement on 
the heat source without heat conduction as the strain and the thermal 
field were homogeneous. In order to investigate the calculation of 
the heat conduction, a heterogeneous thermal field has be considered. 
Furthermore, in the context of large strains, the configuration for the 
laplacian term calculation has to be chosen. It is described here after.

4.3.1. Generation of the numerical visible and IR images
The visible images were obtained by numerically deforming a 

speckle image. The numerical deformation imposed is a homogeneous 
vertical stretch, which leads to a deformation gradient tensor equal 
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Fig. 11. Cartography of the standard deviation of the temperature variation obtained for several distance between the CCD camera and the specimen ((a) to (c)) 
(d) Mean standard deviation of the temperature variation versus the several distance between the CCD camera and the specimen, with and without temporal 
filtering (centered filter of size equal to 3).
to 𝐅 =
(

1 0
0 𝜆

)

. The spatial resolution of the image is equal to 
0.026 mm/px. Fig.  19 shows the images obtained at both the un-
deformed and deformed state. It could corresponds to out-of-plane 
pure shear in the case of an incompressible rubber-like material. This 
formulation is for the validation of the conduction term in the heat 
diffusion equation in a case as simple as possible.

The IR images were obtained by the same way. The spatial resolu-
tion of the image is equal to 0.15 mm/px. A temperature gradient is 
added to the image by using a Gaussian surface expressed as followed: 

𝑇 (𝑥, 𝑦) = 𝐴 exp
(𝑥−𝑥0)

2+(𝑦−𝑦0)
2

𝜔 (16)

with 𝐴 represents the maximal temperature (in 𝐾), which is obtained 
at the position (𝑥0, 𝑦0), and 𝜔 represents the spreading of the Gaussian 
surface (in mm). Knowing both the temperature and deformation field, 
the analytical solution can be calculated. Here, two situations are 
considered, 𝐴 = 5 𝐾 and 𝜔 = 10 mm, and 𝐴 = 1 𝐾 and 𝜔 = 1 mm, 
which is consistent with what can be found in the case of heterogeneous 
temperature fields studied in elastomers [27,28,43]. A numerical noise 
is added to the IR images obtained to better simulate data that can 
be obtained with an IR camera (see the noise characterization in the 
previous section). The corresponding temperature fields are given in 
Fig.  20. Fig.  21 shows the images obtained at both the undeformed (a 
and b) and deformed states (c and d).
11 
4.3.2. Calculation of the heat conduction term
The large strains formalism requires choosing a configuration (La-

grangian ou Eulerian) for calculating the laplacian term. In function 
of the configuration chosen, the spatial resolution of temperature field 
may have a strong effect on the results, depending on the spatial 
temperature gradients involved. In this paper, we present the calcu-
lation of the heat conduction term in the Lagrangian configuration. 
In the case of incompressible materials and isotropic heat conduction, 
the heat influx per unit reference area (the Lagragian heat influx) 
writes Q = −𝑘0𝐂−1Grad 𝑇 . The thermal conduction term has been 
numerically calculated from the noisy thermal fields. In parallel, the 
thermal conduction term is determined analytically from the exact 
expression the Gaussian surfaces. The difference between both results 
can be mapped in terms of the absolute error as illustrated in Fig.  22. It 
clearly appears that the singularity is not fully captured in the situation 
where 𝐴 = 1 𝐾 and 𝜔 = 1 mm. This can be an issue in the case where 
the measurement is performed at a crack tip in a rubber specimen.

Indeed, in the case of the Lagrangian calculation of the heat con-
duction term is carried out with respect to the undeformed state and 
therefore by tracking the temperature at points of the initial (unde-
formed) kinematic grid in the deformed state. Therefore, the spatial 
resolution of the thermal field is altered by increasing the strain level. 
To overcome this issue, an oversampling operation can be done, such 
as explained in Part II of the present paper.
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Fig. 12. Cartography of the standard deviation of the temperature variation obtained for several distance between the IR camera and the specimen ((a) to (c)) (d) 
Mean standard deviation of the temperature variation versus the several distance between the IR camera and the specimen, with and without temporal filtering 
(centered filter of size equal to 3).

Fig. 13. Images of the speckle image in the undeformed (a) and maximum deformed (b) states.
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Fig. 14. Power density of thermal noise measured.

Fig. 15. IR images created.

Fig. 16. Evolution of the maximal principal stretch for different ZOI sizes.
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Fig. 17. Evolution of the heat source for different temporal filter sizes.
Fig. 18. Absolute error for the different temporal filter sizes.
Fig. 19. CCD images obtained by the numerical deformation of a speckle.
Fig. 20. Noised numerical thermal field with two different gaussian surfaces.
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Fig. 21. IR images obtained by the numerical deformation of the noised 
gaussian temperature fields.

Fig. 22. Thermal conduction term fields: analytical solutions, the noised 
gaussian temperature fields and absolute errors.

5. Conclusion

In the present study, a methodology for reconstructing the heat 
source surface fields in the case of large heterogeneous deformations 
has been developed. This methodology is based on the coupling of 
kinematic and thermal measurements, post-processed by a method of 
compensating for the motion of points in the thermal images and the 
heat diffusion equation. Several results can be drawn:

– the compensation technique does not alter significantly the ther-
mal resolution in the variation range of experimental parameters 
in relation with the experimental setup used,

– the heat source resolution without calculating the diffusion term 
can be 5 103 W∕m3 by increasing the temporal filtering of the tem-
perature variation signal. This resolution is 2 orders of magnitude 
less than what is classically measured in elastomers. The method-
ology is therefore well suitable to characterize the calorimetric 
response of high strain gradient zones such as crack tip zones,

– the conduction term is accurately calculated in the Lagrangian 
configuration. An oversampling method can be used in the case 
of strong temperature gradients, this is addressed in Part II of the 
present paper.

In Part 2 of the present paper, the methodology proposed is used to 
determine full strain, calorimetric and strain-induced crystallinity fields 
at the crack tip of a natural rubber previously notched and subjected 
to cyclic loadings. As the value of the different parameters used for 
15 
characterizing the crack tip behavior are in the range considered in the 
present part, the conclusions of the metrological analysis also apply to 
the measurements performed at the crack tip in part II.
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