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Abstract
Elastomers with environmental adaption have attracted considerable attentions for advanced
applications in various areas. Here, we fabricate an ambient environment adaptive elastomer by
assembling triblock copolymers polystyrene-b-poly(acrylic acid)-b-polystyrene (SAS) and polystyrene-b-
poly(ethylene oxide)-b-polystyrene (SES). Owing to microphase separation of triblock polymers and
hydrogen-bonding complexation of their middle segments, SAS/SES complex presents dichotomy of
vitri�ed hard PS domains and soft PAA/PEO domains which presents major relaxation transition in
temperature zone 10–30 ℃ and relative humidity (RH) 40% − 60%. SAS/SES elastomer presents quick
adaption to the ambient environment change with temperature and humidity coupling. Moreover, after a
loading-unloading cycle training, SAS/SES elastomer exhibits domain orientation, low energy dissipation,
high recovery ratio, and distinct strain stiffening compared with the pristine complex. SAS/SES elastomer
has potential to be used as sensing and adaption component for complicated intelligent systems.

1. Introduction
Elastomers are soft materials that can withstand large deformation without fracture and spontaneously
recover to original dimension after removing the stress.1, 2 For polymeric elastomer, there are �exible
segments that have enough mobility and present as random coil conformation with maximum entropy,
and the �exible chain segments are cross-linked, which prevent the permanent �ow and make the
elastomer obtain the elastic recovery.3, 4 Cross-linking strategies of elastomers include covalent bond,
dynamic covalent bond, and physical associations, such as hydrogen-bonding complex, electrostatic
aggregate, hydrophobic domain, and crystalline region.5–7 These elastomers are essential materials for
our daily lives and advanced applications, such as automobile tyre, medical device, footwear, sports
goods, space shuttle and satellite.8, 9

In living systems, the biological tissues show subtle adaption to surrounding environment and external
�eld.10, 11 For example, natural skin is initially soft and compliant while shows elastic modulus increasing
by several orders of magnitude in a narrow stretching strain change to prevent injury.12 Inspired by the
biological materials, tremendous endeavours have been doing to prepare elastomers with multi-
functionality and environment adaption.13–16 Walther et al. polymerized DNA mechano-probes into
elastomers to allow strain-induced �uorescence sensing.17 Sun et al. constructed robust elastomers with
damage resistance and self-healing capacity based on polyurethane (PU) containing
poly(dimethylsiloxane) (PDMS), polycaprolactone (PCL) segments and ion liquids doping.18 Sheiko et al.
prepared bottlebrush polymer which shows Young’s modulus declining from the GPa to kPa level at a
controlled temperature within 28–43 ℃.19 This materials has potential to be used as tissue adaptive
implants that can be inserted as rigid devices followed by matching the surrounding tissue mechanics as
a soft elastomer at body temperature.19



Page 3/18

Triblock copolymers are successful in developing thermoplastic elastomers, such as polystyrene-b-
polybutadiene-b-polystyrene (SBS) and polystyrene-b-polyisoprene-b-polystyrene (SIS).20, 21 Due to
microphase separation, the hard domains of side segments act as the cross-linking junction points while
the soft domain of middle segments provides the entropic elasticity. Sheiko et al. reported elastomers of
linear-bottlebrush-linear (LBL) triblock copolymer.22–24 In contrast to the traditional thermoplastic
elastomer of linear segment triblock copolymer, the LBL elastomer showed adaptive coloration and
tissue-like mechanical properties.24 Beyond single triblock copolymer, two different triblock copolymers
are associated together for complicated hierarchical structure construction and advanced functionality
design.25–28 For example, Hawker et al. synthesized two ABA triblock copolymers, one has positively
charged while the other has negatively charged side segments.25 Based on ionic coacervation of side
segments, two ABA triblock copolymers were self-organized in aqueous environment to form hydrogel.25

Polymer coacervation featured with electrostatic interaction or hydrogen-bonding is sensitive to the
environment changes and considered as the basic process analogous to nucleic acid and protein
association for genetic information transferring in cell.29–32 Tirrell et al. systematically studied the
properties of oppositely charged ABA triblock copolymers, including coacervation process, rheology
behaviours, hierarchical structures, and properties of the resulting hydrogels.26–28

Here, we fabricate an ambient environment adaptive elastomer by the strategy of integrating the micro-
phase separation and hydrogen-bonding complexation of two triblock copolymers (Scheme 1). Triblock
copolymers, polystyrene-b-poly(acrylic acid)-b-polystyrene (SAS) and polystyrene-b-poly(ethylene oxide)-
b-polystyrene (SES), are synthesized with controlled free radical polymerization. Poly(acrylic acid) (PAA,
middle segment of SAS) and poly(ethylene oxide) (PEO, middle segment of SES) can form hydrogen-
bonded complex which is sensitive to environment change.33–38 Owing to the microphase separation and
hydrogen-bonding complexation of middle segments, SAS/SES association presents the dichotomic
structures of hard PS domains and soft PAA/PEO hydrogen-bonded polymer complex domains. The hard
domains act as the crosslinking junction points and stabilize the whole framework of the material. At
room temperature with suitable humidity, SAS/SES complex shows rubber elasticity. By changing
temperature and humidity, the strength, stiffness, and toughness of SAS/SES complex can be �nely
tuned. Pre-drawing make the domain orientation of SAS/SES complex, and subsequently the elastomer
shows excellent resilience, low energy dissipation and obvious strain stiffening. SAS/SES elastomer
exhibits adaptivity to the ambient environment, and can be used as basic sensing and actuation units for
more complicated intelligent systems.

2. Results And Discussion
Triblock copolymers polystyrene-b-poly(acrylic acid)-b-polystyrene (SAS) and polystyrene-b-poly(ethylene
oxide)-b-polystyrene (SES) were synthesized by reversible addition fragmentation chain transfer
polymerization (RAFT) (Supporting Information, Scheme S1, Figure S1-S4). Four SAS samples are
marked as S10kA28kS10k, S10kA52kS10k, S10kA65kS10k, and S10kA120kS10k according to average molecular
weight of segments, and their polymer dispersity indexes (PDI) are 1.49, 1.57, 1.60, and 1.61 respectively
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(Table S1). One SES sample is expressed as S15kE40kS15k, and its PDI is 1.09 (Table S1). PS is neither

compatible with PAA nor PEO.39, 40 Here, Four SAS samples and one SES sample all have microphase
separation (Figure S5).

Table 1
SAS/SES complex samples

Sample Composition PS domain content (wt.%)

A1E S10kA28kS10k/S15kE40kS15k 42.1

A2E S10kA52kS10k/S15kE40kS15k 34.3

A3E S10kA65kS10k/S15kE40kS15k 32.2

A4E S10kA120kS10k/S15kE40kS15k 28.0

SES was associated with four SAS samples separately to prepared the complexes, as listed in Table 1.
The length of PEO segments of four SAS/SES complex samples is �xed, and the average polymerization
degree is 909. From A1E to A4E, PAA segment becomes long and the polymerization degree are 389, 722,
903, and 1667 in sequence. Due to the incompatibility of PS with PAA and PEO and the hydrogen-bonding
complexation of PAA and PEO, SAS/SES complexes present microphase separation structure, one
microphase is vitri�ed PS while the other is PAA/PEO complex (Scheme 1).

Fourier transform infrared spectroscopy (FT-IR) is applied to characterize SAS/SES complexes (Fig. 1a).
Spectra of SAS and SES are exhibited as reference. The C = O stretching vibration peak of COOH group in
SAS is at 1697 cm− 1, while this stretching peak is located at 1725 cm− 1 in SAS/SES complex. The C-O-C
stretching vibration peak of SES before and after association is located at 1102 cm− 1 and 1083 cm− 1

respectively. Hydrogen-bonding complexation of PAA segments from SAS and PEO segments from SES
make these IR adsorption differences before and after association.41, 42 Under scrutiny, the wideness and
shape of C = O and C-O-C IR adsorption bands of complex samples present variation because PAA
segments of SAS triblock copolymers have different length and their complexation with PEO have
different hydrogen-bonding degree.

Differential scanning calorimetry (DSC) curves of SAS/SES complexes are displayed in Fig. 1b. They all
present two glass transitions, one is from PAA/PEO complexation domain and the other is from PS
domain. Glass transition temperature (Tg) of PAA/PEO complexation domain (anhydrous state) is in the
temperature region 0–30 ℃. Tg of PS domain is located at temperature zone 95–100 ℃. PAA and PEO
have high-level miscibility owing to hydrogen-bonding. PAA/PEO complex only shows one Tg which is

located between − 60 ℃ (Tg of PEO) and 106 ℃ (PAA Tg).33, 43 Tg of PAA/PEO complex is dependent on

the composition: the higher PEO content has the lower Tg.35 Tg of PS domains of SAS/SES complexes
have small variation while those of PAA/PEO complexation domains increase as PAA segments become
longer. In addition, glass transitions of A3E and A4E are more manifested than those of A1E and A2E. It
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indicates that PAA segment length affect composition and size of the PAA/PEO domain and hence the Tg

shows the difference.

Small angle X-ray scattering (SAXS) is a classic tool to characterize microphase structure of polymer
materials.44 Basic microphase structures of symmetric triblock polymer (ABA type) are sphere, cylinder,
and lamellar.44–46 The highly ordered microphase structures with long distance correlation need stringent
requirements, such as narrow molecular weight distribution and external orientation �eld.47, 48 SAXS
results (Fig. 1c) re�ect the microphase separation of SAS/SES association, while microphase separation
structure is not highly ordered due to the molecular weight distribution of SAS samples are relatively
broad (PDI > 1.5) and no special external �eld applied to the pristine SAS/SES complexes.

Stress-strain curves of SAS/SES complexes are shown in Fig. 1d. The mechanical test is conducted at
room temperature RH 25%. A1E and A2E exhibit distinct yielding, strain softening, and orientation
hardening, like the behaviours of rubber-modi�ed plastics.49 Compared with A1E and A2E, A3E and A4E
have lower PS content. A3E and A4E show the rubber-like tensile behaviours with low modulus and
ultimate strain 600% (Video S1).

For commercially available thermoplastic elastomer, polystyrene-b-polybutadiene-b-polystyrene (SBS) or
polystyrene-b-polyisoprene-b-polystyrene (SIS), the PS weight fraction generally is less than 35%.20, 21 As
shown in Table 1, the PS fractions of A3E and A4E are less than 35%, �tting the requirement of hard
segment fraction of ABA triblock copolymer thermoplastic elastomer design. In A3E or A4E, PS forms
separated hard domain to link the continuous soft domain of PAA/PEO complex. PEO chain is �exible but
has strong capability of crystallization. PAA is amorphous polymer and its Tg is higher than 100 ℃.33, 35

At room temperature, neither PAA nor PEO show rubber-like elastic behaviour. However, the hydrogen-
bonded polymer complex of PAA/PEO exhibits as elastomer at room temperature with proper humidity.33,

36 The crystallization of PEO is restricted by hydrogen-bonding with PAA and the �exibility of PEO retains
in the complex matrix. Water molecules adsorbed from the ambient environment act as plasticizer, and
hence �exible PAA and PEO have enough mobility. Hydrogen-bonds act as dynamic cross-linking points
to prevent permanent �ow and obtain recovery force.2 PAA/PEO complex is stable in acidic environment
but will be dissolved in basic solution due to PAA ionization and hydrogen-bond breakage.50, 51 However,
A3E or A4E doesn’t dissolve in alkaline solution owing to the cross-linking of PS domain. Though not
dissolving in alkaline solution, the hydrogen-bonding between PAA and PEO segments in SAS/SES
association is destroyed. After treatment by NaOH solution (0.1 M), the extensibility and toughness of
SAS/SES complex greatly reduced (Figure S6). Therefore, hydrogen-bonding of PAA and PEO segments is
critical not only for microphase separation structure formation process, but also for the mechanical
properties of the resulting samples.

IR, DSC and SAXS characterization illustrate micro-phase separation and hydrogen-bonding
complexation in SAS/SES assembly systems. Mechanical test demonstrated that A1E and A2E mainly
present the behaviours of toughened plastics due to the relatively high PS fraction, while A3E or A4E with
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proper PS content has potential to use as elastomer in our daily life ambient environment. Among four
SAS/SES complexes, A3E shows the best length matching of PAA and PEO segments in the
complexation domain (Table 1), and the subsequently studies are focused on A3E.

Temperature and humidity are two major environmental factors. A3E is characterized by dynamic
mechanical analysis (DMA) with temperature scan and humidity scan separately. To demonstrate the
pure effect of temperature, the sample was dried in vacuum to completely remove water. The results of
DMA temperature scan are shown in Fig. 2a. The storage modulus begins to decrease at 0 ℃, and
decreases quickly at 10 ℃. The loss parameter (tan δ) shows a peak around 25 ℃, which is assigned to
the glass transition of PAA/PEO complexation domain. The glass transition detected by DMA
corresponds to the DSC result in Fig. 1b. The DMA humidity scan is exhibited in Fig. 2b. The storage
modulus decreasing initiates at RH 20%, and obviously declining appears at RH 40%. Tan δ begins to
increase at RH 20% and shows the peak at RH 55%. It indicates that humidity can induce the mechanical
relaxation like temperature. The comfortable living environment for human beings is the temperature
between 20 ℃ and 27 ℃, and RH 35% to RH 60%.52 The major mechanical relaxation of SAS/SES
complex soft domain is trigger either by temperature or humidity. If the environment variation with
temperature and humidity coupling, the mechanical relaxation will accelerate and become easy.

Tensile stress-strain curves of SAS/SES complex at different RH are shown in Fig. 2c. When treated by
vacuum dry, A3E exhibits high initial modulus and breaks at low strain. After incubated in RH 25%, the
mechanical behaviours of A3E are quite distinct from the vacuum dried one. A3E exhibits good
stretchability and its ultimate strain is about 600%. When RH elevated to 55%, A3E further softens, and its
initial modulus and ultimate strength both decrease whereas the ultimate strain increases. Further
increasing RH to 90%, A3E becomes extremely soft, and its elongation is high as 1200%.

A3E was incubated in RH 90% at 25 ℃ to obtain water uptake equilibrium, and then was tested under
tensile mode at the lower temperature points (10, -10, -20, -30, and − 40 ℃; Fig. 2d). As the temperature
decreased, the water in A3E will not lose. A3E shows rubber-like tensile behaviours until cooling down to
-20 ℃. At temperature − 30 ℃ or -40 ℃, A3E exhibits the brittle behaviour and breaks at very low strain.

The essence of humidity effect on SAS/SES complex is the interaction of the adsorbed water molecules
with the chain segments. The FT-IR spectra of the vacuum dried and the humidi�ed A3E are compared
(Fig. 3a). After humidi�cation, the IR peaks of water present, and both the C = O stretching vibration peak
of PAA and C-O-C stretching peak of PEO shift, demonstrating the interaction of water with PAA and PEO
segments.53, 54 The equilibrium water content in A3E is determined with TGA (Figure S7). The water
content as a function of the environmental humidity is shown in Fig. 3b. As humidity increases, there are
more water molecules adsorbed into A3E. In the SAS/SES complex, PS domain is hydrophobic while
PAA/PEO complex domain is hydrophilic. Therefore, water molecules are mostly involved into PAA/PEO
complex domain. Water molecules are plasticizers which can greatly enhance polymer chain mobility. Tg

re�ects the polymer chain mobility. DSC is a frequently used tool to characterize Tg. However, Tg of the
water involved system cannot be determined with general testing protocol which applies the �rst heating
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to high temperature to remove the processing history. Here, the samples are �rst cooled down to the low
temperature to avoid water losing and then heated to detect the glass transition. DSC curves of A3E
samples incubated with different humidity environment are shown in Fig. 3c. Tg of the vacuum dried A3E
is 25 ℃. As the humidity rises, the more water molecules will be adsorbed and Tg of A3E soft domain will
decline. Tg plotted with water content in A3E is shown in Fig. 3d. With 1.0 wt.% water content, Tg drops to
5 ℃. In the complex, water will not be frozen at temperature below 0 ℃ because the water molecules
have interactions with PAA and PEO segments and homogeneously distributed. In RH 90%, the
equilibrium water content is about 8.5 wt.%, and Tg descends to -25 ℃, which insures that A3E is in
rubbery state at room temperature.

The stepwise cyclic loading-unloading tests are performed at RH 25%, RH 55%, and RH 90% separately
(Fig. 4a). They all show recovery, energy dissipation, and residue strain. Good resilience under large strain
is a typical attribute of elastomer materials. The area between the loading-unloading curves in each cycle
is de�ned as the hysteresis area, which re�ects the capability of elastomer to dissipate energy.55 The ratio
between the hysteresis area and the area under the loading curve is referred as damping capacity.55 The
damping capacity for each stretch cycle of A3E at RH 25%, RH 55%, and RH 90% conditions are shown in
Figure S8. A3E exhibits the higher energy dissipation at RH 25% than at RH 55% and RH 90%. As humidity
increasing, more water molecules are adsorbed. Water molecules facilitate the chain mobility in the
hydrogen-bonded PAA/PEO domain, which makes the SAS/SES complex have better extensibility. As the
maximum strain of the loading-unloading cycle increases, the damping capacity will decrease whereas
the declining tendency becomes weak when the strain is above 300% (Figure S8). The stress-strain curves
of repeating loading-unloading cycles with the �xed maximum strain 300% are shown in Fig. 4b. In �rst
loading-unloading cycle, A3E shows large energy damping. However, in the following cycles, the loop
curves almost overlap and the energy dissipation is greatly decreased. SAXS patterns (Fig. 4c) show that
the pristine A3E has no domain orientation whereas after the �rst loading-unloading cycle, the orientation
presents and retains.

After pre-treatment of drawing to the strain 300%, A3E is retested with loading-unloading cycle mode, as
shown in Fig. 4d. The treated A3E has high elastic recovery and low energy dissipation compared with the
pristine A3E. The instantaneous elastic recovery is 99%, and damping ratio is about 30% (Fig. 4d) while
those of the pristine complex are 81% and 78% respectively. In addition, the treated A3E presents the
phenomenon of strain stiffening, which is the characteristic feature of natural elastomer skin that
providing a mechanism of self-protection for injury.23

In the nature, the pine cone responses to the environment humidity by opening its �aps to release the
seeds under favourable growth condition.11 It is found that SAS/SES complex strip can feel the
surrounding temperature and humidity variation and exhibit movement. As illustrated by Fig. 4e and
Video S2, the A3E strip will reversibly bend and swing to the other side when the �nger is close to it. With
the same operation, commercially available thermoplastic elastomers SBS or SIS strip do not show
swing. Different to SBS and SIS, the soft domain of SAS/SES association is hydrogen-bonded polymer
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complex which shows environmental adaptivity. As the �nger close to, there is humidity and temperature
gradient aside, and hence the different parts present different strength and stiffness, leading to the swing
of the strip.

3. Conclusion
In summary, with the association of triblock copolymers of SAS and SES, the ambient environment
adaptive elastomer can be fabricated. Owing to micro-phase separation and hydrogen-bonding
complexation of the middle segments, SAS/SES complex presents dichotomy of hard domains of PS and
soft domains of PAA/PEO complexes. The hard domains act as the junction points of continuous soft
domains, which make SAS/SES complex have stability and avoid permanent �ow. In contrast to the
traditional thermoplastic elastomers, SAS/SES complex shows adaptivity to the ambient environment.
Temperature and humidity gradient aside could produce the automatic swing of SAS/SES strip. The
extensibility, strength, stiffness, and toughness of SAS/SES elastomer can quickly adapt to the ambient
environment variation. After the training of the �rst loading-unloading cycle, the elastomer presents
domain orientation, excellent resilience, low energy dissipation, and strain stiffening. This ambient
environment adaptive elastomer has potential to be integrated for more complex autonomous and
intelligent material systems.

4. Experimental Section
Materials. Triblock copolymers polystyrene-b-poly(acrylic acid)-b-polystyrene (SAS) and polystyrene-b-
poly(ethylene oxide)-b-polystyrene (SES) were synthesized by reversible addition fragmentation chain
transfer polymerization (RAFT), and the synthesis processes were described in Supporting Information
(Scheme S1, Figure S1-S4, and Table S1). N, N-dimethylformamide (DMF, 99%, Greagent) dried over
MgSO4 with stirring for 24 h and distilled with vacuum line was used as solvent.

SAS/SES Complex. SAS and SES were separately dissolved in anhydrous DMF at concentrations of 10
wt.%. After completely dissolving, two solutions were mixed under strongly stirring for 12 h. The ratio of
middle segment repeat units of SAS and SES was controlled at 1:1 ([AA]/[EO] = 1:1). The mixed solution
was casted into Te�on mould. The solvent DMF was removed in a vacuum oven at 50 ℃ for over 48 h to
obtain the solid SAS/SES complex sample. The SAS/SES complexes prepared with different molecular
weight triblock copolymers are listed in Table 1.

Testing and characterization

Tensile testing. The tensile testing of SAS/SES samples was conducted on the universal mechanical
testing machine (UTM2103 Shenzhen suns technology Co., Ltd.) at room temperature (25 ℃) with
different humidity. The uniaxial tensile speed was 10 mm mim− 1. The humidity was controlled by the
environment-controlled-chamber. Besides single-loading-test, two cyclic tests were performed. One is
repeat the loading-unloading cycle with the maximum strain 300%. The other one is gradually increasing
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the tensile strain for loading-unloading cycle. At the �rst load the strain is 50%, then is with 50%
increment after each cycle, and �nally the strain increases to 600%.

Dynamic Mechanical Analysis (DMA). The measurement was conducted on TA Q800 machine containing
a humidity controlling accessory. For temperature scan, the sample was dried in vacuum before test. The
testing temperature increased from − 70 ℃ to 120 ℃ with 10 ℃ min− 1 heating rate. The humidity scan
was conducted from RH 0 to RH 90% at 25 ℃ with humidi�cation rate RH 2% min− 1. Either in
temperature scan or in humidity scan, the strain and the frequency were set as 0.1% and 1 Hz,
respectively. In addition, DMA was used to draw SAS/SES complex sample with equilibrium water uptake
in RH 90% at 25 ℃ to conduct tensile test below room temperature (10, -10, -20, -30, and − 40 ℃) with
stretching rate 10 mm min− 1.

Thermogravimetric Analysis (TGA). TA instrument (Discovery TGA 550) was used to determine the
equilibrium water content of SAS/SES complex in different humidity environment. The 4–5 mg SAS/SES
complex samples were incubated in humidity controlling chamber for 5 h to obtain water adsorption
equilibrium, and then measured with TGA machine immediately. The weight loss before 120 ℃ was used
to value water content in SAS/SES.

Differential Scanning Calorimetry (DSC). DSC was performed with TA Discovery DSC 250. Under nitrogen
atmosphere with a �owing rate of 50 mL min− 1, the heating rate and cooling rate were set as 10 ℃ min− 

1. The protocol to measure the glass transition temperature (Tg) of SAS/SES without water was: the
sample was dried in vacuum before test; increased temperature to 120 ℃ and kept for10 min to eliminate
the thermal history, cooled down − 70 ℃ and kept for 3 min, and heated from − 70 ℃ to 120 ℃ to detect
thermal events. To avoid water loss, the protocol to measure Tg of water containing SAS/SES complex
sample is different. The SAS/SES complexes incubated in different humidity environment was �rst
cooled down to -70 ℃, and then heated up to 120 ℃.

Small Angle X-ray Scattering (SAXS). SAXS patterns were collected at beamline BL16B1 of the Shanghai
Synchrotron Radiation Facility. The distance between the sample and detector was 1800 mm. The X-ray
wavelength was 0.124 nm and the exposure time was 30 s. The scattering intensity as a function of
scattering vector was obtained through radial integration of SAXS pattern with software Fit 2D.

Fourier Transform Infrared Spectroscopy (FT-IR). FT-IR spectra were conducted on a Bruker spectrometer
(Vertex 70) with a Single-Bounce ATR attachment. The samples were dried in vacuum oven at 50 ℃
expect for special characterization of humidi�ed sample.
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Figures

Figure 1

a) FT-IR spectra, b) DSC curves, c) SAXS curves, and d) stress-strain curves of pristine A1E, A2E, A3E, and
A4E. The triblock copolymers of SAS and SES are compared in FT-IR spectra. The tensile testing was
conducted at 25 ℃ and relative humidity (RH) 25%.
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Figure 2

a) DMA curves of A3E, the temperature scan. b) DMA curves of A3E, humidity scan at 25 ℃. c) Stress-
strain curves of A3E at different relative humidity (RH) conditions with tensile machine. d) Stress-strain
curves of A3E which were incubated in the environment of 25 ℃ and RH 90% to obtain water uptake
equilibrium then tested with DMA under stretching mode (maximum testing strain 300%) at the lower
temperature points.
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Figure 3

a) FT-IR spectra of dry A3E and humidi�ed A3E illustrate the effect of water molecules on the hydrogen-
bond. b) Water content of A3E at different RH conditions. c) DSC curves of A3E at different RH
conditions. d) Changes in Tg as the function of water content in A3E.
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Figure 4

a) Step cyclic loading-unloading curves of A3E at 25 ℃ but different RH conditions. Each cycle strain
increases by 50% and until reaches to 600%. b) Repeating loading-unloading curves of A3E with
maximum strain 300% at 25 ℃ but different RH conditions. A3E was stretched to 300% strain and
returned to the initial length, then conducted to the next cycle and training for several times to improve its
elasticity. The black curve is the �rst cycle. c) 2D SAXS patterns of pristine and after drawing A3E
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(elongation strain 300%). d) True stress-strain cyclic loading-unloading curves of A3E after training. e)
Scheme shows A3E strip will reversibly bend and swing when the �nger closes.
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