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Thermoelastic Couplings and Interparticle Friction Evidenced by Infrared
Thermography in Granular Materials

P. Jongchansitto ' @ - X. Balandraud? - I. Preechawuttipong’ - J.-B. Le Cam? - P. Garnier”

Abstract

Infrared (IR) thermography was used to analyze the thermomechanical response of a two-dimensional non-cohesive granular
assembly. Two constitutive materials with different types of thermoelasticity were chosen: thermoplastic polyurethane (TPU) and
polyoxymethylene (POM), which feature entropic and isentropic elasticity respectively. Cylinders of each material were mixed
together. Analysis was performed under confined compression at two observation scales. Thermoelastic couplings and interpar-
ticle friction were separately evidenced. First, the strong thermal effect of entropic coupling was revealed at the contacts, in the
stress concentration zones. Second, image processing enabled us to clearly extract the thermal signature of the interparticle
friction zone, a quantity that cannot be identified by the other full-field measurement techniques available today. It can thus be
claimed that IR thermography provides two distinct routes for the analysis of granular materials by distinguishing the reversible
and irreversible parts from the global thermomechanical response. The study also opens prospects for the experimental analysis

of “soft” granular media.
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Introduction

Granular materials are defined as a collection of solid particles
whose macroscopic mechanical behavior is governed by the
interaction forces between the particles. They are plentiful
around us in our everyday lives (coffee or sugar powders) as
well as in many industrial fields, typically sands, soils and
rocks in civil engineering; cereal, sugar and rice in the agro-
food processing industry; or powders for preparing medical
drugs in the pharmaceutical industry. Natural phenomena such
as avalanches and landslides are also investigated using gran-
ular material mechanics. The mechanical behavior of these
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materials is very different from that of solids, liquids, and
gases [1, 2]. Granular media generally are composed of grains
with different types of constitutive materials and various dis-
tributions in terms of size and shape. Pioneering research
works were performed by Casagrande and Carillo in 1944
[3], Dantu in 1957 [4], and Rowe in 1962 [5]. Various numer-
ical approaches have been developed to study the influence of
parameters such as particle shape, density, polydispersity, par-
ticle elasticity, friction, etc. [6]. However, full-field experi-
mental data (captured by camera) remain scarce compared to
numerical results. Some techniques are available for measure-
ments in the bulk granular medium: X-ray tomography com-
bined with volumetric digital image correlation [7-9], com-
puterized X-ray tomography [10], flash X-ray shadowgraphy
[11], magnetic resonance imaging [12, 13], radar-based sens-
ing [14] and positron emission particle tracking [15]. The
carbon paper method has also been used to measure the con-
tact pressures in sections of three-dimensional granular mate-
rials [16]. An extensive literature deals with two-dimensional
(2D) approaches based on optical photography combined with
digital image correlation (DIC), such as in the particle image
velocimetry (PIV) technique [17—19]. Concerning the identi-
fication of stresses in the particles, photoelasticimetry is a
powerful full-field technique which is applicable to 2D gran-
ular media composed of birefringent materials [20-31]. It
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enables for instance the identification of the contact forces by
image processing. For the present study, we applied another
type of full-field technique, namely full-field temperature
measurement by infrared (IR) camera.

For the analysis of thermomechanical behavior, IR ther-
mography is in principle applicable to any type of solid matter.
However, its application to granular samples is tricky. The first
studies were performed on soils and sands in the framework of
vibrothermography [32, 33]. In previous works [34-36], we
studied Schneebeli analogue materials [37] through a so-
called Thermoelastic Stress Analysis (TSA) [38—40].
However, the amplitudes of the thermal signal were weak
due to the use of materials featuring “classical” thermoelastic
coupling, which is sometimes named isentropic coupling [41].
The present paper aims to study the thermal response of gran-
ular material under confined compression. The constitutive
materials of the granular media have two different types of
elasticity: isentropic elasticity (such as in metallic materials
and polymer materials below their glass transition tempera-
ture) and entropic elasticity (such as in rubber-like materials
or polymer materials above their glass transition temperature).
One of the objectives is to compare isentropic and entropic
materials for further use in the experimental thermomechanics
of granular media. The aim is to experimentally evidence
thermoelastic couplings and self-heating due to interparticle
friction with two practical constraints:

* quasi-static loading,
» cyclic loading over a few mechanical cycles.

Indeed, the long-term objective is to be able to perform the
analysis of granular systems with only one load-unload me-
chanical cycle, with any testing machine (not limited to a
fatigue machine) or in-situ in a geotechnical context. It is
worth noting that TSA is a priori not applicable to the present
experiment, for two reasons: first TSA is not currently appli-
cable to entropic materials (see next section); second it is not
suitable for quasi-static loading.

The paper is organized as follows: the next two sections
presents a brief summary of the two types of thermoelastic
couplings, and the experimental set-up; then the “Overall
analysis” and “Local analysis” sections are dedicated to anal-
ysis at two observation scales, using two different spatial res-
olutions for the IR thermography measurements.

Background on Thermoelastic Couplings

Isentropic thermoelastic coupling corresponds to the produc-
tion or absorption of heat as a function of the variation in
internal energy, i.e. the variation in the volumetric part of the
strain (first invariant of the strain tensor, also named cubic
dilatation). The expression of the heat induced by this

thermo-sensitivity can be deduced from the second derivative
of the Helmholtz free energy function with respect to temper-
ature and strain. The corresponding heat power density s;q,,,
can be written as follows for isotropic materials:

do
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where « is the coefficient of thermal expansion, 7 the absolute
temperature in Kelvin, oy, the hydrostatic stress (sum of prin-
cipal stresses divided by three) and dov,/dt its temporal deriv-
ative. When the hydrostatic stress increases, the material ab-
sorbs heat (temperature decrease); when the hydrostatic stress
decreases, the material produces heat (temperature increase).
Under cyclic loading in adiabatic conditions, the temperature
oscillation amplitude AT writes as follows:
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where Ty is the mean temperature in Kelvin, p the density, C
the specific heat, and Aoy, the amplitude of the hydrostatic
stress oscillation. Equation (2) is the basis of the TSA ap-
proaches. The elasticity of materials featuring this type of
thermo-sensitivity is sometimes referred to as energetic, to
be distinguished from entropic elasticity [42].

The first studies dealing with entropic coupling date from
the nineteenth century, with the pioneering experimental work
of Gough [43] and Joule [44]. At the beginning of the twen-
tieth century, Meyer and Ferri proposed to consider rubber
elasticity as being driven only by the changes in entropy (ideal
elastomer) with an internal energy remaining constant during
the deformation process [45]. In this theory, the mechanical
work can be entirely measured as a change in the material’s
temperature. The analytical expression of the heat power den-
sity s, due to entropic coupling depends on the deformation
state and the model considered for elasticity. For the sake of
illustration, let us consider a mechanically incompressible ma-
terial. The deformation gradient tensor F can be written in the
principal basis (e, e,, e3) as follows:

A0 0
F=10 )\ 0 (3)
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where

* A is the stretch in the e; direction, defined as the ratio of
the current length to the initial length in the e; direction;

* B is the coefficient of biaxiality [46, 47]. It is equal, for
instance, to —0.5, 0 and 1 for uniaxial tension, pure shear
and equibiaxial tension, respectively.



Let us now consider as an example a Neo-Hookean model
for elastic behavior [48]. The heat power density s,,, due to
entropic coupling can be written as follows:

Sem =Nk T [A+NF=(B+ 1) X7] % (4)
where N is the number of network chains per unit volume and
k is Boltzmann’s constant. It can be noted that entropic mate-
rials produce heat when the stretch A increases, and absorb
heat when \ decreases. Moreover, the link between heat and
stretch is non-linear. The calorific response of entropic mate-
rials is thus very different from that of isentropic materials.

Equation (4) shows that TSA approaches are not applicable
to entropic materials. First, the field of coefficient B is difficult
to know a priori in the case of heterogeneous tests. Second,
elastomeric materials are actually subjected to significant
changes in volume during their deformation [49]. Equation
(4) is thus valid only for a Neo-Hookean elasticity model
without volume change. The expression of the heat power
density s,,,; due to entropic coupling changes as a function of
the considered model.

Note that the elasticity of real rubber actually features both
types of thermoelastic coupling, but entropic coupling is pre-
ponderant (the isentropic type is only visible at low strains,
before so-called thermoelastic inversion) [50, 51]. The appli-
cability of TSA to rubber at low strains has been discussed in
Ref. [52]. As a general remark, classical thermographic ap-
proaches to studying thermoelasticity, plasticity, fatigue and
plasticity [53—58] are not directly applicable to rubber-like
materials today.

Materials and Methods

Figure 1 shows the experimental set-up. Two-dimensional
“composite” granular samples were prepared using cylinders
made of two types of materials: thermoplastic polyurethane
(TPU) and polyoxymethylene (POM). The TPU was a com-
mercial grade (UR3558, Axson Technologies) composed of
isocyanate (100 parts in weight) and polyol (42 parts in weight).
It was molded at ambient temperature in cylindrical holes by
PCM Technologies S.A.S. (France). The POM was directly
bought in the form of cylinders made of black porosity-free
unfilled acetal copolymer. TPU and POM feature different re-
sponses in terms of stiffness and thermoelastic coupling. POM
is much more rigid than TPU (tensile elastic modulus ratio of
about 700). In terms of thermoelastic coupling, within the range
of mechanical loading considered for the study at ambient tem-
perature, POM is governed by isentropic coupling [34-36]
while TPU is governed by entropic coupling [59, 60]. The
material density and specific heat of TPU at 20 °C were equal
to 1040 kg/m> and 1470 J/(kg.K), respectively. The POM

cylinders were similar to those used in our previous studies
[34-36]: density of 1420 kg/m>, specific heat of 1460 J/
(kg.K). The thermal diffusivities of TPU and POM were esti-
mated at 0.13E-6 m%/s and 0.16E-6 m?/s respectively.

In order to obtain a “bidisperse” granular configuration, the
diameters of the POM and TPU cylinders were different, equal
to 10.5 mm and 12.0 mm respectively. Cylinder height was
equal to 60 mm. One of the two circular faces of each cylinder
was polished to have a smooth surface. Cylinders were ran-
domly placed in parallel in a rectangular steel frame. The
surface of the cylinder network was painted a matte black
color to maximize thermal emissivity (0.96), see Fig. 1-a. In
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Fig. 1 Experimental set-up: a) photos of the device, b) schematic view of
a tested granular sample. TPU and POM cylinders are represented in light
and dark grey, respectively, ¢) mechanical loading



Fig. 2 Displacements of the
cylinder centers: a) from 0 to —0.1
kN, b) from 0 to —10 kN. The
vector lengths are proportional to
the displacement magnitude
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addition, the immediate environment was surrounded with
black boards and curtains to limit reflections in the infrared
range. The configuration in Fig. 1-b, corresponding to the
experimental case developed in this paper, had a total of 116
cylinders (43 POM and 73 TPU).

Mechanical loading consisted of a sinusoidal compression
force applied to the top of the granular sample using a MTS
+15 kN uniaxial testing machine. The bottom part and the two
vertical walls of the metallic frame were fixed, while the upper
part moved downwards, leading in practice to a macroscopic
confined compression state. Figure 1-c shows the signal ap-
plied for the test: 7 cycles, period of 2 s, minimum compres-
sion force F,,;, of —0.1 kN, maximum compression force F,,,
of —10 kN. In the following, times at the top and bottom of
each cycle are denoted #; (with i from O to 14, see Fig. 1-c).
Before starting the force oscillation at time #,), the minimum
load F,,;,, was maintained for 20 min in order to start the test in
thermal and mechanical equilibrium. Indeed, the initial com-
paction of the granular material (application of the minimum
compression force F,,;, for the first time) led to temperature
changes, mainly due to friction between particles finding their
locations. The duration of 20 min ensured that the test would
start in steady-state configuration (both mechanically and ther-
mally). Tests were performed at ambient temperature (28 °C).
A Cedip Jade II-MWIR camera (wavelength range of 3.5-
5 um, 320 x 240 pixels, NETD' = 0.02 °C) was employed

! Temperature measurement resolution can be assimilated with the noise
equivalent temperature difference (NETD), which is in general given in the
camera supplier datasheet. In the metrological sense, the measurement resolu-
tion is defined by the change in quantity being measured that causes a change
in the corresponding indication of greater than one standard deviation of the
measurement noise [61]. The lower the measurement resolution, the better the
quality of the experimental technique.
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to acquire the temperature fields on the surface of the cylinder
network during cyclic loading, with an acquisition frequency
of 150 Hz. Note that the usual condition for TSA in terms of
frequencies (“the acquisition frequency shall not be a multiple
of' the loading frequency”) is not required for the present anal-
ysis of a few mechanical cycles.

Overall Analysis

This section provides an analysis of the thermal response
when the IR camera acquired images of the whole set of par-
ticles (320 x 240 pixels covering the entire granular surface).
The spatial resolution® of the measured temperature maps was
equal to 0.50 mm. The “Local analysis” section will provide
an analysis using a better (lower) spatial resolution in specific
zones of the granular assembly.

Preliminary Observations

Before analyzing temperatures, let us observe the displace-
ments of the cylinders (see Fig. 2). Displacement vectors were
extracted by temperature map image processing with Matlab,
thanks to the strong contrast with the voids, using Circular
Hough Transform. The amplitudes of the displacements under
the minimum load (—0.1 kN) were of the order of magnitude
of 1 mm, and reached more than 5 mm under the maximum

2 In the metrological sense, the spatial resolution of a full-field technique is
defined as the shortest distance between two spatially independent measure-
ments. The lower the spatial resolution, the better the full-field measurement
technique. With the IR camera used here, featuring independent sensors, the
spatial resolution was equal to the pixel size projected on the observed surface.



load (—10 kN). Triangular zones can be distinguished under
the maximum force (see Fig. 2-b). This pattern is typical of a
monodisperse granular assembly, as reported in Ref. [35] or in
the last figure in Ref. [34]. For the present study dealing with a
“composite” assembly, the combination of two different ma-
terials and two different diameters led to a monodisperse-like
response in terms of particle displacements. Large displace-
ments are clearly observed, much greater than the IR pixel size
projected on the observed surface (0.50 mm). Consequently, a
pixel of the IR camera does not “see” the same material point
during mechanical loading. This situation prevents tempera-
ture difference maps from being easily determined and has
therefore to be taken into account when processing the thermal
images.

Analysis of Irreversible Phenomena

The analysis performed in the present section is based on the
assumption that the (reversible) thermoelastic response is null
over a mechanical cycle: the cyclically produced/absorbed
heat due to thermoelastic couplings is null over a cycle. On
the contrary, the heat due to mechanical irreversibility is al-
ways positive. This heat produced by mechanical irreversibil-
ity is usually named mechanical dissipation or intrinsic
dissipation [62—64]. For granular materials, irreversibility
can be related to friction at the particle contacts, as well as to
mechanical phenomena inside the matter itself, in particular in
the stress concentration zones. For polymer materials, me-
chanical irreversibility may be related to viscosity and damage
(fatigue, cavitation, micro-crack initiation and growth). As the
thermoelastic calorific response is null over a mechanical cy-
cle, the effect of mechanical dissipation can be detected by
temperature map differences between entire numbers of cy-
cles. Despite the problem of large displacements mentioned in
the “Preliminary observations” section, the processing here is
simple because the granular assembly is expected to return to
almost the same geometric configuration at each mechanical
cycle. Temperature changes due to irreversibility can be then
detected by image subtraction. For instance, Fig. 3-a shows
the temperature differences between times #3 and ¢5 (corre-
sponding to one mechanical cycle, see Fig. 1-c). It can be
observed that the values are close to zero except at some
contact zones between particles. In particular, strong thermal
activity is located along the two inclined lines of the triangular
zone mentioned in the “Preliminary observations” section
(compare with Fig. 2-b). The same processing was performed
between times #;3 and ¢y, i.e. for three mechanical cycles. The
results are shown in Fig. 3-b. The temperature differences
observed are higher than previously, which can be explained
by the localized accumulation of the mechanical dissipation
over the three cycles. Other configurations were tested using
different numbers of cycles, demonstrating the ability of the
methodology to detect localized mechanical dissipation at the

particle contacts (see also below for an analysis at a better
spatial resolution). As a general remark, the higher the number
of mechanical cycles, the better the visualization of mechani-
cal dissipation effect. Indeed, heat due to irreversibility accu-
mulates over the cycles, contrary to the heat due to
thermoelastic couplings which cancels at each cycle.
However, it can be noted that a single cycle is sufficient to
detect the calorific signature of interparticle friction.

Analysis of Thermoelastic Couplings

The heat due to thermoelastic couplings for each loading and
unloading stage is equal in norm but with opposite signs, and
can be revealed by considering a half-cycle. However, the im-
age processing is tricky because of the large displacements of
the particles, as explained in the “Preliminary observations”
section. In the present case, only the first half-cycle (compres-
sion, from ¢, to #; in Fig. 1-c) is used. Indeed, the initial
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Fig. 3 Thermal signature of irreversible phenomena: map of temperature
differences a) for one mechanical cycle from times #; to ¢s5, b) for three
mechanical cycles from times #; to 79
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Fig.4 Thermal signature of thermoelastic couplings: map of temperature
differences over a half-cycle, between times #, and ¢,

temperature map at ¢, is homogeneous, simplifying the calcu-
lation of the temperature changes (subtraction of a constant
value). Figure 4 shows the map of temperature differences
due to thermoelastic couplings which was obtained from ¢, to
t;. Values are greater than those in Fig. 3, obtained over three
entire cycles: max. 0.40 °C for a half-cycle (Fig. 4) compared
with max. 0.14 °C accumulated over three cycles (Fig. 3-b).
This shows that, over a half-cycle, the thermoelastic effects are

Fig. 5 Thermal signature of
irreversible phenomena at a local
scale: a) location of the zone of
interest, b) temperature change
from time ¢, at five contact points
for each mechanical cycle, ¢) map
of temperature differences for one
cycle from #; to #5, d) same for
three mechanical cycles from 73 to
t9

much greater than the irreversible effects. It can also be noted
that heating is not visualized only at the contacts; it is also
distributed inside the particles. Hotter particles are mainly lo-
cated within the triangular zone identified in “Preliminary
observations™ section (compare with Fig. 2-b) and are mainly
comprised of TPU. This latter observation shows that entropic
coupling (evinced by TPU) is stronger than isentropic coupling
(evinced by POM). However, further analysis requires a better
spatial resolution of the temperature maps, as presented in the
next section.

Local Analysis

Complementary results were obtained using a better (smaller)
spatial resolution. In practice, measurements were performed
after bringing the IR camera closer to the granular sample. The
spatial resolution of the temperature maps was equal to
0.143 mm. Other test conditions were similar to those consid-
ered in “Overall analysis” section.

Analysis of irreversible phenomena (over entire
numbers of cycles)

Figure 5-a shows the zone of interest, which was chosen at the
bottom edge of the triangular zone where strong activity was
observed in Fig. 3-b. Similarly to the overall analysis, Fig. 5-c
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and -d show the temperature differences from #; to #5; (one
mechanical cycle) and from ¢; to # (three mechanical cycles),
respectively. The better spatial resolution enables us to clearly
highlight hot zones on both sides of the contact zones. As the
thermal diffusivities of the two constitutive materials are close
(0.16E-6 m?/s for POM and 0.13E-6 m*/s for TPU), it can be
assumed that the zones of highest thermal activity mainly
resulted from friction and symmetric heat diffusion on both
sides of each contact zone, rather than from mechanical dissi-
pation inside the materials. This latter possibility would have
led to a very different thermal activity field on each side of
POM-TPU contacts. However, it cannot be excluded that vis-
cosity or damage occurred in the stress concentration zones,
contributing to mechanical dissipation. A heat source recon-
struction [65] will be performed in future works to quantity
potential mechanical dissipation inside the matter. Let us note
that, the thermal diffusivities of the two constitutive materials
being low (compared to metallic materials, for instance), heat
diffusion has a weak influence on the results at the macroscop-
ic scale as described in the “Overall analysis” section.
Figure 5-b shows the temperature change at each cycle mea-
sured from the beginning of the test (time ¢) at five contacts
around a particle. Values progressively increase, as expected
because of the accumulation of mechanical dissipation by
friction over the cycles. It can be noted that the temperature
change at point M2 stabilized from time #;. This can be ex-
plained by a change in the friction conditions at this point,
leading to an anticipated equilibrium between heat production
(mechanical dissipation due to friction) and heat loss (by con-
duction and convection).

Analysis within a Mechanical Cycle

Figure 6-a shows the temperature difference map between times
tp and ¢; (half-cycle), as in the “Analysis of thermoelastic
couplings” section for the overall analysis. Temperature patterns
are different from those observed for the analysis of the irrevers-
ible phenomena. This is not surprising, because the thermoelastic
effect depends on the material type (POM or TPU) whereas the
mechanical dissipation due to friction depends on the pair of
materials considered. The spatial resolution attained enables us
to distinguish differences between the two sides of each contact
zone. For instance, Fig. 6-b and -c shows the temperature chang-
es over the entire cycle for two pairs of material points, each one
being on one side of a contact zone. For points P1 and P2 located
in TPU, the temperature increased from times #, to ¢; then de-
creased from #; to £, in agreement with a thermoelastic response
governed by entropic coupling; heat was produced then
reabsorbed. A small temperature increase is observed at the end
of the cycle: this is the signature of the mechanical dissipation
produced by friction during the cycle. For points P3 and P4
located in POM, temperatures slightly increased over the whole
duration of the cycle. Isentropic coupling in POM is actually
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Fig. 6 Results at a local scale within a mechanical cycle: a) map of
temperature differences over a half-cycle, between times 7, and #,, b)
temperature change at points P1 and P3 over a full cycle, between ¢,
and 7,, ¢) same for points P2 and P4

negligible compared to the mechanical dissipation caused by
friction. Note that points P1 and P2 reached nearly the same
temperature at the end of the cycle, confirming the visualization



Fig. 7 Thermal signatures of
irreversible phenomena and
thermoelastic couplings in two
zones of the granular assembly

Irreversible phenomena evidenced over
three mechanical cycles

Thermomechanical couplings evidenced
over a half-cycle

Maps in °C
o 0.12 0.07
o i
= £ |0.10 0.06
E g 0.08 0.05
= 0.06 404
z = 0.03
£ g 0.04 i
- s, 0.02 0.01
0 0
= 0.25 10.20
=
E %ﬁ 1.0.20 0.16
- —
3 = 0.15 0.12
=
g 5 0.10 0.08
ﬁ 0.05 0.04
0 N,

of solely mechanical dissipation effect at the end of the cycle.
The same comments can be made for points P3 and P4.
Finally, Fig. 7 presents additional maps obtained for two
other zones in the granular assembly. They are located in zones
of low thermal activity compared to Zone 1 (see Fig. 3). For both
zones, processing was performed to reveal irreversible phenom-
ena and thermoelastic couplings. Each map has its own color
scale in order to better see its specific range of values.
Although the values are much lower than for Zone 1, the two
types of thermal signature are clearly identified. It is worth noting
that the method clearly distinguishes the two types of phenome-
non. As an example, it is possible to reveal contact zones with
low mechanical dissipation effect (low friction) and strong
thermoelastic couplings (high normal force), or the contrary.
Other tests were performed using other distributions of TPU
and POM cylinders in the frame, confirming the ability of the
methodology to reveal the two types of thermal signature.

Conclusion

Over the last few decades, several experimental techniques
have been developed for the full-field mechanical analysis of

granular media. In particular, photoelasticimetry is a relevant
method for the measurement of shear stresses in particles
made of birefringent transparent materials. For the analysis
of thermomechanical phenomena, infrared thermography is
in principle applicable to any type of material, but its applica-
tion to the study of granular samples remains complicated.
The present study provides arguments for the choice of rele-
vant constitutive materials for such analyses, in terms of the
thermoelastic coupling to be featured by these materials.
Confined compression tests were performed on a granular
sample comprised of both entropic and isentropic elastic ma-
terials. Thermoelastic coupling and interparticle friction were
separately evidenced, providing two distinct aspects of the
thermomechanical analysis of granular materials from thermal
measurements. In particular, a strong thermal response was
observed in the stress concentration areas of the TPU cylin-
ders in the contact zones. Previous studies performed with
only isentropic materials [34-36] afforded us an analysis with-
in the Thermoelastic Stress Analysis framework, but the meth-
odology required restrictive loading conditions (high loading
frequency and numerous mechanical cycles for the process-
ing). It is worth noting that the loading signal applied in the
present study does not require a specific testing machine in



terms of loading frequency, such as a fatigue machine.
Moreover, only a few mechanical cycles are necessary for
the analysis: a half-cycle for thermoelastic coupling, and one
cycle minimum for irreversible phenomena. It can thus be
claimed that infrared thermography provides two distinct
routes for the analysis of granular materials by distinguishing
the reversible and irreversible parts from the global
thermomechanical response. In particular, rubber-like entropic
particles (such as TPU) provide strong thermo-elastic re-
sponses that could be used to identify the force transfer.
More generally, the study opens prospects for the experimen-
tal analysis of “soft” granular materials, a topic which is al-
most completely unexplored [6].
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