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Abstract
In recent years, great efforts have been made to research and develop advanced
thermodynamic textiles that can change their thermal behavior in response to external
stimuli. More specifically, shape memory alloys and shape memory polymer coatings have
used for thermal comfort applications. However, the use of shape memory polymers in
the form of filament yarns integrated in the fabrics has not yet reported. These fabrics
have some advantages related to versatility in shape design. The aim of this study was to
develop woven SMPU-based fabrics with reversible thermodynamic properties induced
by weft SMPU filament yarns interlaced into polyester (PES) fabrics. To this end, PES
woven fabrics with different ratios of weft SMPU filament yarns (PES/SMPU 1:0; 3:1; 1:1; 1:
3, and 0:1) were developed and their thermodynamic properties (thermal resistance,
water vapor resistance, and permeability index), shape memory effect, and mechanical
performance were evaluated and compared to the 100% PES reference fabric. All the
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SMPU-based fabrics developed were classified as extremely breathable (water vapor
resistance <6 m2�Pa/W) and thermally comfortable (water vapor permeability in-
dex <0.3). The fabrics integrating the SMPU filament yarns reacted dynamically to the
temperature stimuli over and below Tg, whereas the 100% PES fabric showed passive
thermodynamic behavior. This dynamism led to an improvement in thermal protection
against an increase in ambient temperature, reaching values of 13.18 mK�m2/W in thermal
resistance (PES/SMPU 0:1), while also maintaining good moisture management properties,
reaching values of 5.19 m2�Pa/W in water vapor resistance (PES/SMPU 0:1).

Keywords
SMPU, thermal comfort, water vapor resistance, thermal resistance, permanent shape,
temporary shape

Introduction

Dynamic reversible textile materials (thermodynamic textiles) are a new generation of
textiles that can detect, react, and adapt to external conditions or stimuli such as tem-
perature. To produce these textiles, conventional fibers or yarns are combined with
materials like shape memory alloys (SMAs) or shape memory polymers (SMPs) to form
woven, knitted, or nonwoven fabrics with dynamic properties.1–7 In SMAs, the shape
memory effect is produced by the transformation of austenite to martensite and this is
applied to textiles in different formats such as filaments or springs.8 SMPs are based on the
incompatibility of the hard and soft segments in polymer chains, which allows a deformed
or temporary shape (TS) to be fixed and returned to the original or permanent shape (PS).9

SMPs offer greater versatility in production, a wide variety of shapes, and a high
temperature range, unlike SMAs.10 The relatively low melting temperature of SMPs and
their thermoplastic characteristics allow for their production as thin filament yarns, as well
as all types of textile finishes (foams, films, and in solution).7,11–13 Unlike textile finishes,
SMP filament yarns offer higher shape recovery and recovery stress due to the molecular
orientation produced by the extrusion process.14 The shape memory effect (SME) in the
form of a filament yarn, once incorporated into the fabrics, is based on its change in length.
This change can lead to different effects on the fabrics such as shrinkage, bending and
stretching, or increased thickness, among others, depending on the fabric structure.14 The
most suitable SMP for the production of filaments for textile applications is shape memory
polyurethanes (SMPUs), due to their adequate mechanical and thermal properties.

One application of shape memory materials is in the production of thermodynamics
fabrics for their use in protection and comfort thanks to their temperature-based activation
response. These fabrics can change their shape while they adapt to changing environ-
mental conditions, fulfilling the needs of the users.8 These textiles allow for an adjustment
of the moisture management and warmth characteristics by altering the permeability of the
textiles to create a thermal protective barrier against exposure to external heat, improving
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the protection performance of the textiles,15 or with the purpose of creating thermal
comfort.16

Studies that have focused on thermal protection have used SMAs to generate multi-
layer active fabrics for protection against low or high temperatures. Bartkowiak et al.8

developed a dynamic textile with SMA spring elements programmed to create an air
chamber by increasing its height when exposed to a thermal stimulus and shrinking it
when the stimulus disappears. The results confirmed that the clothing designed offered a
high degree of protection even in extreme thermal conditions. Lah et al.17 proposed
inserting a layer of programmed SMA filament knitted fabric into the traditional pro-
tection textile system which, at 75°C, produces bulges that cause sufficient air space to
create effective thermal protection. More recently, Wang et al.18 proposed an im-
provement of this textile system by reducing the number of layers to four (instead of the
five in the traditional system), and integrating the SMA filaments per weft, in an aramid
fabric. The thermal protection system was characterized by a normal state of the textile (or
temporary shape), with a low resistance to water vapor and temperature, and an activated
state of the fabric (or permanent shape) in a hotter environment. The results showed that
the SMA system increased thermal resistance and reduced the water evaporation re-
sistance of the fabrics compared to the protective textile system proposed by Lah et al.

Studies focusing on thermal comfort mainly research the use of SMPUs in the form of
solution coatings or membranes. One example is Mitsubishi’s Diaplex® membrane; a
laminate that integrates the membrane between two fabrics. This system allows for the
moisture and heat control of the textiles when exposed to a thermal variation, due to the
change in the laminate’s shape at the molecular level.19 Another example is the
Dermizax® membrane. In this system, when the temperature rises, it produces an ex-
pansion of the membrane, increasing permeability and, when it decreases, the pores of the
membrane close, keeping the user warm.20 In another study, Memiş and Kaplan21 finished
wool fabrics with SMPU at different concentrations between 5 and 20 wt.% to evaluate
the thermal transfer at temperatures in the range of 20 to 65°C and different relative
moisture. The fabric with the best thermal transfer behavior was that with 10 wt.% of
SMPU. In a more recent study, an SMPU nanocomposite finish incorporating cellulose
nanowhiskers CNWs (SMPU-CNWs) was created to be applied to a polyester knitted
fabric for its use in sportswear. The results showed an improvement in the shape memory
performance of the knitted fabric, responding to an increase in humidity and temperature
by changing permeability, particularly with a 20% CNW content.22 Wang et al.23 in-
dicated that by optimizing the materials and structure of textiles, it is possible to achieve
both thermal protection and moisture management.

The objective of this study was to develop a woven PES plain-weave fabric containing
weft SMPU filament yarns with improved thermodynamic properties (thermal resistance
and water vapor resistance) and permeability index. According to our knowledge, the use
of SMP filament yarns to design a reversible dynamic textile with improved comfort
properties has not yet been explored.

For this purpose, SMPU-based fabrics with 100% of PES in warp and SMPU filament
yarns interlaced with PES yarns at different ratios (3PES:1SMPU, 1PES:1SMPU, 1PES:
3SMPU, 1SMPU meaning 100% of SMPU and 1PES meaning 100% of PES) in weft were
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developed. The effect of the SMPU filament content on the thermodynamic properties
(thermal resistance and water vapor resistance), water vapor permeability index, shape
memory behavior (the shape fixity and recovery ratios), and mechanical properties
(tensile tests) was analyzed.

Materials and experimental methods

Materials

SMPU filament yarns with a glass transition temperature (Tg) of 45°C were used. This
filament was produced by melt spinning using SMPU (MM4520) pellets provided by
SMP Technologies, Japan using a Collin Tech-Line extruder. The details of this melt
spinning process have previously been described.24 For the weaving process, the SMPU
filament yarns were used in the temporary shape (TS) produced during the extrusion
process by passing the extruded filament through an oven (at 80°C). This oven was
located between two stretching roller zones with different speeds (15 m/min for the first
zone and 32 m/min for the second).

Figure 1 shows a diagram of the scheme with the filaments in different forms. On the
top, the filament in the extrusion process, in the middle, the filament in the temporary
shape after releasing from the tension of the drawing rollers, and finally, at the bottom, the
filament in permanent shape, after heating the sample above Tg (45°C) to a minimum
reference temperature of 80°C. This Tr is the temperature required to erase the memory
shape from the temporary shape,25 and was determined in a previous study.24

The main characteristics of the SMPU filament yarns used are presented in Table 1.
The recovery length in the permanent shape (PS) was obtained by heating the SMPU

filament yarns above the Tg without the application of any external stress. This process

Figure 1. Scheme of the contraction by relaxation after the extrusion process, the diameter of the
filament in temporary and permanent shape (TS and PS), the minimum reference temperature
(Tr) and the time (t) to return to the permanent shape of the used SMPU filament yarn in this study.
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allowed for the recovery of the permanent shape by releasing the internal stress of the
SMPU filament yarns generated during the extrusion process when producing the
temporary shape.

Twisted PES yarns of 450 dtex and 300 dtex, which were kindly supplied by Antex
(Spain), were used for the warp (450 dtex) and the weft (300 dtex), respectively.

Experimental methods

Plain weave fabrics were produced using a 45 cm-width laboratory loom (Studio 5020,
Techn inc, Taiwan). The warp tension and the rapier speed were adjusted to allow for the
correct introduction of SMPU filament yarns per weft. As previously mentioned, SMPU
filament yarns were incorporated into the temporary shape (see characteristics in Table 1).
The same warp and weft density was used for all the fabrics (22 y/cm and 19.5 p/cm,
respectively). PES yarns were used in both warp and weft directions and SMPU filaments
were introduced exclusively per weft at different ratios: 3PES:1SMPU, 1PES:1SMPU,
and 1PES:3SMPU. For comparative purposes, 100% PES plain-weave fabric (1PES) and
plain-weave fabric with 100% SMPU filament yarn per weft (1SMPU) were also pro-
duced (see Figure 2). The weft ratio and sample nomenclature used for the different
SMPU-based fabrics developed are summarized in Table 2.

To recover the permanent shape after the weaving process, the textiles were heated up
to the minimum reference temperature of 80°C. This process was performed without
applying any external force using a STUART Digital Hotplate SD 500. Figure 3 shows a
simplified scheme of the switching between the temporary shape (Figure 3, left) and the
permanent shape (Figure 3, right) due to an increase in temperature over the Tg.

Characterization techniques

For the basic characterization, the warp and weft density were determined using a thread
counter, and the areal weight and thickness according to ASTM D3776 and UNE 40,339:
2002, respectively. The referred values were the average of at least three measures. The
dimensional (width) changes of fabrics directly after the weaving process (relaxation
shrinkage) and when they were subjected to heating over Tg were also measured and
referred to as the TSF (temporary shape of the fabric) and PSF (permanent shape of the
fabric). Five measurements were taken along the fabric in the weft direction (TSF
and PSF).

Table 1. Diameter and linear density in the temporary shape (TS) and permanent shape (PS), and
percentage of length recovery in the permanent shape (PS) of the SMPU filament yarn used in this
study.

Nomenclature
Diameter TS
(µm)

Linear density
TS (dtex)

Diameter PS
(µm)

Linear density
PS (dtex)

Length
recovery PS (%)

SMPU filament
yarn

149 ± 11 253 276 ± 6 748 65 ± 2
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Figure 2. Scheme of the plain-weave fabrics with 100% PES and different PES/SMPU ratios (3PES:
1SMPU; 1PES:1SMPU; 1PES:3SMPU, and 1SMPU) per weft (PES in dark and SMPU in light).

Table 2. Sample nomenclature and weft ratio for SMPU-based fabrics.

Sample nomenclature

Weft ratio

PES SMPU

100PES 1 0
25SMPU 3 1
50SMPU 1 1
75SMPU 1 3
100SMPU 0 1

Figure 3. A simplified scheme of the thermodynamics of a plain-weave fabric induced by the
presence of weft SMPU filament yarn.
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The fabric tightness was calculated using equations (1)–(4).26,27 The tightness take into
account: the weave factors (Kl), warp and weft density in the TSF, (once the sample was
removed from the loom) and in the PSF; and the number of yarns. The maximum density
coefficient (Kdmax) was determined using the following equations (1) and (2):

Kdmaxðwef tÞ ¼ Q

1þ �
0:73 ×KlðwarpÞ

� andKdmaxðwarpÞ ¼ Q

1þ �
0:73 ×Klðwef tÞ

� (1)

Kdmax ¼ Kdmaxðwef tÞ þ KdmaxðwarpÞ (2)

where:

Kl(weft) – Kl(warp), Galceran weave factors in warp and weft directions.
Kdmax(weft) – Kdmax(warp), maximum warp-weft density coefficient.
Q, coefficient that depends on the type of matter. In the case of the PES, it is 9.6 and for

SMPU (PUR) it is 9.63.
Kdmax, maximum warp-weft density coefficient.

The weft-warp density coefficient (Kd(tex)) was also calculated with equation (3) for
each textile with different PES/SMPU ratios:

KdðtexÞ ¼ D
ffiffiffiffi
N

p (3)

where:

Kd(tex), warp-weft density coefficient.
D, warp-weft density (y/cm – p/cm).
N, warp-weft yarn linear density (Tex).

Using the previous results, the tightness was determined by means of the equation (4):

Figure 4. Microscopic image of a 100SMPU textile in the two shapes: (a) TSF and (b) PSF.
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% tightness ¼ KdðtexÞ × 100
Kdmax

(4)

Given that the integrated SMPU filament yarns did not fully recover their permanent
shape (that is, their initial diameter and length) after the heat treatment over Tg, to
calculate the tightness, it was necessary to determine the diameter of the filament yarns in
each of the fabrics produced. Figure 4 shows an example of the microscopic images used
to determine the diameters of the filament yarns in the TSF and the PSF.

The water vapor resistance (Ret), relative water vapor permeability (RWVP), and
thermal resistance (Rct) of the fabrics were determined using a Permetest skin model
instrument by Czech Sensor company. Three specimens of 100PES with different PES/
SMPU ratios (in both shapes, TSF and PSF) with 150 mm × 150 mm dimensions were
used. All tests were performed at 22 ± 1°C and 44 ± 1% RH. The relationship between
both parameters, Ret and Rct, gives the water vapor permeability index (imt) and indicates
the degree of thermal comfort.28–30 This index is calculated in accordance with the
standard ISO 11,092 using equation (5):

imt ¼ S
Rct

Ret
(5)

where the S factor has a value of 60 Pa/K and is used to normalize the units of measure. imt

is dimensionless and has values between 0 and 1. When imt equals 0 (waterproof fabric)
and 1 (permeable fabric).31

The mechanical properties were characterized through tensile test, conducted in the
weft direction according to UNE-EN ISO 13,934–1: 2013 standard using a static testing
Zwick/Roell machine. Five specimens in the PSF of 50 mm width and 100 mm length in
the weft direction were prepared for each fabric. A preload force of 5N was applied and
the testing speed was set to 100 mm/min.

To determine the shape memory effect (SME), the temporary shape fixation (fixity
ratio, Rf), and the recovery to permanent shape (recovery ratio, Rr) different tests were
performed using a Zwick/Roell dynamometer test machine. Two types of tests were
carried out: one applying a limit recovery force of textile memory (F1) of 25N at 80°C (Tr)
and the other applying the same force at room temperature according to previous
studies.25,32 The tests were carried out in the weft direction and the values were obtained
from the average of three tests. The dimensions of the specimens were 50 × 100 mm.

For the first test, the fabrics were heated up to Tr (80°C) at a heating rate of 5°C/min.
Then, Tr was maintained for 1 min and a constant deformation of 10 mm/min was
subsequently applied until F1 (25N) was reached. Afterward, the F1 was maintained while
the sample was cooled down to 21°C ± 0.5 (taking into account the potential application
of the textiles developed), keeping it at this temperature for 10 min, until reaching the
maximum deformation (εm). Upon removing the force, there was a small recovery of the
deformation (εu). Finally, the fabric was heated again up to Tr at 5°C/min to recover the
permanent shape, where a permanent residual strain (εp) was produced. The following
formulas were used to calculate the ratio of fixity (6) and recovery (7)33,34:
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Rf ð%Þ ¼ εu
εm

× 100 (6)

Rrð%Þ ¼ εm � εp
εm

× 100 (7)

For the second test, a constant deformation of 10 mm/min at room temperature (21°C)
was applied until F1 was reached. Then, the test followed the same steps as the first test.

All the results obtained were statistically treated by means of an analysis of variance
(ANOVA) with a Tukey’s test being performed using a Minitab software, which provided
the significance groups.

Results and discussion

The thermodynamics of the fabric developed is based on the deformation of a woven
fabric (temporary shape) to create a more open structure and return the fabric to a more
closed structure (permanent shape), leading to the dynamic changes in the length and the
diameter of the SMPU filament yarns by an external thermal stimulus. These length and
diameter changes affect the fabric structure parameters. Table 3 shows the values of warp
density, thickness, areal weight, and the tightness of the fabrics where weft SMPU fil-
ament yarns are in both temporary (TSF) and permanent shape (PSF).

As expected, the warp density, thickness, areal weight, and tightness of the fabrics in
the TSF are higher for the SMPU fabrics with respect to the 100PES sample. This increase
is due to the higher elastic recovery of the weft SMPU filament yarns after the weaving
process with respect to the 100PES fabric where no SMPU filament yarns were present.
However, regardless of the content of SMPU filament yarns in the TSF, no significant
differences in terms of warp density, and fabric tightness were found.

Table 3. Fabric structure parameters: warp density, thickness, and weight in the TSF and PSF.

Sample nomenclature
Warp density
(y/cm)

Thickness at 0.5 kPa
(µm)

Areal weight
(g/m2) Tightness (%)

TSF
100PES 22.5 ± 0.0 369 ± 7 184 ± 0 74.2 ± 0.0
25SMPU 24.1 ± 0.1 374 ± 13 188 ± 0 77.1 ± 0.1
50SMPU 25.0 ± 0.3 451 ± 14 197 ± 0 78.8 ± 0.7
75SMPU 25.0 ± 0.3 515 ± 10 202 ± 0 78.5 ± 0.6
100SMPU 25.0 ± 0.4 524 ± 13 210 ± 0 78.8 ± 0.7

PSF
100PES 22.7 ± 0.0 372 ± 8 187 ± 0 75.3 ± 0.0
25SMPU 25.3 ± 0.2 420 ± 7 194 ± 0 80.2 ± 0.4
50SMPU 28.3 ± 0.4 462 ± 22 213 ± 1 86.8 ± 0.8
75SMPU 29.3 ± 0.2 631 ± 12 233 ± 0 89.4 ± 0.5
100SMPU 29.9 ± 0.5 754 ± 30 255 ± 1 91.6 ± 1.0
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The fabrics in the permanent shape (PSF) presented significantly higher values for
warp density, fabric thickness, areal weight and tightness when compared to the ones in
the temporary shape (TSF). This may be due to the elastic recovery of the SMPU filament
yarns and the decrease in length and increase in diameter after the heat treatment over Tg

leading to a return to the permanent shape. Moreover, it is clear that 100% PES has almost
the same values as all the parameters presented in Table 3 regardless of heating treatment
i.e., switching between TSF and PSF, demonstrating no thermodynamic properties
(passive textile). This increase was more significant for fabrics with a higher content of
SMPU filament yarns, leading to a notable increase in terms of thickness. It was found that
the differences in density, thickness, and weight of all the fabrics with SMPU compared to
the 100PES were significant according to the Tukey’s test.

Table 4 shows the weft dimensional change (weft shrinkage) of the fabric after the
weaving process (in the TSF) and after the heat treatment over Tg (in the PSF), calculated
regarding the weft length during the weaving process. It also shows the difference be-
tween the weft shrinkage in the PSF and the TSF referred to as residual weft shrinkage due
to the heat treatment.

As expected, the textiles with SMPU filament yarns presented higher weft shrinkage
than the 100PES sample in both the TSF and the PSF. These differences were significant
according to the Tukey’s test. However, the increase in weft shrinkage is more significant
in the case of the PSF due to the effect of heat treatment over the Tg on the SMPU filament
yarn/fabrics characteristics, as can be indirectly seen in Table 3. Due to the significant
elastic strain recovery (or recoverable deformation) of the SMPU filament yarns over the
Tg, the residual weft shrinkage is ruled by their content. The higher the SMPU filaments
yarn content, the higher the residual weft shrinkage obtained. However, the residual weft
shrinkage was less than expected (maximum of 13.9% in the 100SMPU sample) taking
into account that the shape recovery in the length of the SMPU filament yarns that is not
integrated into the woven fabric is about 65% (see Table 1). This is due to the high
interlacing of the plain-weave fabric’s structure, which restricts the full elastic strain
recovery of the integrated SMPU filament yarns. This property is of extreme significance
for the research objective since achieving a higher elastic strain recovery would imply an
improve in thermal insulation (the reduction of heat transfer). Figure 5 shows the fabrics
woven for this study in the PS.

Table 4. Weft shrinkage in the temporary shape TSF (after weaving), weft shrinkage in permanent
shape PSF (after the heating treatment over Tg), and residual weft shrinkage (difference between PSF
and TSF).

Sample
nomenclature

Weft shrinkage,
TSF (%)

Weft shrinkage,
PSF (%)

Residual weft shrinkage
(PSF-TSF) (%)

100PES 2.2 ± 0.0 2.9 ± 0.0 0.7 ± 0.0
25SMPU 8.9 ± 0.2 13.0 ± 0.6 4.1 ± 0.5
50SMPU 12.1 ± 1.2 22.2 ± 1.1 10.1 ± 0.1
75SMPU 12.0 ± 1.2 24.8 ± 0.6 12.8 ± 0.6
100SMPU 12.6 ± 1.3 26.5 ± 1.3 13.9 ± 0.6

10 Journal of Industrial Textiles



Figure 6 shows the values obtained for the water vapor resistance (Ret) and the relative
water vapor permeability (RWVP). As shown, the water vapor resistance increases with
the SMPU filament content and is higher for the fabrics in the PSF (Figure 6(left)). The
differences in terms of water vapor resistance are mainly due to the differences in the
thickness and tightness of the fabrics (see Table 3).35 As previously described, incor-
porating SMPU filaments leads to an increase in thickness and tightness. This increase is
more significant for the fabrics in the PSF since the heat treatment over Tg to achieve the
permanent state causes the tightening of the plain-weave fabric structure (Table 3 and
Table 4). According to the Tukey’s test, the textiles with the highest content of SMPU
filament yarns demonstrated significantly higher values of water vapor resistance than the
ones in the 100PES sample.

Concerning the RWVP, as shown in Figure 6 (right), increasing the content of the
SMPU filament yarns resulted in a significant decrease in the values of the RWVP. This is
in a good agreement with the values obtained for Ret and confirms better thermal comfort
due to the presence of SMPU filaments yarns in fabrics. Although increasing the content
of SMPU filament yarns in the fabrics, especially in the PSF form, led to a reduction of the

Figure 5. Image of fabrics from this study in PSF.

Figure 6. Water vapor resistance (Ret) (left) and relative water vapor permeability (RWVP) (right)
of the fabrics with different content of SMPU filament yarns (100PES sample used as a reference).
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vapor permeability, all SMPU-based fabrics had water vapor resistance values below 6m2

Pa/W. This indicates that the fabrics are extremely breathable, according to the studies of
the comfort rating system by the Hohenstein Institute.30

Similarly, as can be seen in Figure 7(a), the values of thermal resistance Rct increase
with the increase in SMPU filament yarn content and are much higher than those for the
100PES fabric. Nevertheless, this increase is more significant for the PSF compared to the
TSF, especially for the fabrics with higher content on SMPU filament yarns, demon-
strating their thermal sensitivity and reverse dynamic behavior. The differences were
significant between the samples with SMPU filament yarns and the 100PES according to
the Tukey’s test.

The increase in the thermal resistance by the effect of the SMPU filament yarns can be
mainly related to the differences in the thickness and tightness of the fabrics, among other
parameters.36 In this sense, the fabrics with a higher content of SMPU filament yarns can
exert higher thermodynamic comfort against thermal exposition. Figure 7(b) shows this
reverse dynamic behavior: the fabric allows thermal protection and moisture management

Figure 7. Thermal resistance (Rct): (a) graph for the 100PES sample and the fabrics with SMPU
filament yarns and (b) a scheme of the thermodynamic behavior of the SMPU fabrics.
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of SMPU at warm temperatures below Tg (Figure 7(b)-left). When temperatures rise over
Tg, the thickness and areal weight increase (the fabric is transformed into a permanent
shape), regulating the thermal protection on the outside (Figure 7(b)-right). The results of
Ret and Rct confirm again that the PES fabric is passive to external temperature stimulus
(the values in both the TSF and the PSF are the same).

Figure 8 shows the water vapor permeability index (imt), calculated from the water
vapor resistance and the thermal resistance. The imt was higher in the fabrics with SMPU
filament yarns than in the 100PES fabric. The difference between textiles with SMPU
filament yarns in the PSF and the 100PES sample was significant according to the
Tukey’s test.

All the textiles in the TSF showed similar values, while in the PSF the values increased
until reaching 0.15 (100SMPU). This is probably because the increase in tightness and
diameter in the PSF has a greater impact on the Rct than on the Ret. According to Verdu
et al.,31 textiles with vapor permeability index values below 0.3 can be considered
thermally comfortable enough to be used as garments. As such, it should be noted that all
the textiles developed in this research meet this characteristic, including the 100PES.

Figure 9 shows the relative value increase of each of the thermal parameters analyzed
(Ret, Rct, and imt) for the fabrics with different SMPU content with respect to the 100PES
sample.

As shown in Figure 9(a), for the fabrics in the temporary shape, there is a significant
increase of Rct and a slight increase of Ret by the effect of SMPU filament yarns with
respect to the 100PES sample. This results in an increase in imt with regard to 100PES
while reaching similar values regardless of the SMPU content. However, for the fabrics in
the permanent shape (Figure 9(b)), the increase in Rct is clearly higher and Ret is slightly
higher compared to fabrics in the temporary shape, thus implying a slight increase in imt,

as seen in Figure 8. This comparison shows that it is possible to improve thermodynamic
comfort, given an increase in temperature, with a low impact on the water vapor per-
meability index, maintaining the fabrics in the thermally comfortable category.

Once it was verified that it was possible to obtain fabrics with reversible thermo-
dynamic comfort by introducing weft SMPU filament yarns, it was analyzed how the

Figure 8. Water vapor permeability index (imt) of SMPU-based fabric in the TSF and the PSF.
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Figure 9. Relative thermal comfort values of the fabrics with SMPU filament yarns with respect to
the 100PES sample: (a) fabrics in the TSF and (b) fabrics in the PSF.

Figure 10. Force-deformation curves obtained from tensile tests of the fabrics with different
content of SMPU in the PSF: (a) general graph and (b) detail of the initial zone of the curves up to
50% strain.
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integration of SMPU filament yarns into the fabrics affects the mechanical performance
and the shape memory effect. To this end, the fabrics with different content of SMPU
filament yarns were tested in the permanent shape. Figure 10 shows the results of the
mechanical properties obtained from the tensile tests performed on the 100PES fabric and
the fabrics with different content of SMPU filament yarns. Figure 10(a) shows the full
curves obtained until reaching the maximum force at break (Fmax) and maximum strain
(εmax) and Figure 10(b) shows the detail of the initial zone of the curves.

This graph (Figure 10(a)) shows a superposition of two mechanical behaviors fol-
lowing the superposition model developed by Bruniaux et al.37 and Xiong et al.38 The
results of the application of the superposition model on the 100PES (dotted curve),
50SMPU curve (solid green curve), and 100SMPU fabrics (dashed curve) in the PSF are
presented in Figure 11. The curve for the 50SMPU fabric demonstrates two main zones, a
first zone, between ε0 and ε1, where the deformation is produced mainly by the SMPU
filament yarn, similar to the curve for the fabric with 100% SMPU per weft, showing a
low tensile strength and high deformation. The second zone, between ε1 and ε2, shows a
clear increase in tension, produced mainly by the PES fiber, which shows similarities with
the curve for the 100% PES fabric, although the increase in deformation indicates that the
influence is a result of the combination of both effects, i.e., the 100% PES fabric and the
fabric with 100% of SMPU per weft (100SMPU fabric).

This superposition model is applicable to all the curves obtained for the fabrics with
SMPU filament yarns, showing a common point that represents the end of the main
influence of the SMPU filament yarns and the beginning of the influence of the PES fiber
(zone 1). This connection point corresponds to a certain force strain that, in this study, is
called limit recovery force (F1) and limit recovery strain (ε1), respectively.

Figure 11. General curves from the force-strain tests performed on textiles with different ratios
of PES/SMPU in the PSF.

Gonzalez Bertran et al. 15



In the force-strain graph of Figure 10(a), a decrease in Fmax and an increase in εmax can
be observed as the ratio of SMPU filament yarns in the fabrics increased as also presented
in Table 5. This characteristic behavior can be attributed to the elastic properties of the
SMPU filament yarn. The differences in the values reached in Fmax and εmax of fabrics
with SMPU filament yarns compared to 100PES were significant according to the
Tukey’s test.

Figure 10(b) shows the initial zone in the force-strain curve where the superposition
model was applied to obtain the F1 and ε1 connection point of the textile models. The
parameters calculated from these curves are shown in Table 5.

Table 5 clearly demonstrated that both parameters, F1 and ε1, increased with increasing
the ratio of SMPU filament yarns. This increase in F1 was clearly greater in the 75SMPU
and 100SMPU samples than those obtained for 50SMPU and 25SMPU. This phe-
nomenon may be due to the higher concentration of SMPU filament yarns in 75SMPU
and 100SMPU, although it will be necessary to carry out more in-depth studies to clarify
this phenomenon. The differences in the F1 of the 75SMPU and 100SMPU samples and in
the ε1 were significant between the samples with SMPU filament yarns and the 100PES
according to the Tukey’s test.

Table 6 shows the results of the shape memory effect (SME) tests that are determined
by the fixity ratio (Rf) and recovery ratio (Rr). As explained in the experimental part, at
the beginning of the first test, a minimum reference temperature (Tr) of 80°C was
applied and the second test was carried out at room temperature. A limit recovery force
(F1) of 25N, obtained in the force-deformation test, was applied to both ratios. This is
the limit force that allows an elastic strain recovery for all fabrics with SMPU filament
yarns.

In the test with the initial Tr, the textiles with SMPU filament yarns show high values in
the fixity ratio (Rf) and recovery ratio (Rr), which increase with an increasing amount of
SMPU filament yarns, while the 100PES sample shows lower values, especially in the Rf.
These differences, in the Rf and Rr, between the fabrics with SMPU filament yarns and the
100PES sample were significant according to the Tukey’s test. The values obtained for the
fabrics with SMPU filament yarns were similar to those presented by the SMPU filament
yarns themselves. The small differences may be due to the influence of the plain weave
structure that limits fixity but facilitates the recovery of the integrated filament yarns.

Table 5. Maximum force (Fmax), maximum strain (εmax) as well as the limit recovery force and
strain (F1 and ε1, respectively) obtained for fabrics in the PSF.

Sample nomenclature Fmax (N) εmax (%) F1 (N) ε1 (%)

100PES 1102 ± 18 38 ± 2 22 ± 0 4 ± 0
25SMPU 863 ± 27 48 ± 2 25 ± 1 9 ± 0
50SMPU 658 ± 16 69 ± 3 35 ± 1 23 ± 1
75SMPU 392 ± 4 73 ± 1 87 ± 1 28 ± 1
100SMPU 334 ± 7 128 ± 11 113 ± 1 31 ± 2
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In the tests carried out at room temperature, a progressive increase in Rf was observed,
as the ratio of SMPU filament yarns increased, which did not exceed 57% (100SMPU).
The Rr values clearly increased in fabrics with SMPU filament yarns integrated compared
to 100PES. These differences in the Rf and Rr results between both tests were due to the
temperature used when applying the load since, at room temperature, the internal stresses
of the SMPU filament yarns increased. Consequently, when the load was released, part of
these stresses were recovered immediately.39

The dynamism regulates heat transmission, generating thermal protection against an
increase in the ambient temperature (thermal insulation), and, at the same time, main-
taining comfort in moisture management. This behavior depends, to a great extent, on the
recovery capacity and shape memory effect of the textiles developed with SMPU filament
yarns integrated into their structure.

The results obtained in this study allow for the fabric with the most suitable content of
SMPU filament yarns to be chosen depending on the thermodynamic comfort and
mechanical properties required by the application. Accordingly, a high percentage of
SMPU filament yarns would be mandatory in applications where there is a high ther-
modynamic comfort. In contrast, a low SMPU filament yarn content would be preferential
in applications for high mechanical resistance. The thermodynamic comfort requirements
of each application and the availability of a heat source will determine the method used for
temporary shape fixity.

Conclusions

In this study, innovative SMPU-based plain-weave fabrics facilitating reversible ther-
modynamic properties were developed. The use of SMPU filament yarns and their in-
troduction per weft into the plain-weave fabrics with PES matrix in warp resulted in the
generation of a smart material with reversible thermodynamic comfort that could be useful
for many multi-sector applications.

Table 6. Fixity ratio (Rf) and the recovery ratio (Rr) at Tr 80°C and at room temperature.

Sample nomenclature Rf (%) Rr (%)

Initial process with Tr 80°C
100PES 17.0 ± 0.9 84.9 ± 0.4
25SMPU 75.7 ± 2.3 90.7 ± 3.3
50SMPU 76.2 ± 2.5 96.0 ± 1.5
75SMPU 79.7 ± 1.2 97.3 ± 0.6
100SMPU 80.2 ± 0.6 97.9 ± 0.5

Initial process at room temperature
100PES 18.0 ± 0.5 82.7 ± 2.8
25SMPU 21.6 ± 2.4 99.7 ± 0.2
50SMPU 30.8 ± 2.4 99.6 ± 0.2
75SMPU 51.5 ± 1.6 98.0 ± 1.3
100SMPU 56.9 ± 1.3 98.4 ± 0.6

Gonzalez Bertran et al. 17



The results obtained demonstrate a clear dynamism of the SMPU-based fabrics
compared to the passive response of the 100% PES fabric to the external temperature
stimulus. The integration of SMPU filament yarns into the SMPU-based fabrics does not
jeopardize the shape memory effect despite the high number of interlacing between PES/
SMPU filament yarns present in the plain-weave structure. However, the interlacing
between PES/SMPU filament yarns limits the full elastic strain recovery of the integrated
SMPU filament yarns to a level lower than in SMPU alone (before the integration into the
SMPU-based fabric).

The mechanical properties of the SMPU-based material decreased when compared
with 100% PES fabric and this decrease is dependent on the SMPU filament yarn content.
However, the decrease in breaking force is compensated by a significant improvement in
the elastic strain recovery of SMPU-based fabric after the heat treatment over Tg. The
selection of the proper SMPU filament yarn content for integration into the SMPU-based
plain-weave fabric is an application-driven process.

The main advantages of SMPU-based fabrics, compared to other kind of thermo-
dynamic fabrics, is that the former offer greater versatility in shape design, being able to
manufacture different geometries and sizes, and different activation temperatures.
Compared to solutions using shape memory coatings, SMPU-based fabrics have greater
durability over time as their functionality is integrated into the structure of the material
itself. Another advantage is that the SMPU filament, having a molecular orientation given
by its manufacturing process, has a higher recovery stress to the permanent shape,
compared to coatings.
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