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Abstract: Global warming is one of the challenges that nowadays humanity faces.
Hydrofluorocarbons (HFCs) are greenhouse gases, with dangerous global potential
warming effects. These gases are used in many refrigerators or cooling device systems.
Possible substitutes for efficeint and clean refrigeration are caloric materials. We have
designed and built an experimental setup to study caloric and mechanical properites of
polymers, that are considered as candidates for elastocaloric and electrocaloric cooling
devices. The main components of this setup are: load cell, laser extensometer and IR-
camera, that give reasonable measurements of stress, strain and sample temperature
distribution. The different components have been tested and calibrated. Experiments
with two samples of PVDF-TrFe 75/25 polymer have been done. We have tested me-
chanical properties such as the Young modulus as a function of temperature and the
thermal linear expnaison coefficient as a function of stress. The resulting values are in
agreement with literature data. Also, strain-temperature experiments have revealed
the possible existence of a phase transition associated with structural degrees of free-
dom of the polymer. As further work in the future, electrocaloric and multicaloric
(electro-elasto) effects will be studied.

I. INTRODUCTION

A. Global-warming problem

One of the greatest motivations of this work is related
to the Global-warming issue that is increasing day
by day. Global-warming refers to the human actions
that contribute to the climate change by increasing the
temperature of our planet. Some of its implications
are well known: extreme meteorologic events, heat
waves, increment of sea levels, melting of glaciers,
ocean warming and acidification, desertification etc. As
consequences, in a short period, social problems related
to human health, migrations, reduction of agriculture
lands and others will grow due to climate change, but
the problem is more concerning if we study the results
of environmental degradation at biosphere scale, where
resources as water, soild and air will deplect, producing
the extinctions of ecosystems. This is the reason why
United Nations consider climate change as one of the
most important human challenges.
One of the anthropogenic activities that causes the
global warming is the emission of greenhouse gases
(GHG). Its importance is related to absorbing and
remission of the infrared energy that emits the earth
to the atmosphere. Without theses gases the average
temperature of our planet would be -18C ◦ instead of the
current value of 15C ◦. Water vapour H2O is the most
abundant GHG present in the atmosphere. The problem
comes from the increment of GHG and the reduction of
its sinks due to the human activities, producing radiative
forcing that affects the flux of energy in the atmosphere
and rise the temperature. The trend of global warming

has been estimated, and the average temperature of
earth could increase 2C ◦ in 2050 if nothing is done.
Another important issue of some GHGs is the depletion
of ozone (O3) layer which protect the biosphere from
UV radiation. The depletion produces skin cancer or
affects some ecosystems [1].

GHG GWP 20-yr GWP 100-yr GWP 500-yr
CO2 1 1 1
CH4 56 21 6.5
NO2 280 310 170
HFC-23 9100 11700 9800

TABLE I: Values of the Global Warming Potential
(GWP) of some of the main anthropogenic greenhouse
gases over the years in atmosphere.

GWP refers to the impact warming caused by a spe-
cific greenhouse gas. It is a good estimator to compare
the gases to each other. The potential can be estimated
taking into account the radioactive efficiency, the ability
to absorb energy, the life time and the time of residence in
the atmosphere of the gas. In Table I, GWP is a mesure
of how much energy a ton of gas will absorb during cer-
tain period of time and CO2 is the reference to mesure
the rest of GWP. [2].
The aim of this work is focused in GHGs used in re-
frigeration devices, like hydrofluorocarbons HFC. This
gases represents a low fraction of the total anthropogenic
GHGs emitted, but the GWP can be 10.000 times higher
than CO2, as seen in Table I, so it is also important to
find alternatives.
Montreal Protocol, a treaty that regulates until 100 de-
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pleting ozone substances, was implemented in 1987. The
production of HFC for refrigerators and air-conditioning
has increased since then. It is the only one protocol
that has been ratified by all 198 UN member states.
Before the protocol, hydrochlorofluorocarbons (HCFCs)
and chlorofluorocarbons (CFCs), were the substances
used in refrigerators, but due to its depleting ozone po-
tential, HFCs was proposed as a transitional candidate
to substitute these chemicals. Despite not damaging the
ozone layer, HFCs has a high GWP and its emissions
are growing 8% per year. For this reason, in the 2016
Kigali Amendment, HFCs were also regulated to phase
out, with the objective of preventing 100 to 200 billion
tonnes of CO2-equivalent by 2050, and avoid up to 0.5°C
of warming by 2100 [3][4]. Currently, the technology used
for refrigeration, is based in vapour-compression refrig-
eration which use fluid refrigerants as HFC. Investiga-
tions to replace HFC by other fluids has been done. The
properties that shuch fluids must have are: zero or low
GWP and ozone-depletion, good thermodynamic prop-
erties useful for refrigeration, non toxicity, compatibility
with the materials of construction, non flammability. Af-
ter filtering a database and make simulations, only a few
pure fluids are candidates for refrigeration [5]. So, other
strategies must be found. This is where the physics of
advanced materials comes into play, providing and alter-
native: caloric and multicaloric solid materials.

FIG. 1: Photo of the experimental set-up designed and
built to study elastocaloric effects on polymers.

B. Caloric effects in ferroic materials.

Caloric materials refers to substances that experiment
notable thermodynamic reversible effects under the ap-
plication of particular driving external field. The three
principal effects are: magnetocaloric, electrocaloric and
mechanocaloric. Corresponding to magnetic field, elec-
tric field and mechanical stress, respectively [6][7][8]. Fer-
roics are materials that experiment a phase transition
under the action of a generalized force or field. To differ-
entiate the two phases an order parameter ρx is used. Be-
low a critical temperature Tc, the system shows a phase
with ρx 6= 0 , and above this temperature a phase with
ρx = 0. In caloric-ferroic materials this phase transition
can be induced switching the driving field.
Caloric effects are quantified by entropy and tempera-

ture changes experienced by the material when the ex-
ternal field is changed isothermally and adiabatically, re-
spectively. In the next paragraphs the thermodynamic
framework of caloric effects is detailed explained.
In order to describe the system we will consider an ex-
ternal field Y such as electric, magnetic, stress field, that
plays the role of a thermodynamic force, and its conju-
gate coordinate X , like polarization, magnetization and
strain, that relates to a thermodynamic displacement.
Their product has units of energy Y · dX. The internal
energy and the entropy of the system have the following
expressions [9]:

dU = TdS + Y dX, (1)

dS =

(
∂S

∂T

)
Y

dT +

(
∂S

∂Y

)
T

dY. (2)

In experiments, the typical control parameters are tem-
perature, fields or its conjugate variables. So apply-
ing the Legendre transformations: F = U − TS and
G = U − TS − Y X we obtain suitable thermodynamic
potentials which have the differential forms:

dF = −SdT + Y dX, (3)

dG = −SdT −XdY. (4)

The corresponding Helmholtz and Gibbs equations im-
plies the following Maxwell relations:(

∂S

∂X

)
T

= −
(
∂Y

∂T

)
Y

, (5)

(
∂S

∂Y

)
T

=

(
∂X

∂T

)
Y

. (6)

Knowing that along reversible paths dQ = TdS at con-
stant Y we can compute the heat capacity:

C

T
=

(
∂S

∂T

)
Y

(7)

Now we have all the tools to get the changed tempera-
ture when the field Y is adiabatically shifted. First in a
adiabatic proces dS = 0, and using Eq.(7) and Eq.(6) it
is obtained:

∆T (0 → Y ) = −
∫ Y

0

T

C

(
∂X

∂T

)
Y

dY (8)

Also the variation of entropy when Y is changed isother-
mally can be computed integrating Eq(6):

∆S (0 → Y ) =

∫ Y

0

(
∂X

∂T

)
Y

dY (9)
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FIG. 2: Figure of the left, represents a diagram temperature-entropy (T-S) for a caloric cycle. Figure of the right,
shows a diagram field-displacement (Y-X) for the same cycle. The boxes represents the sample. Inside them, there
are arrows that represents the ferroic property related to X. This arrows can be aligned or disaligned. ∆Tad represent
the increment of adiabatic temperature, and Q the heat of the sample removed to a heat sink or absorbed from a heat
source.

Fig.2 shows diagrams of temperature-entropy and
field-displacement (Y-X) for a cycle of a caloric mate-
rial. This cycle can illustrated us how caloric materials
can be used for refrigeration. We can follow the cycle by
the numbers of the box, and the direction of the arrows
that connects different states of the sample [10]. The
different steps are explained below:

• 1 → 2 Adiabatic application of the field: We
begin having a caloric material at room tempera-
ture in an isolated environment. The application
of an external field (+Y) produce that the arrows
gets aligned producing a decrease of entropy. Be-
cause the process is adiabatic, the total entropy
must remain constant as T-S diagram shows, and
therefore the temperature of the sample increases
T = T0 +∆Tad (which results in an increase in the
vibrational entropy).

• 2 → 3 heat transfer at constant field: if we put
the heated sample in contact with a sink of heat,
the temperature of the sample decrease to room
temperature again, during this process the external
field is maintained constant (Y-X diagram), other-
wise arrows will reabsorbed the heat, so in this step
Q < 0 heat is removed from the sample. During
this proces, the vibrational entropy is decreased.

• 3 → 4 adiabatic removing of the field: With
another adiabatic process, the external field is re-
moved, thereby the total entropy remains constant

again (T-S). The arrows gets disordered, so the iso-
lated sample gets cooled T = T0 −∆Tad.

• 4 → 1 heat removed at constant field: The
external field is maintained equal to zero (Y-X),
and we put the caloric material in contact with the
environment that we want to cool down. So the
material absorbs a heat Q > 0 and the cycle is
closed.

C. Multicaloric effects of multiferroic materials

A multiferroic material is characterized for having
more than one ferroic property, so multicaloric effect ap-
pears in multiferroic materials under the application of
cross-fields. In this substances, one or more phase transi-
tions can occur at similar temperature, in this case, giant
caloric effects are expected to occur. Mathematically, we
have a set of Yi external fields and displacements Xi for
i = 1, ..., n being n the number of ferroic features that
displays an interplay behaviour [9]:

Xi = Xi(S,Xi 6=j) (10)

So a susceptibility tensor can be defined, to measure the
interdependence between Xi variables as:

Xij =

(
∂Xi

∂Yi

)
T,Yi6=j

(11)
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Using a set of Maxwell equations, it can be proved that
the tensor is symmetric. For simplicity without losing
generality we can reduce the system to two components
i = 1, 2. In this situation it can be shown that the change
of entropy related to the change of one field from zero to
certain value is:

∆S (T, (0, 0) → (Y1, 0)) =

∫ Y1

0

(
∂X1

∂T

)
Y1,Y2=0

dY1

(12)
Also using Taylor approximation we can express:

∆S (T, (Y1, 0) → (Y1, Y2)) = ∆S (T, (0, 0) → (0, Y2))

+

∫ Y2

0

∫ Y1

0

(
∂X12

∂T

)
dY1dY2 (13)

Combining the two last equations the change of entropy
due to the the application of cross fields can be expressed
as:

∆S (T, (0, 0) → (Y1, Y2)) = ∆S (T, (0, 0) → (Y1, 0))

+∆S (T, (0, 0) → (0, Y2))+

∫ Y2

0

∫ Y1

0

(
∂X12

∂T

)
dY1dY2

(14)

Following a similar procedure for the change of temper-
ature:

∆T ((0, 0) → (Y1, Y2)) = +∆T ((0, 0) → (Y1, 0))

∆T ((0, 0) → (0, Y2))−
∫ Y2

0

∫ Y1

0

∂

∂Y1

(
∂X2

∂T

)
Y1,Y2

dY1dY2

(15)

The relevant meaning of these equations is that the
change of entropy and temperature of multicaloric ma-
terials, is not simply the separately sum of the corre-
sponding changes when the fields are shifted individu-
ally, otherwise there is and interplay between the fields
that can amplify the final multicaloric effect, making this
materials good candidates for cooling [11] [12].

D. PVDF poly(vinylidene fluoride)
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FIG. 3: In the upper part of the left figure, is represented and scheme of different polymers chains configuration of
generic PVDF. Chains (red) are attached by crosslinks (blue). One configuration represents the disaligned chains, and
the other the aligned chains. In the below part, is represented the α and β phase of a chain polymer. The figure of
the right, shows the heat flow as a function of temperature obtained with a DSC (Differential Scaling Calorimetry) for
PVDF-TrFe 75/25. The below curve, is the data from increasing ramp temperature. We can observe two maximum
related to phase transitions. The above curve, is the data from decreasing ramp temperature. Now two minimums
are observed. These are related to the inverses phase transition of the maximums, but the temperature of transition
is lower.
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PVDF poly(vinylidene fluoride) is a thermoplastic
made by monomers of (CH2-CF2). It is a well known
polymer for its piezoelectric properties, high strength,
high dielectric constant, thermal stability and resistance
to substances like acids or bases.
In the left figure of Fig.3 is shown different configurations
that the chains of the polymer can display. These chains
(red color in the figure) are made of the previous men-
tioned monomers. The different chains, are attached by
crosslinks (blue color in the figure). We can appreciated a
disordered phase, where the chains are disaligned. There
is also a ordered phase, where the chains are aligned.
These change of configurations can be done by applica-
tion of tensile stress. So, the polymers has the ability
to be deformed like an elastic spring, and then recover
their original form. When a polymer is stretched, the
polymer chains get aligned and the temperature can in-
crease. In fact, this scheme is a simplified representation
of the polymer chains configuration, because it can have
more complex structures as lamellae [13].
The monomers of PVDF are made by carbon, fluorine
and hydrogen. Fluorine is the most electronagetive atom
of periodic table. The difference of electronegativity be-
tween fluorine and hydrogen can produce different struc-
tures of the polymer chains. Four polymorphs strucutres
can be established. First α-phase, which is the non-polar
configuration. Then we have β, γ and δ phases that have
permanent dipoles. β-phase has more polarity than the

other ones. And α phase can be converted into δ-phase
if we apply a high electric field[14]. In the below part of
the left figure, α and β phases are schematic represented.
We can see how for β-phase the dipoles are oriented in
the same direction. On the other hand, the direction
of dipoles in α-phase are intercalated, producing a zero
resulting polaritzation. These phases are related to para-
electric and ferroelectric properties of PVDF [15].
In the figure of the right is shown a DSC (Differential
Scaling Calorimetry). It can be seen a first pick that
represents a transition between paraelectric-ferroelectric
phases. The following pick is the melting where the poly-
mer passes to be a viscoelastic fluid. When the tempera-
ture is decreased, we can see the two picks but shifted at
low temperatures. We consider that PVDF could have
elastocaloric and electrocaloric effects due to its proper-
ties. PVDF has a large range of applicability due to its
ferroelectric and piezeoelectric charcteristics. It can be
used as a sensor and actuator, because can convert me-
chanical strenght into a electrical signal. Thereby, it is
useful for acustic emission or controlling robots. If we
sum its pyroelectric property, PVDF has applications in
the energy harvesting field, thanks that can convert ther-
mal fluctuations and mechanical vibrations into electrical
energy. Other surprising and different application, is the
use of PVDF as a drug delivery carrier. Polymer films
can be use as materials to realase drug thanks to its hy-
drophobic and hydrophilic parts. One future application
for PVDF can be refrigeration systems.

II. EXPERIMENTAL SETUP
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FIG. 4: Scheme of the experimental setup to study elastocaloric materials. The different parts are enumerated: 1
polymer sample, 2 load cell, 3 laser extensometer, 4 IR camera, 5 heater , 6 voltmeters, 7 computer with lab view
software, 8 computer with IRBIS 3 software data.

In order to study mechanical and elastocaloric prop-
erties of polymers such as PVDF, on this work we have

designed and built the experimental device outlined on
Fig.4. It consists on a traction device in which our thin
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sample is placed between two metal grips that hold the
polymer by its ends (number 1). The left grip can move
along a rail, and the right end is fixed. The moving grip is
mechanically connected to a dead load through a pulley.
The rail is polished and appropiate oil is used in order to
avoid friction as much as possible. The dead load can be
slowly increased by time or can be kept constant. This al-
lows to perform stress strain measurements. The sample
temperature can be increased by a heater, which works
dissipating electric current through a resistance made of
copper (number 5). The heat-flow can be regulated man-
ually applying more or less electric power. When there
is no heat-flow the sample cools down by losing heat to
environment. So, we can approximately control the tem-
perature of our sample, keeping it constant or changing
it over time. Notice that between the sample and metal
grips, there is a thermal insulator material, to avoid heat
losses towards the grip.
Below we will explain the main measuring devices and
the methods for data collection.

A. Load cell

In our setup a strain gauge load cell has been assembled
in order to quantify the force over the sample. It is a
transducer that transforms force into an electric signal
that can be measured by a voltmeter. As can be seen in
Fig.4 the load cell is attached to the mobile metal grip.
The working principle is explained below.

R1

R2

R3

R4

VG

A

B

C

D

FIG. 5: Scheme of wheatstone bridge made by 4 re-
sistances, one power source and one voltmeter between
points D and B.

In Fig.5 shows a scheme of a wheatstone bridge that is
inside the load cell. One of the applications of this electri-
cal circuit is to measure an unknow value of a resistance,
starting from knowing the three other resitances values,
if we balanced the two legs, we can derive the value of the
fourth one. In the balanced condition the voltmeter VG

doesn’t detect a potential drop. The equations of balance
is:

VDC

VAD
=

VBC

VAB
→ R4

R2
=

R3

R1
(16)

When the balance of Eq.16 it’s broken the intensity of
the circuit becomes different than zero. That is a useful
property of the wheatstone bridge to perform another ap-
plication like the load cells. When a perpendicular force
is applied over the circuit, the resistances get deformed,
breaking the equation of balance producing the output
of non-zero voltage. The higher the applied force, the
higher the resulting voltage.
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FIG. 6: Output voltage of the load cell when an external
force is applied with a linear fit.

Calibration of the load cell was done previously to any
experiment. The resulting relation between force and
voltage is displayed in Fig.6, obtaining the following lin-
ear fit:

∆V = (0.52± 0.01)
V

N
· F + (0.11± 0.01)V (17)

where ∆V is the voltage and F is the input force re-
lated to the mass of the load. The maximum value of
the force that can be applied is 10N that corresponds
approximately to 5V.

B. Laser Extensometer

An important variable to determine of our experiment,
is the strain of the the polymer when we change the tem-
perature or the applied force. This will allow us to ob-
tain the state equation of the polymer. In order to have
a precision of the order of micrometers, we have selected
a laser optoNCDT 1900 model.
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FIG. 7: Upper view of the laser extensometer with dif-
ferent parts enumarated: 1 laser, 2 reflecting target, 3
reflection of the laser beam, 4 sample, 5 SMR: Start of
mesuring range, 6 MR: mesuring range.

Fig.7 shows the operation of a laser extensometer. A
laser beam comes out of the device and arrives to a target
receptor, which is a reflecting metal sheet made of copper.
In its surface, the laser beam incides and comes back to
a sensor. The sensor allows to determine the reflecting
angle and therefore to measure the distance between the
object and the laser. It is important that the surface
of the target is flat without irregularities that can affect
the measured angle. The reflecting target is attached to
the mobile metal grip that holds one end of the polymer,
so we are measuring the elongation of our sample. The
output of the laser is a voltage that we have adjusted
from 0 to 10V or 0 to 5V. Since the total range is 10mm
(from number 5 to 6) we have a relation of 2mm

V .

C. IR camera

If phase transition with caloric effects must be de-
tected, it is essential to have a high thermal sensitivity.
This is one of the reasons why we have use infrared-
thermographic (8800 ImageIR model from InfraTec).
IR cameras work in a wavelenght spectrum with order
of magnitude that goes from 1µm to 15µm. The
theoretical principle behind this technology is that the
bodies radiate infrared electromagnetic energy according
to the physics of blackbody radiation. The infrared
spectrum can be related with the temperature of the
sample. The lenses of IR camera are different than the
optics used for visible light. Also the sensors must be
at very low temperature, if not the IR spectrum of the
sensor itself would interfere with the measurement.
We can control the IR-camera performance by using
the IRBIS3 software (installed in computer number
8 in Fig.4). Using this software the IR-camera can
be automatically focused on the desired region of the
sample. The field of view can also be adjusted by
intercalating cylindrical spacers between the detector
and the objective lens. Prior to any measurement we
use a tool to compensate electronically all pixels and
establish a homogeneous temperature background (NUC
tool, Non Uniformity Correction). The rest of main
settings that can be modified are the temperature range
(selected at 30C◦- 150C◦), the integration time, the

duration and the acquisition frequency of the recorded
temperature maps.

As we have explained above, all the bodies emit in
the infrared spectrum. This radiation can be reflected
by our sample inducing a large source of error in our
measurements. To avoid it, as much as possible, the
sample is painted with a special black matt colour.
Besides, the experiment is shielded from the surrounding
radiation with a polystyrene cage (see Fig.8). The IR
camera has two external analogical input channels. We
have connected to them the output voltages from the
laser extensometer and the load cell. Therefore we can
measure force and extension readings synchronized with
the temperature maps.

FIG. 8: Image taken from the laboratory when the IR
Camera is running, the sample is inside the cage of
polystyren.

D. Data acquisition

The IR camera records 640x512 pixel maps at ad-
justable frequency that can go from 2Hz to 100Hz,
with a nominal temperature resolution of 20 mK. This
information is collected in a series of csv files (one per
frame recorded) that we export and analyse with a
Python code.
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FIG. 9: Heatmap temperature of a PVDF sample of one
frame of the csv data from the IR Camera.

on small rectangles or lines defined on the image
Besides recording the data, the IR camera allows for
monitoring live images during the experiment. It allows
us also to determine the average temperature on small
rectangles or lines defined on the image. For instance,
we typically measure the average central temperature
of the sample on a rectangle of 100x400 pixels. It is
very important to control temperature inhomogeneities
of the sample due to the asymmetries of the heater or
variations due to the existence of phase transitions with
latent heat, that might occur on different regions of the
sample due to the inhomogeneous stress distribution.

An example of recorded temperature map is shown in
Fig.9. Besides the PVDF sample we can also appreciate
the grips which are colder (blue region) and parts of
the heater which are hotter (intense red region at the
bottom of the image).

Despite the use of NUC algorithm described before,
there are some pixels that have a permanent damage and
give readings which are completely out of the physically
meaning range. To correct them, after the readings, our
python code substitutes the erroneous values (that ex-
ceed temperature values by more than two standard de-
viations) by the average of the temperatures of the four
neighbouring pixels:

Ti,j =
Ti+1,j + Ti−1,j + Ti,j+1 + Ti,j−1

4
(18)

where the index i and j refers to the position of the
damaged pixels.

As we have explained along with the IR camera we
can also get the data from the load cell and the laser
extensometer in arbitrary units, but the A/D conversor
that reads the signal data of the channels has a lower
resolution (10 bits). For this reason, and independent
recording set-up has been implemented. We have used
3 Keithley multimeters, connected to the load cell, the
laser extensometer and a thermocouple that measures
the temperature of the heater. These data are sent to
a computer (number 7 in Fig.4), where we have imple-
mented a Labview code. The data from the voltmeters

is converted into temperature (ºC), extension (mm) and
force (N) by using the convenient calibrations.

FIG. 10: Snap-shoot of the enviroment of Labview im-
plemented.

Fig.10 shows a screen capture of the Labview environ-
ment that allows a graphic representation of the three
variables during the experiments. These data are also
stored in an external file. The data of this file is later
compared to the data registered by the IR camera in or-
der to obtain a good synchronization of the temperature
maps and the high resolution force and extension data.
For the IR data we get the temperature of the sample
and a good resolution in time of every measure, but bad
resolution in the load cell and laser data, in the case of
Labview we get a good resolution data for the load cell
and laser, but a worst resolution in time and we don’t
have the temperature of the sample, so we have a little
dilema with our data acquisition.
We have different ways to get the best results from our
data depending on what we want to analyze. If we need
only data from the elongation and force, the best option
is to use Labview data directly, but if we want to re-
late the temperature of the sample with another of the
variables there are two choices: first, using only IR data,
we must smooth the elongation and the force since its
resolution is poor. Second, we can synchronize the two
files, obtaining the Labview data of force and elongation
at the same time that the temperature readings from the
IR camera.
In the strain-temperature experiment, that will be ex-
plained with more detail in the next section, we have used
the heater device (number 5 in Fig.4), to perform ramps
of temperature as a function of time. As previously men-
tioned, to change the heat dissipated by the resistance,
we need to change the power manually which can pro-
duce some uncertainties. To proceed, we have increased
the heat power in increments of 0.5% with regular time
intervals of 3 minutes. As we are out-equilibrium, the
resulting temperature evolution will be a sum of differ-
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ent exponential responses in time. The experiment has
been done starting from ambient temperature, increas-
ing the temperature until some maximum, and then has
been lowered with the same rate until ambient tempera-
ture has been reached again. In Fig.11 we see different
plots of the ramps of temperature.
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FIG. 11: Temperature of the sample as a function of
time for different strain-temmperature experiments with
different stress applied.

III. RESULTS

The experimental setup explained in the above sec-
tions, has been used to study the mechanical and elas-
tocaloric properties of a PVDF (PVDF-TrFe 75/25) poly-
mer. To perform the experiments we have prepared two
samples by cutting the original poled piezo film (100 mm
× 100 mm) provided by the manufacturer (PolyK Tech-
nologies, USA), as shown in Fig.12.

FIG. 12: Two PVDF samples used in experiments, cutted
from the original film provided by the manufacturer.

Notice that the samples are covered by metallic thin
layers (above and below) that can be used in case we
want to apply an electric field in order to analyse pos-
sible electrocaloric effects. That will allow multicaloric
experiments applying stress and electric field in the fu-
ture. We have carefully marked with a pen the polarity
of the samples.

Sample width (w) thickness (t) length (l0)
A 13 mm 0.12 mm 32.42 mm
B 13 mm 0.12 mm 30.72 mm

TABLE II: Dimensions of PVDF samples A and B. No-
tice that l0 is the initial lenght.

The data in TABLEII has been used to compute the
stress σ and strain ε by using the following formulas:

σ =
F

w · t
, ε =

l − l0
l0

, (19)

where F is the applied force, and l is the measured length
of the sample. Note that ε has no units.

A. Stress-strain experiments at constant
temperature

The first experiment done, is to record stress-strain at
constant temperature. In this experiment we linearly in-
crease the force as a function of time, by increasing the
death load by a small flux of water on a container.
First we adjust the power heat dissipator until the sample
has the desired temperature that will be constant during
the experiment. Then we initialize the IR Camera and
Lavbiew program to record the data. We first let the ex-
periment to run for 10 seconds without load. Then, we
increase the load slowly producing an approximately lin-
ear force ramp until reaching a certain maximum value,
typically 30 minutes after the experiment started. In a
second stage of the experiment we try to induce adiabatic
temperature changes on the surface by fast removing of
the dead load.
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FIG. 13: Stress-strain curves at constant temperature
as indicated in the legend for sample A. Dashed lines
correspond to the linear fits used for the determination
of the Young modulus E.

Fig.13 shows three stress-strain curves corresponding
to T = 294.6K, 315.0K, 365.6k. The slope of this curves
should correspond to the Young modulus according to:

E =
σ

ε
(20)

Note that, the experimental data, for low strains, show
step-like irregularities that must probably are due to the
existence of friction between the sliding grip and the rail.
For this reason, in order to fit the Young modulus, we
considered only data corresponding to higher stresses.
Results of the linear fits are shown in TABLEIII

T (K) E (GPa)
294.6 ±0.5 2.4 ±0.2
315.0 ±0.5 1.26 ±0.18
365.6 ±0.5 0.36±0.14

TABLE III: Young modulus as a function of temperature
for sample A. Error bars in temperature are smaller than
symbol size.

The temperatures are determined by the IR camera as
an average of a rectangle defined on the sample surface.
Error bars in the Young modulus include discrepancies in
the slope when we change the adjustment range. Fig.14
shows the Young modulus on function of temperature of
the sample. We can clearly appreciate that E decreases
with increasing temperature. These results are in quali-
tative agreement with the PVDF Young modulus found
in the literature [16].
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FIG. 14: Young modulus as a function of temperature.
The dashed line is a guide to the eyes.

We had expected that the adiabatic removal of the
load after reaching the maximum load will render some
significant variation of sample temperature, but this was
not the case. We do not have an explanation for the
absence of such adiabatic temperature changes, but the
recorded data will be analyzed in more detail in the near
future.
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B. Strain-temperature experiment at constant stress
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FIG. 15: Strain as a function of temperature for sample B for different applied stresses as indicated by the legend.
The curves represent data corresponding to both increasing and decreasing temperature ramps. For σ=1.28 MPa the
sample has broken near the maximum temperature.

The second type of experiments performed are strain-
temperature curves at constant stress. In this case, we
fix the load at a constant value, and the temperature is
approximately linearly changed over time. As explained
in Section II.D we have imposed increasing and decreas-
ing temperature ramps as can be seen in Fig.11
The aim of this experiment is to cross a phase transition
of PVDF changing the temperature going back and forth
and detect if there are significant variations on the be-
haviour of the strain.
Fig.15 Shows the strain-temperature behaviour for dif-
ferent applied stresses. The first two experiments at σ =
0.32MPa and σ = 0.96 MPa, correspond to temperature
ramps up to 380 K, whereas the second two experiments
correspond to ramps up to 390 K. For σ=1.28 MPa the
sample has broken near the maximum temperature. As
can be seen, after increasing and decreasing the temper-
ature the samples exhibit a certain amount of a non re-
coverable strain. This is larger when the temperature
reaches higher values.
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FIG. 16: Strain temperature curves corresponding to the
increasing temperature ramps. The data is the same as
in FIG.15 but corresponds only to the regions where the
behaviour is linear. An extra measurement correspond-
ing to σ = 0.96 MPa has been added. The black dashed
lines are linear fits.
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If we look at the points indicated by arrows, we can
observe inflexion points where the equation of state of
the polymer changes. We could related these changes of
slope a structural phase transition of PVDF, that seems
to occur with hysteresis. Fig.16, represents part of the
data in Fig.15 in the temperature range where the state
equation display an approximate linear behaviour. The
slope of these curves corresponds to the linear thermal
coefficient:

α =

(
∂ε

∂T

)
σ

(21)

By linear fitting we estimate the following values of α
as a function of the applied stress σ.

σ (MPa) α(10−4 1/K)
0.32 ±0.01 1.0 ±0.1
0.96 ±0.01 1.1 ±0.1
0.64 ±0.01 1.0 ±0.1
0.96 ±0.01 1.2 ±0.1
1.28 ±0.01 1.1 ±0.1

TABLE IV: Values of the linear thermal expansion
coefficient α as a function of the strain.

The data can be represented graphically in Fig.17.
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FIG. 17: Representation of the linear thermal expansion
coefficient α in 10−4(1/K) for different values of the stress
as indicated by the legend. Error bars in σ are smaller
than symbol size. The dashed line is a guide to the eyes.

To estimate the error bars of α, we have taken into
account the discrepancy between two repetitve measure-
ments at σ = 0.96 MPa. These results are in agreement
with values of α for PVDF found in the literature [17].
As can be seen there is no much dependence of α with
the stress. If any, data would be compatible with a small
increase.

IV. CONCLUSIONS

We have designed and built an experimental setup to
study elastocaloric effecs in polymer films. The main
measurement instruments of the setup are: the load cell
that can measure forces with a resolution of δF = 0.04N ,
the laser extensometer with nominal precision of microm-
eters, and an IR camera that records temperature maps
with a nominal resolution of 20mK in every pixel. These
instruments are used to measure the stress, strain and
the temperature of the samples respectively. The setup
allows for a control of the applied stress and sample tem-
perature. Both magnitudes can be driven with reason-
able linear ramps. The IR camera will allow to detect
possible thermal inhomogenities associated with the ex-
istence of latent heat in first order phase transitions. The
setup has been calibrated and tested with two samples
of PVDF-TrFe 75/25 polymer. Stress-strain experiments
at three constant temperatures have allowed to deter-
mine Young modulus. At room temperature we have
obtained E = 2.4 ± 0.2 GPa in agreement wiht data
in the literature. We have also shown that the Young
modulus decreases with temperature at an approximate
rate of ∼ 0.2 GPa/K. Strain-temperature experiments
at constant load have allowed to obtain a value of the
thermal expansion coefficient α = 10−4 K−1, almost in-
dependnet of the applied stress. Again, these results are
in agreement with literature. The study of the strain-
temperature curves when temperature is increased and
decreases has allowed to detect first the existence of un-
recoverable deformation. Moreover, if temperature is
raised above 380 K we observe signatures compatible
with the existence of a phase transition associated with
structural degrees of freedom of the polymer. This phase
transition seems to display hysteresis when the tempera-
ture is decreased. So far we have not been able to detect
thermal inhomogeneities associated to latent heat in first-
order phase transtions, but larger regions of the phase
diagram will be explored in the future. As further work
we plan also to apply electric field on the polymer field
to study electrocaloric and multicaloric (electro-elasto)
effects.
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