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ABSTRACT: This paper presents the development of a thermoplastic shape memory rubber that can be programmed
at human body temperature for comfortable fitting applications. We hybridized commercially available thermoplastic
rubber (TPR) used in the footwear industry with un-crosslinked polycaprolactone (PCL) to create two samples, namely
TP6040 and TP7030. The shape memory behavior, elasticity, and thermo-mechanical response of these rubbers were
systematically investigated. The experimental results demonstrated outstanding shape memory performance, with both
samples achieving shape fixity ratios (R¢) and shape recovery ratios (R;) exceeding 94%. TP6040 exhibited a fitting time
of 80 s at body temperature (37°C), indicating a rapid response for shape fixing. The materials also showed good elasticity
before and after programming, which is crucial for comfort fitting. These findings suggest that the developed shape
memory thermoplastic rubber has potential applications in personalized comfort fitting products, offering advantages
over traditional customization techniques in terms of efficiency and cost-effectiveness.

KEYWORDS: Thermoplastic rubber; polycaprolactone; shape memory polymers; body temperature programmable;
comfort fitting

1 Introduction

The concept of personalized customization is put forward for the better fitting experience of wearable
products [1]. The product customization basically includes three steps [2]. The first is to capture necessary
statistics of the body shapes of the target users, which contains information on the bio-mechanical features
and external contours of the wearing area on the human body. Based on the collected data, the 3D model
of the wearing area on the body could be computed and rebuilt accordingly. Therefore, in the next step, a
customized wearable product is designed with its shape modified to fit the 3D model of the wearing area on
the body exactly. Manufacturing methods, such as injection molding [3] and 3D printing [4], are utilized in
the last step to fabricate the personalized wearable product. As the shape of the product is designed exactly
based on the specific customer, the fitting experience is expected to be remarkably improved than those
mass-produced ones. Currently, such customization technique has been widely used in the sports industry
to provide professional wearable equipment [5]. For athletes, such personalized fitting between bodies and
products could not only elevate their sporting performances, but are also able to even lower the risk of
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unnecessary injuries. However, a few inevitable defects, such as time-consuming and high cost, make it not
a suitable comfort-fitting solution for everyone.

Shape memory materials (SMMs), including shape memory alloys (SMAs) and shape memory polymers
(SMPs), are a kind of smart materials able to temporarily fix a deformed shape under external load [6]. Apart
from that, such materials could also switch from the temporary shape back to the original permanent shape
upon applying certain stimuli, such as heat [7], chemicals [8], electricity [9], magnets [10], etc. In comparison
with SMAs, SMPs normally have a much higher recoverable strain, lighter weight, lower elastic modulus,
easier tailorable thermal mechanical properties, and better bio-compatibility and bio-degradability [11-14].
Therefore, they are regarded as well suitable for packaging [15], medical devices [16], aerospace [17], additive
manufacturing [18], etc. The application of SMPs in wearable products may solve the shortcomings of the
current customization technique. Since SMPs could achieve shape alteration in the presence of the right
stimulus, by using SMPs in wearable products, quick shape customization may be actualized, which could
theoretically greatly improve the efficiency of customization of wearable products [19].

So far, SMPs that could be actuated by various stimuli have been developed and reported with their
unique shape memory performances for various applications. In 2019, Patel and his team synthesized a kind
of polyurethane (PU)-based SMPs, in which different types of nano-inclusions, graphene and multi-wall
carbon nanotube (MWCNTs), for instance, were added to realize special shape memory properties such as
microwave-actuation and electricity-actuation [20]. The influence of moisture and diameter of MWCNTs on
the shape memory effect was also systematically investigated [21]. In 2024, Salvekar et al. created a special type
of hydrogel that could perform outstanding cooling/heating/water-responsive shape memory effects [22]. It
is considered a potential material for solid-state volumetric additive manufacturing (VAM).

There are also SMPs suitable for applications related to human bodies. For instance, Leidlein and
his team developed a kind of thermoplastic SMP that could be used for minimally invasive surgical
procedures [23]. The material was fabricated in the form of wires, which could be utilized as a suture for
self-tightening on the cut wound by surgery. The actuation of the “smart suture” was realized by body
temperature heating and bio-degradable within a few weeks. However, because the transition temperature
of this smart suture was designed near body temperature, it could not be exposed to the environment with
much fluctuation of the ambient temperature since it may lose the actuation force at high temperatures.
Additionally, a kind of thermoset SMP that could be shaped at human body temperature is developed in [24],
and the feasibility of using it for shape customization of wearable products is verified. In that work, Huang
et al. synthesized this SMP using Polydimethylsiloxane (PDMS) as the matrix. Its good SME is obtained
by adding thermoplastic inclusion in the PDMS matrix. As the transition temperature of the inclusion is
controlled near 40°C, programming at near body temperature could be done for shaping. This PDMS-based
SMP shows stable mechanical properties from room temperature to up to 60°C. Shape fixity ratio of about
80%, shape recovery ratio of 100% and excellent elasticity are also confirmed. Therefore, it is regarded as a
potential suitable candidate for fast shape customization in wearable products. However, as the PDMS matrix
could not be re-processed once completely cured, such SMP shows apparent thermoset characteristics, which
also brings some obvious disadvantages. Although thermoset SMP could maintain its mechanical strength
within a wide temperature range, it is actually unable to be re-processed or re-molded to new permanent
shapes. Once fabricated, permanent shapes or dimensions of this SMP are fixed and could not be altered
anymore. In addition, the degradability of thermoset SMP is another issue, as quite few chemicals could be
used to dissolve PDMS. The derived products are considered difficult to recycle, which may further induce
environmental problems. In contrast, thermoplastic materials can be completely re-processed or re-molded.
Repeated molding could be done simply by rising the temperature to over their melting points. Therefore, the
permanent shapes of thermoplastics can be easily altered, which is much more convenient for reusing than
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thermosets. Moreover, due to the instability of the molecules, thermoplastics normally could be dissolved in
various chemical solutions for recycling. Thus, from the material processing and fabrication point of view,
thermoplastic materials are technically more convenient for mass fabrication in a cost-effective manner.

In this study, a thermoplastic rubber (TPR), which is commercially available and used by the footwear
industry for shoe sole fabrication, is hybridized with un-crosslinked polycaprolactone (PCL) to develop
thermoplastic SMPs for comfort fitting. Their SME and thermo-mechanical response relevant to quick shape
customization are characterized.

2 Material, Sample Preparation and Experimental

The TPR used in this study is a styrene-butadiene block copolymer (grade 1475) from LCY Chemical
Corporation, Taiwan. As received, the material is in pellet form. Such a material provides excellent wear
resistance and traction to the ground as well as high elasticity; thus is normally molded or shaped to fabricate
footwear outsole, especially for sports shoes.

The PCL used in this study is the same as that in [25], which shows the melting temperature range
between 50°C to 60°C according to the differential scanning calorimeter (DSC) results at two different
heating/cooling rates of 3 °C/min and 5 °C/min as presented in Fig. 1. As reported in [25], even without
cross-linking, PCL has excellent heating-responsive SME if programming is carried out at low temperatures.
The underlying mechanism is also revealed. Additionally, as we can see from Fig. 1, the crystallization
temperature range of this PCL is quite sensitive to the cooling speed, while no significant variation in melting
temperature is found in heating. It is also observed that the PCL is able to fully crystallize at room temperature
(around 23°C), if enough time is given.

25

Heating flow for heating rate of 10 °C/min (W/g)

0 20 40 50 80
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Figure 1: DSC results of PCL at two different heating/cooling rates of 3 °C/min (grey line) and 10 °C/min (black line).
(Reproduced from [25] with permission)

According to the technical data obtained from the manufacturer, the TPR has a melting flow index of
5 g/min at 190°C, which is much higher than the melting point of PCL. Thus, the mixing of TPR and PCL
should be conducted at around 190°C to ensure that both TPR and PCL are processible. Due to the equipment
limitation, a hot-compression machine was used for mixing of materials in the following steps.

Firstly, TPR and PCL pellets were weighted according to the desired weight ratio and mixed together
at room temperature (about 23°C). In the hot-compression machine, the pellets were heated to 190°C and
then compressed into a flat piece with around 1 mm thickness. After cooling down to room temperature, the
mixed piece was taken out from the machine and then manually cut into small squared pieces with around
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10 mm width. Subsequently, the small pieces were mixed together and then hot-compressed again as before.
Such process was repeated around ten times until no apparent interface between TPR and PCL could be
observed. The produced final sample was about 1 mm thick.

Two different weight ratios between TPR and PCL were selected in fabrication and the mixed hybrid
material was named TP. Table 1 lists the actual components of these two types of hybrids. As the matrix for the
hybridization, TPR contains 60% and 70% of weight ratio, while PCL inclusion occupies the rest. Samples,
namely TP6040 and TP7030, respectively, were produced accordingly for further experiments.

Table 1: Components of TP hybrids

Hybrid sample wt% of TPR  wt% of PCL

TP6040 60% 40%
TP7030 70% 30%

To determine the transition temperatures of the TPR, DSC test of it upon thermal cycling between 20°C
and 200°C at 5 °C/min were conducted using a Q200 DSC machine from TA Instruments (New Castle, DE,
USA) under nitrogen environment. Dynamic mechanical analysis (DMA) test was also done to reveal the
modulus change of the TPR using a Q800 DMA machine from TA Instruments (New Castle, DE, USA).
During the test, one-time heating from 20°C to 170°C was implemented at a temperature ramping rate of
5 °C/min.

DSC test of TP7030 was also conducted using the same DSC machine between 20°C and 200°C at
10 °C/min to reveal the transition temperatures of such TP hybrids.

To further verify the existence and observe the distribution of PCL inclusion in the TPR matrix,
microscopic images of TP7030 captured by a scanning electron microscope (SEM), namely Regulus8100
from Hitachi, Japan.

Dog-bone shaped samples were cut for the TPR, TP6040 and TP7030 for a series of uni-axial tensile
tests in the following steps. The dimensions of the dong-bone shaped samples follow ASTM D638 standards
(type IV) as shown in Fig. 2.
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s

Figure 2: Dimensions of the dog-bone shaped 1 mm thick sample (Unit: mm)

A Shimadzu (Tokyo, Japan) AG-10NX to 10kNXplus tensile tester with a 1 kN load cell was used to
conduct the cyclic tension to reveal the elasticity of the TPR. Five cycles were included with maximum strain
of 40%, 80%, 120%, 160% and 200% in each cycle. A strain rate of 10~%/s was applied throughout the entire test.

The same machine was used to conduct the uni-axial tensile fracture tests for the TP samples at a strain
rate of 107%/s at room temperature to reveal their actual stretching limits.
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Figure 3: Diagram of the shape memory cycle for TP6040 and TP7030 in this study (Reproduced from [26] with
permission)

According to Fig. 3 [26], the thermo-responsive SME cycle used in this paper contains basically six steps
to determine the body temperature programmable shape memory behavior of TP6040 and TP7030 samples,
which are as follows:

Pre-heat the sample to around 80°C;

Directly cool the sample to around body temperature (37°C);

Hold temperature and load sample to em of 30% or 100%;

Hold the strain for five minutes to ensure PCL inclusion is fully crystalized;
Unload the sample to free for strain fixing (denote strain as €,);

Reheat the sample to 80°C for recovery (denote strain as ¢,).

SR

The same tensile testing machine with a thermal chamber was used to conduct the shape memory tests at
a strain rate of 107%/s. To evaluate the shape memory performance, shape fixity ratio (R¢) and shape recovery
ratio (R;) are determined with the following formulas:

&1
Rp=-L 1
It ey
RFM 2)
&

The elastic performance of the previously programmed TP samples at room temperature was also
examined by uni-axial cyclic stretching to strains of 40%, 80%, 120%, 160% and 200% in ascend order. Same
as that in the fracture test, a strain rate of 107%/s was applied in both loading and unloading. Samples without
programming were also tested for comparison.

Cyclic tests at 37°C with ten cycles to 200% strain was applied at a strain rate of 10"!/s to investigate
the actual time needed for the completion of crystallization for the TP, and thus to find the time window
for fitting. Ten uni-axial tensile cycles to 200% maximum strain were applied at a strain rate of 10"!/s. The
unloading was then conducted to stress of 0.1 MPa for TP6040, while it is 0.01 MPa for TP7030.
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Note that herein unless otherwise stated, engineering strain and stress are used for strain and
stress, respectively.

A small TP6040 strip was used to demonstrate the shape memory performance near human body
temperature based on the procedure of shape memory cycle in Fig. 3. The strip sample was roughly 40 mm
long, 10 mm wide and 3 mm thick. Hot water at around 90°C was used for heating the strip sample. A SEEK

Thermal Compact Pro infrared camera was used to take photos with temperature information during the
entire shape memory cycle.

3 Experimental Results and Analysis

DSC and DMA results of the TPR are plotted in Fig. 4a,b, respectively. From DSC curves, it is clear that
a glass transition is observable between 60°C and 80°C upon heating while it is not apparent during cooling.
Similar conclusion is obtained from the DMA result. It can be seen that Tan Delta reaches its first peak at
around 80°C, which represents the glass transition while melting is not observed although it turns to rather
soft at high temperatures (low storage modulus). Therefore, we may conclude that the TPR is relatively stable
within a rather wide temperature range (between 20°C and 200°C), thus could be a suitable material as the
elastic component for the shape memory system.
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Figure 4: DSC (a) and DMA (b) results of TPR, and DSC result of TP7030 (c)
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The DSC curves of TP7030 is presented in Fig. 4c. We can see that the melting and crystallization
temperatures of TP7030 coincide with the ones obtained from DSC result of pure PCL (Fig. 1). Additionally,
we also observe that the trough upon melting is in segmented shape, consisting of a short plateau and then a
sharp valley, which is considered a kind of superposition phenomenon of the glass transition of TPR (short
plateau) and the melting of PCL (sharp valley). Hence, we may preliminarily say that no chemical interation
occurs between the two components. The hybridization between PCL and TPR is a physical process only.

The SEM photo of TP7030 is presented in Fig. 5. The existence of PCL inclusion in the TPR matrix is
highlighted using red dashed circles. As we can see, the PCL distributes nearly uniformly around within the
TPR. Tiny aggregation with average size less than 1 mm could also be found due to the limitation of the
fabrication method (multiple time hot-compressing). More uniform distribution results could be expected
if hot extrusion method is applied. The SEM result further verifies the hybridization between TPR and PCL
in this paper is a pure physical process (no chemical reaction occurring).

10.0kV 11.5mm'x

Figure 5: Typical scanning electron microscope (SEM) images of TP7030 with scale bar of 500 um (red dashed circles
indicate the existence of PCL inclusion)

Stress and strain curve of the cyclic tensile test of the TPR is presented in Fig. 6. As we can see, residual
strain of less than 20% with small hysteresis between loading and unloading curves is observed even after
the last cycle, which proves excellent elasticity of this TPR. Furthermore, the residual strain was found to be
tully recoverable after removing the sample from clamps.

Fig. 7 shows the stress vs. strain relationships under uni-axial stretching to fracture at room temperature
for both TP7030 and TP6040 samples. As we can see, TP7030 has a much higher stretching limit (fracture
strain around 560%), while that of TP6040 is only 330%, which is slightly more than half of that of TP7030.
Stretching to 300% strain should be mostly sufficient for the targeted application of comfort fitting. Besides,
the fracture stress of both types of TP is more than 3.5 MPa, which is higher than that of SPPM in [24].
Hence, this shape memory rubber is considered able to provide better support for wearable comfort fitting.

The stress vs. strain relationships of TP6040 and 7030 programming to 30% and 100% maximum strains
are presented in I'ig. 8. Each test was repeated twice. As we can see, both results of the same type of TP are very
close. Small fluctuation that represents typical yielding phenomenon in the stress vs. strain curve is observed
in all samples, which disappears upon strain is over 40% thereafter. The original (top piece), programmed
(middle piece) and recovered samples (bottom piece) of TP7030 and TP6040 are compared in Fig. 9. In
addition, during programming, the samples are much softer since the stress level is always below 0.4 MPa. It
appears that TP7030 sample is harder than TP6040 during programming, which is opposite to the result of
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fracture test in Fig. 7. Such an inconsistency is resulted from the softening of PCL when programming, and
thus TP7030, which has a higher weight ratio of TPR, becomes harder.
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Figure 6: Typical stress vs. strain relationships under uni-axial cyclic stretching at room temperature for TPR
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Figure 7: Typical stress vs. strain relationships of both TP6040 and TP7030 under uni-axial tension to fracture at room

temperature
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Figure 8: Typical stress vs. strain relationships of both TP6040 and TP7030 samples programming to 30% (a) and 100%
(b) maximum strains (“Ist” and “2nd” in legend are meant for two repetitions)

Figure 9: Shape memory behaviors of TP7030 programming to 30% (a) and 100% (b) maximum strains and TP6040

programming to 30% (c) and 100% (d). Top: original sample; middle: programmed sample; bottom: recovered sample.
The scale bar is for 10 mm

The shape fixity ratio and shape recovery ratio of all tested samples in Fig. 8 are calculated and
summarized in Fig. 10. As we can see, R¢ of all samples is always over 94%, which ensures good fitting for
wearing, while slight elastic recovery after programming is ideal to provide better wrapping for wearers.
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Excellent shape recovery is concluded for both TP7030 and TP6040 as R, of over 94% is also confirmed in
all samples.
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Figure 10: Shape fixity ratio and shape recovery ratio of TP6040 and TP7030 with &, of 30% and 100%, respectively.
(“Ist” and “2nd” in legend are meant for two repetitions)

Stress and strain results of the cyclic tension of the programmed TP6040 and TP7030 hybrids at room
temperature are presented in Fig. 11. The results show that hardening is slight in the samples with &, of 30%
(dash-dotted lines) for both TP6040 and 7030 in comparison with the un-programmed ones. Especially for
TP6040, no apparent difference is found after being programmed to &, of 30%. However, the samples with &,
0f100% (dashed lines) are apparently much harder during cyclic stretching. The residual strain in both types
of hybrids is almost the same for all samples as observed. Note that the residual strain in cyclic stretching is
mainly due to the deformation around the clamping area, which can be largely eliminated right after releasing
the samples from the clamps and can be fully removed upon reheating.

Fig. 12 reveals the actual time window for TP to complete crystallization at 37°C after being pre-heated to
80°C for full melting of PCL. As shown, solid lines and dotted lines represent TP6040 and 7030, respectively
(black for stress and grey for strain). With a fixed maximum strain of 200%, the residual strain keeps almost
the same from the second cycle onwards for TP7030, while it becomes stable after five cycles for TP6040. In
terms of stress, the peak stress is almost a constant in each cycle for TP7030 from the second cycle onwards,
while it keeps increasing in the first five cycles for TP6040. Hence, it may be concluded that the time window
for shape fixing at 37°C for TP6040 is around 80 s, while that for TP7030 is 50 s.

The demonstration of the body temperature programming and shape recovery of TPs is presented
in Fig. 13. A small strip made of TP6040 was used for the experiment. According to the shape memory cycle
in Fig. 3, the strip was initially put in hot water for heating to over 80°C as shown in (a;) and (b;). After
around 10 s the strip turned from opaque to translucent, which means the PCL inclusion was completely
molten so that we could take it out for cooling. After being cooled to around 40°C (a, and b,), the strip
was wrapped around human finger for shape fixing (a; and bs). The strip during shape fixing was shown

in (a4 and by). After approximately three minutes, it is removed from finger and the temporary shape was
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observed completely fixed (as and bs). As we can see, the strip turned from original flat shape to the curved
shape because of the programming by finger wrapping. The entire programming process was done at near
body temperature without any heat-induced uncomfortable feelings according to the infra photos, which
verifies the body temperature programmable feature of this kind of rubber. Upon being put back to hot water
again (ag and bg), rapid shape recovery within few seconds was observed and the recovered sample is shown
in (a; and by). It is clear that the sample fully returned back its original flat shape. Such a demonstration
supports the results from Figs. 8 to 10 very well, and also primarily proves the feasibility of using this rubber
for wearable applications.
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Figure 11: Typical stress vs. strain relationships under uni-axial cyclic tension at room temperature for both TP6040
(grey line) and TP7030 (black line) without programming (solid line) and programmed with 30% (dash-dotted line)
and 100% (dashed line) strain
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Figure 12: Stress and strain vs. time relationships of TP6040 and TP7030 for ten stretching cycles to 200% maximum
strain and then unloading to 0.1 MPa and 0.01 MPa for TP6040 and TP7030, respectively, at a strain rate of 10! /s at
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Figure 13: Demonstration of programming at around human body temperature and shape recovery using TP6040.
(a;) to (ay) represent TP6040 strip in hot water, upon cooling back to near body temperature, being programmed by
wrapping around finger, during shape fixing, during reheating in hot water for shape recovery, and after shape recovered,
respectively. (by) to (b;) are the corresponding infrared photos of (a;) to (ay)

4 Conclusion

TPR and PCL were heated and mixed together using two specific weight ratios to produce a thermoplas-
tic version of elastic shape memory rubber that could be programmed at near human body temperature. The
body temperature programmable shape memory behaviors of the materials were investigated for comfort
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fitting. The elasticity of samples with/without pre-programming was also examined at room temperature.
The results reveal good elasticity in the shape memory rubber before and after programming. Over 94% of
both shape fixity ratio and shape recovery ratio is confirmed for both weight ratios (TP6040 and TP7030),
which ensures not only excellent shape-fitting performance but also excellent shape recovery upon reheating.
A small amount of elastic recovery upon unloading is ideal to provide good wrapping for wearing comfort.
Furthermore, the time window for shape fixing at 37°C for the shape memory rubber is much shorter than
the silicone-based one reported in [24]. TP6040 with 80 s of fitting time at 37°C, seems a good candidate for
the shape memory comfort fitting applications.
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