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Abstract

In this work, a shape memory polyurethane is characterized through constrained

recovery experiments performed in a tensile testing equipment. The most relevant

results obtained are those concerned with the stress released over time during the

recovery stage, since they provide quantitative information that can be used in the

design of actuators. For this sake, design guidelines are proposed based on the

effect of: (i) the programming temperature; (ii) the deformation imposed during

the programming stage; (iii) the recovery temperature; and (iv) the manufacturing

process used to produce the samples tested (compression molding and Fused Fila-

ment Fabrication). The set of experiments performed with compression-molded

samples put in evidence a considerable variety of material responses: (i) the maxi-

mum released stress varied from 0.74 to 1.68 MPa; (ii) the time required to attain

this stress varied from 47 to 600 s; and (iii) the stress was released as a peak value

that relaxed rapidly, or, contrarily, had a lasting effect. Another relevant conclu-

sion is that the 3D printing technique does not affect the shape memory behavior

of the material. Having this in mind, the conclusions provided by the

compression-molded samples study can be extended to printed ones.
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1 | INTRODUCTION

Shape Memory Polymers (SMP) are mechanically active
materials, i.e., capable of altering their shape as a response
to an external stimulus. This type of materials memorizes
an original/permanent shape, has the ability to store a tem-
porary shape (after being deformed) and, later, to recover
the permanent shape when subjected to the adequate stim-
ulus.[1] Temperature is one of the most commonly used and
studied stimuli, and the SMP sensitive to this kind of stimu-
lus are called thermosensitive. When compared to other
shape memory materials, namely shape memory alloys,
SMP present several interesting characteristics, namely:

high deformation capability (up to 800%), low cost, low den-
sity, biocompatibility, and biodegradability.[2,3] Further-
more, they are easy to process, and their application
temperatures can be adjusted. This set of characteristics
make SMP potential candidates for application in different
areas such as biomedical,[4] textile,[5] aerospace,[6] and auto-
motive, both as sensors and actuators, among others.

The shape memory behavior can be observed in sev-
eral polymers, which may have different chemical struc-
tures.[7–10] In these materials, the molecular mechanism
responsible for the memory effect is related with the exis-
tence of crosslinking bonds (physical or chemical), that
assures the permanent shape, and the existence of flexible
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segments, which acts as the reversible phase and enables
the creation of the temporary shape. Several approaches
have been successfully proposed to improve shape memory
properties in polyurethanes, by varying the nature and the
ratio of their flexible segments.[11,12] However, shape mem-
ory is not an intrinsic property of the material but a result
of its molecular structure, processing technique used to pro-
duce the permanent shape, and programming method
applied.[7] Thus, it is essential to study the parameters
related to the processing and programming stages in order
to potentiate its performance and to be able to predict its
behavior during recovery.

When used as smart materials, SMP are able to detect
the specific external stimulus required to change their shape
or to release their internal energy (when the shape change
is hindered). For this reason, SMP have been characterized
under two different conditions: (i) free recovery, which
occurs when there are no forces being applied to the SMP
samples during the recovery stage. In this case, the sample
recovers partially or totally its permanent shape; and
(ii) constrained recovery, which occurs whenever the recov-
ery is hindered. In this case, the stress generated by the
material during the recovery stage can be monitored.[13]

The majority of publications on SMP is focused on
the synthesis of these materials, and on the characteriza-
tion of their transition temperatures, carried out in free
or constrained recovery experiments. However, recovery
over time, especially in constrained recovery conditions,
has not been extensively studied, and some applications
require recovery under isothermal conditions.[14,15]

Combining the SMP capability of changing shape/
generating stresses over time and the unique potential of 3D
printing to produce complex shape parts, the so-called 4D
printing, new applications can be envisaged. In the last few
years, several authors have been investigating the potential
of SMP for 3D printing. In this context, Bodaghi et al. devel-
oped constitutive models and numerical codes to predict the
impact behavior of SMP beams,[16] the behavior of meta-
structures,[17] and the self-bending of SMP beams printed at
different speeds.[18] Raasch et al.[19] and Garcia Rosales
et al.[20] studied the extrusion of filament and printing con-
ditions of SMP aiming at optimizing the shape recovery of
printed samples. They concluded that it is possible to attain
recovery ratios of the order of 80–90%. In recent publica-
tions, Yamamura et al.[21] and Keneth et al.[22] explored and
illustrated the potential of using two different SMP in the
same multi-material printed part, developing a hybrid hinge
structure and a reversible opening and closing valve, respec-
tively. In both cases, the researchers used a pair of materials
having different transition temperatures. A wide range of
applications of SMP in parts produced by fused filament fab-
rication (one of the most popular 3D printing techniques)
can be found in a review paper from 2021.[23]

Nonetheless, most of the referred works do not char-
acterize the recovery behavior of the material over time,
and when this is the case, it is often the strain evolution
that is monitored. Recent examples of this can be found
in refs [24–26]. In ref. [24], a comprehensive study on the
effects of programming strain, end load and chemical
environment, performed with a chemically stimulated
linear SMP, is carried out; in refs [25,26] the authors
studied the effect of some printing parameters and orien-
tation of the applied stress, on the recovery behavior of
cubes of PLA produced by FFF.

As a conclusion, the characterization of SMP behavior
under constrained recovery is rarely addressed. However,
the information provided by this type of tests is essential
in the development of actuators, which are effective
through the stress released when subjected to the appro-
priate external stimulus. This is the motivation of the pre-
sent research work, which aims at investigating the
influence of the programming parameters, recovery
parameters, and processing technology used in the produc-
tion of tensile test samples, in the constrained recovery of
a commercial polyurethane. The variables studied are:
(i) the programming temperature (Tprog); (ii) the maxi-
mum applied deformation (εm); (iii) the recovery tempera-
ture (Trec); and (iv) the processing technology used to
manufacture the samples, through the comparison
between compression molded and printed by the Fused
Filament Fabrication (FFF) samples. The final purpose is
to provide relevant quantitative data and guidelines for the
design of new applications employing SMP parts produced
by conventional molding techniques or by 3D printing.

2 | SHAPE MEMORY
POLYURETHANES

Among the several polymers with shape memory potential,
thermoplastic shape memory Polyurethanes (SMPU), are
considered the most attractive, presenting a vast range of
processing conditions and high chemical versatility. These
materials present a two-phase heterogeneous structure,
composed of rigid and flexible segments.[27] The rigid seg-
ments are formed by di-isocyanate and small molecules of
glycol. These segments are characterized by strong
hydrogen-urethane bonds that form physical entanglements,
which act as physical cross-links. The flexible segments are
polyol chains, typically polyether or polyester.[7,28,29] The
main difference between these two types of segments is their
polarity that makes them thermodynamically incompatible,
causing phase separation. This separation is essential for the
shape memory behavior. In the case of quasi total phase
separation, the activation temperature is the glass transition
temperature of the flexible segments (Tg).
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In order to obtain good shape memory properties, the
percentage of rigid segments must be high enough to hin-
der molecular chains slippage.[30] Physical cross-linking,
required for shape recovery, will only be effective above a
critical percentage of rigid domains.[31,32] Polyurethanes
have excellent chemical properties and biocompatibility,
but present relatively low recovery stresses, being used in
applications where low forces are required.[33,34]

In this work, a commercially available
thermosensitive shape memory polyurethane (PU) was
used. There are some publications reporting its behav-
ior in free recovery experiments, performed under dif-
ferent conditions, that demonstrate its good shape
memory properties, namely a recovery ratio, Rr of
around 80%–90%.[35–39]

3 | METHODOLOGY FOR SMP
CHARACTERIZATION

3.1 | Thermo-mechanical cycle

Several tests used to quantify the macroscopic properties
of shape memory polymers systems have been reported
in the literature, namely, thermomechanical tensile
tests,[40–42] three-point flexural tests for composites[43,44]

and compression tests for cellular materials.[45]

The thermomechanical tensile tests are the most pop-
ular and their main stages (programming, fixing and
recovery) and variants (free and constrained recovery)
are illustrated in Figure 1.

The programming stage can be carried out in
controlled deformation mode, where the maximum
deformation applied εmð Þ and the deformation rate (_ε)
are set, or in controlled stress mode, where the applied
stress σð Þ is set. The values selected for these parameters

may have a significant impact on the polymer behav-
ior.[30] These tests are normally conducted in a conven-
tional tensile testing machine, equipped with a thermal
chamber, which enables the temperature control during
the deformation and recovery stages of the sample. In
alternative, a dynamic mechanical analysis equipment
(DMA) may be used in tensile[46,47] or flexural[14,48,49]

modes.
The effectiveness of programming may be quantified by

the shape fixation ratio Rfð Þ, defined by Equation (1). This
parameter is extremely relevant in this context since it
describes the capability of the flexible segments to fix the
mechanical deformation (temporary shape) promoted
during the programming stage. This ratio is computed
through the deformation measured after sample cooling
and stress removal εuð Þ and the maximum deformation
applied εmð Þ[7]:

Rf ¼ εu
εm

: ð1Þ

In constrained recovery mode, the deformation is
maintained constant ε tð Þ¼ εm ¼ constð Þ in isothermal
conditions or at a specific heating rate.[50] In this type of
test, the recovery force/stress, resulting from the stored
energy during the programming stage, is monitored
over time. The stored energy depends on the conditions
in which programming was carried out, namely, maxi-
mum deformation εmð Þ, maximum stress applied σmð Þ,
deformation rate (_ε) and programming temperature
(Tprog). The majority of the published works studied the
influence of the programming parameters on the free
recovery behavior as, for example, Schmidt et al.,[35] San-
tiago et al.,[36] and Tobushi et al.[42] Gall et al.[14] studied
both free and constrained recovery as a function of
temperature.

(A) (B)

FIGURE 1 Thermomechanical tensile tests of SMP: (A) permanent shape (in gray) and temporary shape (in black); (B) ε-Τ-σ diagram,

where the black curve shows the complete test cycle, including programming (fixing) and recovery, for the free recovery case, and the gray

curve shows the constrained recovery ( adapted from ref. [13])
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In this work, tensile tests in constrained recovery mode
were carried out. Programming of the temporary shape
was performed in controlled deformation mode, applying
a maximum deformation, εm, in isothermal conditions, at
Tprog. For this sake, samples were conditioned in the
heating chamber for 10 min before starting the test.
Young's modulus Eð Þ and the stress required to attain the
set deformation, σ εmð Þ, were determined through the
corresponding stress-deformation curves obtained.

After deformation of the samples (up to the tempo-
rary shape), they were cooled down by air forced con-
vection until Tfix, maintaining εm constant. This
temperature must be lower than the on-set transition
temperature Tfix <Tonsetð Þ of the material,[51] and the
cooling process should be fast, in order to minimize
the extent of material relaxation processes. The stress-
deformation curve was also acquired during this stage,
being the stress remaining after cooling (residual stress)
taken as the maximum stress, σm. The unloading stage
must occur after the cooling stage, i.e. at a sample tem-
perature of T fix, in order to minimize/avoid eventual free
recovery of the deformed sample. Unloading consisted in
releasing the sample from the jaws of the tensile testing
equipment. The time interval corresponding to the pro-
gramming and fixing stages is the storage time, τr, and
was set to 600 s. The stages above described were
maintained for all the conditions studied.

At the constrained recovery stage, the imposition of a
small deformation (0.2%) was required to initiate the data
acquisition process. This stage was performed at the recov-
ery temperature, Trec. The maximum recovery stress
σR,maxð Þ and the corresponding time tσR,max

� �
were regis-

tered and the shape of the stress-time curve was analyzed.
To characterize the recovery stage, the following ratios,
related to the stress conversion, were considered[51]:

– between the maximum recovery stress and the stress
applied in the programming stage,

σR,max=σ εð Þ ð2Þ

– between the maximum recovery stress and the residual
stress that remained in the deformed sample after
cooling,

σR,max=σm: ð3Þ

The sequence of stages corresponding to a complete
thermo-mechanical cycle are illustrated in Figure 2 and
summarized as follows:

1. Programming of the temporary shape: imposing a
deformation εm at Tprog, using a predefined deforma-
tion rate _εð Þ;

2. Fixing the temporary shape: cooling down until Tfix,
maintaining the applied deformation εmð Þ constant;

3. Unloading: releasing the sample from the jaws (σ¼ 0Þ,
maintaining the sample at Tfix during τr ¼ 600 s;

4. Constrained recovery: setting the heating chamber at
Trec, placing the sample into the jaws and measuring
the recovery stress σrecð Þ over time.

3.2 | Parameters studied

In the present study, the following parameters were var-
ied: (i) programming stage—temperature, and applied
deformation; (ii) recovery stage—temperature; and
(iii) manufacturing process used to produce the
samples—compression molding and 3D Printing (FFF).
The reference testing conditions were as follows: pro-
gramming and recovery temperatures set at Ttrans, an
applied maximum deformation of 100% (value limited by
the equipment characteristics), and compression molding
as the manufacturing process. The determination of Ttrans

is described in the next section and the set of experiments
performed are summarized in Table 1.

FIGURE 2 Sequence of the thermo-mechanical cycle used to characterize the constrained recovery of samples along time:

1—programming; 2—fixing; 3—Unloading; 4—constrained recovery (after heating the chamber)
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4 | MATERIAL AND
EXPERIMENTAL METHODS

4.1 | Material

The material used was Tecoflex® (TFX EG-72D, from
Lubrizol, USA), a medical grade for extrusion and injec-
tion molding, supplied in the pellet form. Tecoflex® is a
cyclic aliphatic PU with polyether (PEU) base, synthetized
from methylene bis(p-cyclohexyl isocyanate) (H12MDI),
1,4-butanediol (1,4-BD), and poly(tetramethylene ether
glycol) (PTMEG) [52].

Hydrogen bonding has an important role in the proper-
ties of this type of materials. In this case, hydrogen bonds
occur between rigid segments (H12MDI and 1,4-BD), and
rigid and flexible segments (H12MDI/PTMEG), leading to
crosslinking. In this way, micro-phase-separated morphol-
ogies are formed, namely, rigid segments immersed in a
flexible segment matrix. As reported in the literature, this
mixed phase material exhibits a glass transition tempera-
ture, Ttrans, between 20 and 90�C, i.e., in the range of the
glass transition temperatures of the rigid and flexible seg-
ments.[35,37,38,53] Due to the wide range reported and in
order to get a reliable value, it was decided to character-
ize this temperature using two different techniques
(Differential Scanning Calorimetry, DSC, and Dynamic
Mechanical Analysis, DMA).

DSC tests were performed in a DSC Netzsch 200F3, in
inert atmosphere (N2). Before the measurement, the ther-
mal history of the sample was removed via a heating
stage performed up to 180�C, at a heating rate of 20�C/
min, followed by a cooling stage until 30�C at a cooling
rate of 10�C/ min. The second heating stage was done

from this temperature until 180�C, at a heating rate of
10�C/ min. Figure 3A shows the curve corresponding to
the second heating stage. As it can be seen, Tg is
around 51�C.

Other endothermic peaks can be observed in the
range 80–120�C, characteristic of this type of
materials,[54,55] corresponding to the dissociation
of hydrogen bonds existing in the rigid segments of the
PEU structure and melting of the rigid segments.[56,57] In
practical applications, the melting temperature should
not be attained in order to preserve the material structure
and its shape memory capability.

DMA technique is very sensitive to molecular chain
movements and, therefore, suitable to determine Tg

[58],

being an alternative to DSC. In this case, a Hitachi High-
Tech Sciences (DMA-7100) was used, in three-point
flexural test mode. Samples with 40� 15� 3.2mm were
produced by compression molding. The tests were per-
formed from 22 to 130�C (heating rate of 2�C/min), at a
frequency of 1 Hz and applying static and dynamic forces
of 50 mN and 40 nM, respectively. The curves obtained
for the storage modulus (E') and tan δ, as a function of
temperature, are shown in Figure 3B. In this figure, two
alternative ways of determining Tg are also shown,
namely Tonset, around 46�C, corresponding to the begin-
ning of the transition, and Tδ,max, around 56�C,
corresponding to the tan δ curve peak.

The low values of tanδ, between 0.2 and 0.7, demon-
strate a predominant elastic behavior of the material, due
to the hydrogen bonds crosslinking, characteristic of
shape memory materials.

In a previous work performed with the same material,
a higher value for the transition temperature (74�C) was

TABLE 1 Parameters studied

Objective

Programming
Recovery

Tprog εm(%) Trec

Influence of the programming temperature Tprog
� �

Tprog <Ttrans 100 Trec ≈Ttrans

Tprog ≈Ttrans

Tprog >Ttrans

Influence of the maximum deformation εmð Þ Tprog ≈Ttrans 25 Trec ≈Ttrans

50

75

100

Influence of the recovery temperature Trecð Þ Tprog ≈Ttrans 100 Trec <Ttrans

Trec ≈Ttrans

Trec >Ttrans

Influence of the manufacturing process Compression molding Tprog ≈Ttrans 100 Trec ≈Ttrans

3D Printing

PEIXOTO ET AL. 5



found,[35] being the difference associated with the higher
frequency used in the DMA tests performed.[52]

According to Yakacki et al.[59] and having in mind all the
results obtained in the present work, Ttrans was taken as
50�C and constitutes the reference value for the program-
ming and recovery temperatures. In the thermo-mechanic
tests, the values adopted for these two temperatures are
those shown in Table 2. This additional information com-
pletes that given in Table 1.

4.2 | Samples production

The majority of the samples used in the characterization
of the shape memory behavior were produced by com-
pression molding, in a Moore hot-plate press. The mate-
rial was previously dried in an oven for 2 h at 66�C, as
recommended by the supplier. Sheets of 4 mm thickness
were produced in the following conditions: 5 min of pre-
heating at 200�C, followed by 10 min of compression at
20 TON, and finally cooling under pressure until 30�C.
These sheets were subsequently laser cut into the final
dimensions (80 � 10 � 4 mm).

In order to produce 3D-printed samples, the extrusion
of filament from the available pellets was required. This
was carried out in an extrusion line described
elsewhere,[60,61] in the conditions listed in Table 3. Pre-
drying of the material was done before extrusion, in the
conditions already described.

The equipment used to print samples similar to
those produced by compression molding was an open
source Prusa i3. The extruded filament was again pre-
dried before printing. The filling degree used was 100%,
in order to mimic as much as possible the compactness
of the molded samples, and the printing orientation
(+45�/�45�) was selected to minimize the samples
anisotropy. The main printing parameters are listed in
Table 4.

4.3 | Constrained recovery tests

The methodology used was described in detail in Sec-
tion 3, in the conditions depicted in Tables 1 and 4. The
tests were carried out in a universal testing machine

(A) (B)
H

ea
t f

lo
w

FIGURE 3 Characterization

of Tg: (A) DSC second heating

curve; (B) DMA tests showing

the transition temperature of the

material as determined by two

different processes

TABLE 2 Values selected for the programming and recovery

temperatures, after material characterization, which complete the

information given in Table 1

Programming/recovery temperatures Value (�C)

T <Ttrans 40

T ≈Ttrans 50

T >Ttrans 60

TABLE 3 Operating conditions used in the extrusion of

Tecoflex filament

Parameter Value

Extruder barrel temperature profile (�C) 170–180

Extrusion die temperature (�C) 180

Screw speed (rpm) 10.5

Pulling rolls speed (m/min) 3.5

TABLE 4 Printing conditions used in the production of

samples

Parameter Value

Layer height (mm) 0.2

Filing degree (%) 100

Printing orientation (�) ±45

Nozzle diameter (mm) 0.4

Printing speed (mm/min) 1450

Bed temperature (�C) 40

Extrusion temperature (�C) 220
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SHIMADZU AG-X, illustrated in Figure 4, equipped with
a load cell of 1 kN, and a heating chamber.

In order to better control/monitor the sample temper-
ature before and during testing, two thermocouples were
installed in its vicinity. The tests started when the moni-
tored values showed an absolute variation of less than
1�C around the set temperature. Furthermore, samples
were pre-conditioned inside the heating chamber at the
programming temperature during, at least, 10 min.
The initial length of the samples was 50 mm, and a ten-
sile test speed, 10 mm/min.

Figure 4B,C show the sample in its original (perma-
nent shape), i.e., before the programming stage, and after
the constrained recovery stage, respectively.

5 | RESULTS, DISCUSSION, AND
DESIGN GUIDELINES

In this section, the results obtained in the constrained
recovery tests are shown and discussed. Whenever the value
of some of the conditions employed in these tests are not
referred, the reference values should be assumed, namely:
Tprog = 50�C (¼TtransÞ; εm = 100%; Trec= 50�C (Ttrans);
compression molding as the sample manufacturing process.

5.1 | Influence of the programming
temperature

In this set of tests, the programming temperature was
varied, assuming values of 40, 50, and 60�C (see Tables 1

and 3). Figure 5 shows the evolution of the stress-
deformation curves during the programming stage
(Figure 5A), and the stress applied during the program-
ming stage and its relaxation during the fixing stage,
along time (Figure 5B), corresponding to the different
programming temperatures tested.

As expected, the lower the programming temperature,
the higher the stress required to deform the sample. The
main difference is observed at 40�C, a temperature lower
than Ttrans, at which the molecular freedom is inhibited.

During the fixing stage, the stress relaxation phe-
nomenon, typical of viscoelastic materials, is observ-
able, consisting in a progressive loss of energy
associated to the viscous component of the material
behavior. The stress obtained after cooling is the one
stored in the sample σmð Þ, which decreases with increas-
ing programming temperature.

The recovery stage was carried out at 50�C, being the
results shown in Figure 6A.

Different recovery behaviors can be observed in the
graphs shown. The sample programmed at 40�C is acti-
vated earlier, presenting a stress peak in the early seconds
of the test. This peak is related to the higher internal
energy stored (after programming and fixing), and higher
elastic behavior, which results in a faster recovery. After
this peak, the stress values decrease at a fast rate, when
compared to the remaining conditions, ending with the
lowest value observed. This effect was already reported in
the literature and occurs when the material attains its
glass transition temperature.[14]

On the contrary, samples programmed at higher tem-
peratures (50 and 60�C), show a lower recovery energy

FIGURE 4 Constrained recovery tests: (A) tensile testing machine equipped with a heating chamber; (B) original sample before the

programming stage; (C) sample after the constrained recovery stage

PEIXOTO ET AL. 7



(in-line with their lower stored energy), a slower recov-
ery, and do not show a stress peak.

Figure 6B summarizes the effect of the programming
temperature on the maximum recovery stress, σR, max,
and on the corresponding recovery time, tσR, max .

In Table 5, all the relevant results concerning the
three stages (programming, fixing, and recovery) are
listed, including the stress conversion ratios as defined by
Equations 2 and 3. It can be seen that these ratios
increase with increasing programming temperature,
reaching, for 60�C, a value of 60% and 90% when the
applied stress or the stored stress is considered, respec-
tively. According to Wang et al.,[62] deformations pro-
moted below the glass transition temperature
(as happens for the 40�C case) may originate the destruc-
tion of rigid domains, leading to irreversible deformation.
This may justify the low values of the stress conversion
ratios when programming is carried out at 40�C.

These results show that when using such SMP as an
actuator, programming should be carried out at a temper-
ature lower than Ttrans when a high intensity, fast, but
short duration reaction (recovery stress) is required; on

the other hand, if a lasting reaction is required, but at a
lower intensity, programming should be performed at
a temperature around Ttrans:

5.2 | Influence of the maximum
deformation

Figure 7 shows similar information as Figure 6, for the
different deformations imposed at the programming stage
(25%, 50%, 75% and 100%).

As expected, the stress required in the programming
stage increases with the value of the imposed deforma-
tion. During the fixing stage, Figure 7B, the trend of the
curves is similar, i.e., there is a direct relationship
between the energy stored in the sample after cooling
and the deformation imposed. The constrained recovery
of these samples is shown in Figure 8A, performed
at 50�C.

The trend of the recovery curves is also similar, and
the activation time is of the same order of magnitude for
all the deformations imposed. Also, the maximum stress

(B)(A) FIGURE 5 Effect of the

programming temperature:

(A) programming of the

temporary shape (programming

stage) carried out at different

temperatures, at a deformation

of εm ¼ 100%; (B) complete

stress-time curve, showing

programming and fixing of the

temporary shape (fixing stage),

maintaining εm constant during

the cooling until Tfix (30�C)

(B)(A) FIGURE 6 Constrained

recovery, carried out at

Trec = 50�C, of samples

programmed at different Tprog:

(A) stress-time recovery curves;

(B) influence of Tprog on the

maximum recovery stress,

σR, max, and on the

corresponding time, tσR, max
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stored after the fixing stage increases linearly with
increasing deformation. The stress conversion ratios,
depicted in Table 6, are similar, varying between 78% and
85% of the stored energy.

From a project design perspective, such results show
that: (i) the stress available (released) in the recovery
stage can be tuned in the programming stage through the
value of the deformation imposed, and (ii) that the reac-
tion time has not a strong dependence on the deforma-
tion imposed.

5.3 | Influence of the recovery
temperature

The results corresponding to different recovery tempera-
tures are illustrated in Figure 9.

All the samples were programmed and fixed in the
same conditions and, therefore, the same level of energy
was stored during the programming stage.

The recovery stress curve corresponding to 60�C, i.e. a
temperature higher than Ttrans, and also higher than the

TABLE 5 Influence of Tprog (40, 50 and 60�C) on the parameters corresponding to the different stages of the thermo-mechanical cycle

(programming, fixing and constrained recovery)

Tprog (�C)

Programming Fixing Recovery

σR, max

σ100

σR, max

σm
σ100 MPað Þ Ea MPað Þ σm MPað Þ σR, max MPað Þ tσR, max sð Þ

40 4.77 ± 0.10 60.92 ± 20.13 2.45 ± 0.12 1.68 ± 0.07 47.33 ± 14.64 0.36 ± 0.02 0.69 ± 0.03

50 2.68 ± 0.09 13.80 ± 2.67 1.70 ± 0.11 1.38 ± 0.03 142.67 ± 16.50 0.52 ± 0.01 0.82 ± 0.04

60 1.57 ± 0.07 3.54 ± 1.03 0.98 ± 0.05 0.91 ± 0.05 359.00 ± 35.61 0.58 ± 0.05 0.93 ± 0.03

aYoung's modulus determined in the linear region of the stress-deformation curve.

(A) (B)FIGURE 7 Effect of the

imposed deformation during the

programming stage:

(A) programming of the

temporary shape (programming

stage) carried out at different

deformations, at Tprog = 50�C;
(B) complete stress-time curve,

showing the fixing of the

temporary shape (fixing stage),

maintaining εm constant during

the cooling until Tfix (30�C)

(B)(A)FIGURE 8 Constrained

recovery, carried out at

Trec=50�C, of the samples

programmed at different εm:

(A) stress-time recovery curves;

(B) influence of εm on the

maximum recovery stress, σR, max
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programming temperature, exhibits a peak in the initial
phase of the recovery stage, which then drops until values
lower than those corresponding to the remaining recovery
temperatures. In contrast, at a recovery temperature lower
than Ttrans (40�C), the recovery stress increases continu-
ously, at a low rate, over time. At Ttrans, 50�C, the recov-
ery shows an intermediate behavior. Having in mind
the graph shown in Figure 10, it can be concluded that
the maximum stress released is almost independent of the
recovery conditions, which was expected since the stored
stress during programming was also the same. What
changes is the time required to reach this stress, which
decreases with increasing temperature as a consequence of
the progressive increase in molecular mobility.

As can be seen in Table 7, the stress conversion ratios
are higher for the higher temperature tested, 60�C.

TABLE 6 Influence of εm (25%, 50%, 75% and 100%) on the parameters corresponding to the different stages of the thermo-mechanical

cycle (programming, fixing and constrained recovery)

εm(%)

Programming Fixing Recovery

σR, max

σ εmð Þ
σR, max

σm
σ εmð Þ MPað Þ σm MPað Þ σR, max MPað Þ tσR, max sð Þ

25 1.30 ± 0.16 0.87 ± 0.03 0.74 ± 0.03 118.00 ± 19.44 0.56 ± 0.01 0.84 ± 0.01

50 1.70 ± 0.02 1.11 ± 0.01 0.94 ± 0.04 167.67 ± 5.31 0.55 ± 0.03 0.85 ± 0.03

75 2.13 ± 0.10 1.47 ± 0.14 1.15 ± 0.14 127.00 ± 18.38 0.54 ± 0.04 0.78 ± 0.04

100 2.68 ± 0.09 1.70 ± 0.11 1.38 ± 0.03 142.67 ± 16.50 0.52 ± 0.01 0.82 ± 0.04

(C)(A)

(B)

FIGURE 9 Effect of the recovery temperature, Trec, in samples programmed at 50�C with an imposed deformation of 100%: (A) stress-

deformation curves during the programming stage (B) evolution of stress over time in the programming and fixing stages; (C) stress along

time in the constrained recovery stage

FIGURE 10 Effect of the recovery temperature on σmax and tσ,max
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Again, the information gathered is important in the
development of new applications, since Trec enables to con-
trol the way the material releases the stress along time.

After this set of tests, the following project guidelines can
be drawn: (i) to get a rapid, but low duration reaction (recov-
ery stress), recovery should be carried out at a temperature
higher than Ttrans; and (ii) if a lasting reaction is required,
recovery should be performed at a temperature around
Ttrans. This is in line with the results obtained in Section
5.1., devoted to the effect of the programming temperature.

5.4 | Influence of the manufacturing
process

In this final case study, the recovery behavior of sam-
ples produced by the FFF technique (3D printing)

was compared with that of samples produced by com-
pression molding, when subjected to the same (refer-
ence) conditions during the programming and
recovery stages.

Figure 11 shows information similar to that of the
previous studies.

It can be seen that the samples produced by compres-
sion molding have better mechanical properties, requir-
ing higher stresses to attain the imposed deformation and
showing higher recovery stresses than those produced by
3D printing. The first occurrence was already expected,
based on the previous experience on this subject.[60,63] In
fact, due to the well-known weaknesses promoted by
poor bonding between the extruded filaments (in the
same layer and in successive layers), and to the existence
of voids, the mechanical performance of FFF printed
samples is generally lower than that of molded

TABLE 7 Influence of the recovery

temperature on the maximum stress

released during the recovery stage and

on stress conversion ratios

Trec (�C) σR, max MPað Þ tσR, max sð Þ σR,max

σ εmð Þ
σR, max

σm

40 1.46 ± 0.08 600.00 ± 0.00 0.54 ± 0.02 0.86 ± 0.03

50 1.38 ± 0.03 142.67 ± 16.50 0.52 ± 0.01 0.82 ± 0.04

60 1.58 ± 0.03 64.67 ± 5.19 0.57 ± 0.02 0.93 ± 0.01

(B)(A)

(C)

FIGURE 11 Influence of

the samples manufacturing

process (compression molding,

CM, and 3D printing, FFF):

(A) stress-deformation curves

during the programming stage;

(B) stress over time during the

programming and fixing stages;

(C) constrained recovery
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counterparts. However, the most relevant finding is that
the shape memory behavior of the material is not directly
affected by 3D printing, since the stress conversion ratios,
shown in Table 8, are maintained.

Based on the results, one can hypothesize that:

• the shape memory behavior of printed samples is
expected to be similar to that presented by parts pro-
duced by conventional molding;

• the effect of the remaining parameters studied in this
work (programming temperature, programming
deformation, and recovery temperature) are, there-
fore, expected to apply to samples produced by 3D
printing;

• in order to minimize the drawbacks inherent to 3D
printed parts (poor adhesion between filaments and
existence of voids), the printing conditions should be
optimized if the level of the recovery stresses to
be attained is intended to be similar to those observed
in molded parts.

6 | CONCLUSION

The focus of the present research work was to provide
quantitative data on the constrained recovery of SMP
along time, due to the relevance of the topic in the devel-
opment of actuators. The final purpose was, therefore, to
provide relevant quantitative data and guidelines for the
design of new applications employing SMP parts pro-
duced by molding techniques or 3D printing.

For this sake, a testing methodology was developed and
used to assess the effect of some of the main parameters
on the behavior of a SMP under constrained recovery,
namely: the programming temperature, the deformation
imposed at the programming stage, the recovery tempera-
ture, and the manufacturing method used in the produc-
tion of the test samples. The selection of the relevant test
temperatures was done after characterization of the glass
transition temperature of the SMP (which was found to be
around 50�C), a thermoplastic polyurethane.

In what concerns to the programming temperature, it
was concluded that the maximum recovery stress dimin-
ishes with increasing temperature, and that the time

required to attain this value varies in the opposite way.
Also, the maximum value of the stress conversion ratio
(93%) was obtained for the higher programming tempera-
ture (60�C).

The effect of the deformation imposed in the pro-
gramming stage (varied between 25% and 100%) showed
that, in this range, the recovery stress is proportional to
the deformation imposed, having almost no effect on the
reaction time or stress conversion ratios.

The effect of the recovery temperature is, in some
way, the opposite of that of the programming tempera-
ture in what concerns to the time required to attain the
maximum recovery stress. In fact, an increase in this tem-
perature results in a shorter time required. On the other
hand, the maximum recovery stress is almost indepen-
dent of the recovery temperature.

Among all the conditions tested, the maximum value
of the recovery stress varied between 0.74 and 1.68 MPa,
a relatively high range that enables some versatility in
future applications. Also, the activation of the recovery
stress can be short or long, and the stress can be
maintained over time or can rapidly relax.

The study performed with 3D-printed samples
showed that this technique preserves the shape mem-
ory behavior of the material, despite originating a
reduction of the stresses involved. This fact is due to
the inherent lower mechanical performance of 3D-
printed parts, promoted by limited bonding between
adjacent filaments and existence of voids. Therefore,
the conclusions taken from the compression-molded
samples can be extended to the printed ones, but a new
study is required in order to determine the effect of the
printing conditions.
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TABLE 8 Influence of the manufacturing process used to produce the samples (compression molding, CM, and 3D printing, FFF) on

the parameters corresponding to the programming and constrained recovery stages

Manuf. process

Programming Fixing Recovery

σR, max

σ100

σR, max

σm
σ100 MPað Þ σm MPað Þ σR, max MPað Þ tσR, max sð Þ

CM 2.68 ± 0.09 1.70 ± 0.11 1.38 ± 0.03 142.67 ± 16.50 0.52 ± 0.01 0.82 ± 0.04

FFF 2.16 ± 0.16 1.22 ± 0.06 1.03 ± 0.03 131.33 ± 3.40 0.48 ± 0.02 0.84 ± 0.03
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