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Auxetic materials are appealing due to their unique characteristics of transverse expansion
while being axially stretched. Nevertheless, current auxetic materials are often produced by the
introduction of diverse geometric structures through cutting or other pore-making processes,
which heavily weaken their mechanical performance. Inspired by the skeleton-matrix structures
in natural organisms, here we report an integrated auxetic elastomer (IAE) composed of high-
modulus crosslinked poly(urethane-urea) as a skeleton and low-modulus non-crosslinked
poly(urethane-urea) as a complementary-shape matrix. Benefiting from disulfide bonds and
hydrogen bonds-promoted dual dynamic interfacial healing, the resulting IAE is flat, void-free,
and has no sharp soft-to-hard interface. Its fracture strength and elongation at the break are
increased to 400% and 150%, respectively, of the values of corrugated re-entrant skeleton alone,
while the negative Poisson's ratio (NPR) reserves within a strain range of 0-104%. In addition,
the advantageous mechanical and auxetic properties of this elastomer are further confirmed by
finite element analysis. The concept of combining two dissimilar polymers into an integrated

hybrid material solves the problem of the deterioration in mechanical performance of auxetic
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materials after subtractive manufacturing, while preserves the NPR effect in a large deformation,

which provides a promising approach to robust auxetic materials for engineering applications.
1. Introduction

Auxetic materials with negative Poisson's ratio (NPR) show unique characteristics of transverse
expansion while being axially stretched,[!l and their performance is generally regulated by
diverse geometric structural units rather than chemical compositions.[?®! This intrinsic feature
makes auxetic materials break through the cognitive limitation in mechanical properties of
conventional materials, thus being of great significance for basic research,*% engineering
applications,®] and people's daily life.° In recent years, benefiting from the rapid
development of advanced additive manufacturing technology and material reduction
technology, the research of auxetic materials has made outstanding achievements and realized
many counterintuitive performances that are rare or even non-existent in nature.!*4 For
example, Koohbor et al. reported auxetic elastomers with multi-scale NPR structures by
introducing orthogonal holes into the planar thermoplastic polyurethane, which exhibited
tailorable mechanical properties with spatial adjustment of perforations in the structure.®! Sun
et al. combined chiral structures with shape memory polymers to get auxetic elastomers with
specific memory performance.*®] However, the mechanical performance of these auxetic
materials including fracture strength and elongation at break are seriously deteriorated, once
they go through cutting or other pore-making processes to introduce geometric structures for
the achievement of NPR effect. To solve this issue, efforts have been made to explore strong
and tough elastomers with two strategies. The first strategy focuses on the formation of
additional dynamic forces, such as hydrogen bonding,™5¢! metal-ligand coordination,*":*¢ and
ionic interactions,*®! to reinforce elastomers. The second strategy incorporates functional
additives like nanostructured carbon,?2! metals,?? and low-melting-point alloyst?®! into
elastomer matrices to improve mechanical performance. Nevertheless, the materials with the
first strategy often suffer from low bond energy of reversible associations and cannot get
sufficient enhancement in mechanical properties as demanded.[??l On the other hand, the
independent components within the materials with the second strategy always bring about
inevitable interfacial problems.[?>21 Therefore, the development of alternative approaches to
endow elastomers with both robust mechanical properties and the NPR effect is a current hot
topic.

Nature is simple and efficient. Many organisms are hybrid materials created by multiscale

skeleton-matrix structures from hard and soft ingredients with complementary characteristics,
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showing attractive mechanical and functional features that are not accessible by their separate
components alone.?”2%1 For instance, stiff biological tissues such as nacre, bone, and sea sponge
exoskeletons are consisted of multiple hierarchical structures with alternative hard skeleton and
soft matrix from nanoscale to macroscale.**3!) These structures make the materials much
tougher than their main hard skeletons alone, yet without sacrificing strength and elongation.®?
Coincidentally, soft tissues including muscle, skin, and tendon display similar skeleton-matrix
structures by implanting hard collagen into a soft matrix across multiple spatial scales. In
these hybrid materials, the hard ingredients provide strong mechanical strength to against
deformation, and the soft components offer good toughness to resist fracture.*# The variation
in stiffness between alternative hard and soft structures is able to produce obstacles on interfaces,
which in turn hinder crack propagation by the deflection of cracks. More importantly, these
biological tissues are self-healable and their regenerative cells provide sufficient intercellular
forces to improve the binding between the hard and soft components and to prolong their service
life.31 It can be seen that self-healing is a kind of "zoetic" approach to constructing skeleton-
matrix auxetic materials with enhanced mechanical properties.

Inspired by nature, herein we employ the above skeleton-matrix structure design with auxetic
corrugated geometry in the skeleton to develop an integrated corrugated re-entrant elastomer
with the NPR effect. As depicted in Scheme 1a, the chemically crosslinked poly(urethane-urea)
(PTHF-4AD-DAHP) and the non-crosslinked poly(urethane-urea) (PTHF-4AD) are prepared
and used respectively as the hard skeleton and the soft matrix. In both crosslinked PTHF-4AD-
DAHP and non-crosslinked PTHF-4AD, the urea and urethane moieties provide abundant
donors and receptors to form multiple hydrogen bonds, that can ensure their elastic recovery,
toughness, and high fracture energy.%3"1 At the same time, disulfide bonds make the dynamic
bond exchange possible,[*8%°] endowing them with autonomous healing capacities.[*%4! After
cutting PTHF-4AD-DAHP into a corrugated re-entrant structure as a hard skeleton followed by
the complementary shape-filling of PTHF-4AD as a soft matrix, an integrated auxetic elastomer
(IAE) has been successfully obtained where the dual dynamic interfacial healing is achieved by
hydrogen bonds and disulfide bonds (Scheme 1b). The resulting IAE was a flat, void-free, and
continuous solid at the macroscopic level, and exhibited a tensile force of 92 N and the
Poisson’s ratio ranging from —0.13 to O in the process of stretching to 104%, which was further
confirmed by finite element analysis (FEA). The simultaneous achievement of high mechanical
strength, good defect tolerance, and unprecedented auxeticity was promoted by three major
factors: 1) the low-modulus matrix offered good ductility to withstand the large deformation
for stress dissipation, while the high-modulus skeleton together with the low-modulus matrix

3



WILEY-VCH

improved mechanical strength; 2) there were no interface problems between the skeleton and
the matrix because of the dynamic integration of multiple hydrogen bonds and disulfide bonds;
and 3) the rotation, bending, and stretching of the skeleton combined with the ductility of the
matrix endowed the IAE with adjustable NPR effect. This work solves the difficulties to
fabricate comprehensive auxetic elastomers with robust mechanical properties and the NPR
effect. The elaboration process of complementary shape-filling and dual dynamic interfacial
healing paves a way for automatic scaled-up synthesis of modular heterogeneous materials,

which can be engineered into advanced functional products for applications in metamaterials.
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Scheme 1. Elaboration of the integrated auxetic elastomer (IAE). a) Chemical structures of the
non-crosslinked PTHF-4AD and the crosslinked PTHF-4AD-DAHP. b) Schematic illustration
of the preparation of IAE by using the corrugated re-entrant PTHF-4AD-DAHP as the hard
skeleton followed by the complementary shape-filling of PTHF-4AD as the soft matrix through

dual dynamic interfacial healing.

2. Results and Discussion
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2.1. Structure characterization of PTHF-4AD and PTHF-4AD-DAHP

As illustrated in Scheme l1a and S1, the PTHF-4AD was synthesized by a two-step reaction
from hydroxyl-terminated polytetrahydrofuran (PTHF), isophorone diisocyanate (IPDI), and a
bifunctional chain extender 4-aminophenyl disulfide (4-AD), while the PTHF-4AD-DAHP was
polymerized from PTHF, IPDI, 4AD, and trifunctional chain extender 2,4-diamino-6-hydroxy
pyrimidine (DAHP). Accordingly, a hard segment in 4-AD-enriched region and a soft segment
in PTHF region were generated in PTHF-4AD. On the contrary, in PTHF-4AD-DAHP a hard
segment in 4AD-enriched region, a loose hard segment near DAHP domain, and a soft segment
in PTHF region were formed. Figure 1a showed the transmittance and brownish-yellow colors
for PTHF-4AD and PTHF-4AD-DAHP elastomers due to the existence of aromatic groups in
4-AD. The average transmission of PTHF-4AD-DAHP is over 90% in the visible range from
570 to 900 nm, higher than that of PTHF-4AD, because of the relatively low content of 4-AD
in PTHF-4AD-DAHP. Size exclusion chromatography (SEC) revealed that the molecular
weight (Mw) of PTHF-4AD was 80 kDa with a polydispersity index (PDI) of 1.95 (Figure S1,
Supporting Information). Gel content experiments indicated that PTHF-4AD-DAHP owned
high gel contents (> 90%) in common solvents (Figure S2, Supporting Information), proving
the crosslinked network structure of PTHF-4AD-DAHP. Attenuated total reflection Fourier
transform infrared spectra (ATR-FTIR) showed the absence of the characteristic peak of -NCO
in both PTHF-4AD and PTHF-4AD-DAHP, but the appearance of the stretching vibration of
carbony! groups of urethane and urea moieties at 1700 and 1650 cm™t (Figure 1b). Moreover,
the in-plane bending and stretching vibrations of N-H of urethane and urea units were observed
at 1536 and 3340 cm™ 1, respectively. All above results proved the complete polymerization in
both PTHF-4AD and PTHF-4AD-DAHP.

The thermal stability of both samples was studied by thermogravimetric analysis (TGA)
(Figure S3, Supporting Information). The initial thermal degradation temperature (Tsew%) was
284°C and 295°C for PTHF-4AD and PTHF-4AD-DAHP, respectively, showing their good
thermal stability. Besides, they exhibited two stages of weight loss, one at 300°C and another
at > 400°C. The first stage of the thermal decomposition occurred at 300°C with 10.5% and
14.4% weight loss because of the lower bond energy of disulfide bonds. The second weight loss
stage mainly involved the thermal degradation of fatty chains and aromatic rings in networks.
X-ray diffractions (XRD) was also performed and showed amorphous structure in both samples
(Figure 1c). The broad bump around 26 ~20° corresponded to an average lateral distance of
0.44 nm between polymer backbones. The absence of crystalline structure was also confirmed
by differential scanning calorimetry (DSC) (Figure S4, Supporting Information), where non-
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crystalline exothermic peak was observed. 1D, 2D small-angle X-ray scattering (SAXS) and
atomic force microscopy (AFM) images revealed the microphase separation in PTHF-4AD,
while no significant microphase separation structure was observed for PTHF-4AD-DAHP
(inset in Figure 1d and le; Figure S5 and S6, Supporting Information). This could be explained
by the restriction of chain mobility imposed by the crosslinked structure in PTHF-4AD-DAHP.
Dynamic mechanical analysis (DMA) demonstrated that the storage modulus decreased with
the temperature increase for both elastomers (Figure S7, Supporting Information). According
to Flory’s rubber elasticity theory, the crosslinking density (ve) of PTHF-4AD-DAHP networks
was calculated to be 624.96 mol m2.1424 The ratio of storage modulus over loss modulus
changed with the temperature and showed the occurrence of glass transition (Tg). Figure 1d and
1e showed the soft phase Ty (Tgs) in PTHF-4AD and PTHF-4AD-DAHP of —42 and —30°C,
respectively, and their hard phase Ty (Tgn) of —5 and 20°C. The relatively low Tgs and Tgn could
facilitate activation of disulfide bonds in hard segment phase and the healing efficiency of
PTHF-4AD and PTHF-4AD-DAHP. To quantify the hydrogen bonding in PTHF-4AD and
PTHF-4AD-DAHP, the peak fitting method was employed for signals in the region from 1620
to 1740 cm™ of ATR-FTIR spectra, which belonged to the stretching vibration region of C =
0.1 For PTHF-4AD, the disordered hydrogen bonds accounted for 7% (Figure 1f; Table S1,
Supporting Information), but it was up to 22% for PTHF-4AD-DAHP (Figure 1g; Table S2,
Supporting Information). The increase of the disordered hydrogen bonds was attributed to the
steric effect of DAHP that produced loose hard segments in PTHF-4AD-DAHP. Note that the
total content of hydrogen bonds for both PTHF-4AD and PTHF-4AD-DAHP was over 50%.
Upon heating from 30 to 140°C, the peak intensity representing N-H stretching vibration at
3349 cm ! for PTHF-4AD and 3339 cm™ for PTHF-4D-DAHP decreased partially, which
demonstrated the fracture of H-bonded N-H while keeping free N-H unchanged (Figure 1h and
1i). In brief, PTHF-4AD and PTHF-4AD-DAHP had high density of hydrogen bonds yet
different molecular chain conformations. Therefore, they exibited distinct mechanical

performance as will be discussed in the following section.
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Figure 1. Structure characterization of PTHF-4AD and PTHF-4AD-DAHP. a) Transmission
spectra in the range from 300 to 900 nm. Insets: optical photographs of PTHF-4AD and PTHF-
4AD-DAHP films on the top of BUCT logo (film thickness = 1 mm). b) ATR-FTIR spectra in
the range from 500 to 4000 cm™2. ¢) XRD patterns in 26 range from 10 to 60° with a scan rate
of 10° mint. Tan ¢ of d) PTHF-4AD and e) PTHF-4AD-DAHP as a function of temperature.
Insets: 2D SAXS (from 0.01-0.24 A% of q = 4n sin(0)/ ) image of PTHF-4AD and (from 0.01-
0.21 A? of q) image of PTHF-4AD-DAHP films. ATR-FTIR spectra and their fitting curves
of f) PTHF-4AD and g) PTHF-4AD-DAHP in the region from 1620 to 1740 cm™*. The heavy-
color parts were the fitting peaks of the disordered hydrogen bonds. Temperature-dependent
ATR-FTIR spectra of h) PTHF-4AD and i) PTHF-4AD-DAHP in the range of 3250-3450 cm™
upon temperature increasing from 30 to 140°C.

2.2. Mechanical and self-healing properties of PTHF-4AD and PTHF-4AD-DAHP

The mechanical behaviors of PTHF-4AD and PTHF-4AD-DAHP were comparatively
investigated by using an electronic tensile machine at a stretching rate of 100 mm min*. PTHF-
4AD-DAHP was highly stretchable with a maximum elongation of 778%, the fracture strength
of 15.2 MPa, and Young’s modulus of 9.4 MPa, which are all higher than those of PTHF-4AD
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(714%, 1.6 MPa, and 1.7 MPa) (Figure 2a; Figure S8, Supporting Information). The significant
differences in the fracture strength and Young’s modulus mainly came from the fact that PTHF-
4AD-DAHP was chemically crosslinked, but PTHF-4AD were not. Along with the robust
mechanical behavior, PTHF-4AD-DAHP owned high fracture energy of 71.3 kJ m~2 (Figure
2b), high enough to lift a load =1,0000 times heavier than elastomer itself (Figure S9a,
Supporting Information). To draw a relationship between stress distribution and fracture, the
FEA was employed to illustrate the mode of fracture notch, that is, the stress concentrated at
the crack and extended from it. Under this assumption, the higher the fracture energy, the
weaker the stress diffusion. Therefore, the high fracture energy of PTHF-4AD-DAHP provided
an obstacle to crack propagation (Figure S9b, Supporting Information), making it a high-quality
candidate as a strong and tough skeleton.

To investigate the self-healable capacity of PTHF-4AD and PTHF-4AD-DAHP, the
rheological measurements were first performed in alternate step strain mode with fixing the
frequency of 10 rad s* at 25°C. For PTHF-4AD, G’ showed a higher value than G*’ at 1%
strain, but drastically decreased below G’” when a 100% strain was applied. After the removal
of high strain and the utilization of a low strain of 1% again, the modulus was recovered with a
certain reduction (Figure 2c). These observations strongly demonstrated the good self-healable
capacity of PTHF-4AD. Similarly, the PTHF-4AD-DAHP displayed a quick recovery of G’
and G’’ under the alternate large and small strains (Figure 2d), despite its chemical crosslinking
structure. The self-healing efficiency of samples at macroscopic level was further evaluated by
using tensile tests. After self-healing at 25°C for 7 h, the self-healed PTHF-4AD exhibited
similar strength (1.6 MPa) and stretchability (695%) to those of the virgin sample (Figure le;
Table S3, Supporting Information). On the other hand, the fracture strength and elongation at
break of PTHF-4AD-DAHP were 14.8 MPa and 768% after self-healing at 25°C for 24 h, with
a recovery efficiency of 98% (Figure 2f; Table S3, Supporting Information). Besides the
satisfactory self-healing properties, PTHF-4AD and PTHF-4AD-DAHP were also recyclable
(Figure S10, Supporting Information). The fracture strength and elongation at break of the
recycled PTHF-4AD and PTHF-4AD-DAHP were 1.1 MPa, 798%, and 14.8 MPa, 804%,
respectively, with the recycling efficiency over 80%.

During above “network reconstruction” processes, disulfide bonds and hydrogen bonds
inside PTHF-4AD and PTHF-4AD-DAHP were considered to play a key role. The stretching
vibration peak at 472 cm™! in Raman spectra should be assigned to disulfide bonds (Figure 2g).
[61 As a kind of relative weak covalent bond, the exchange of disulfide bonds normally requires
less energy. Once S-S bonds were replaced with C-C bonds as illustrated in the control
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elastomers, namely PTHF-4ED and PTHF-4ED-DAHP, their self-healing efficiency declined
dramatically to only 74% and 59% (Figure S11; Table S4, Supporting Information),
demonstrating that disulfide bonds were crucial in this self-healing process, and the partial
reserved self-healing effect was attributed to the presence of hydrogen bonds. The self-adhesive
capacity of PTHF-4AD-DAHP was studied by AFM, as the free urethane and urea groups can
form hydrogen bonds with hydroxyl groups at the tip of AFM probe (Figure S12, Supporting
Information). The average adhesion force on fresh fractured interface was 32 nN (Figure 2h),
which was approximately 25% higher than that on the surface region (Figure 2i). This
observation suggested hydrogen bonds cut by fracture could self-reconstituted at the interface,
making adhesion force be an indicator to reflect the state of hydrogen bonds. Therefore, due to
the exchange of disulfide bonds and the recombination of hydrogen bonds, both non-
crosslinked PTHF-4AD and the crosslinked PTHF-4AD-DAHP exhibited efficient self-healing

performance at room temperature.
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Figure 2. Mechanical and self-healing properties of PTHF-4AD and PTHF-4AD-DAHP. a)
Tensile stress-strain curves of PTHF-4AD and PTHF-4AD-DAHP with a 500 N load cell at a
stretching rate of 200 mm min2. b) Tensile stress-strain curves of PTHF-4AD-DAHP with and
without notch (tensile rate 3 mm min™?). Alternate step-strain measurements of ¢) PTHF-4AD

and d) PTHF-4AD-DAHP at 25°C under a small strain of 1% and a large strain of 100% with
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a fixed frequency at 10 rad s*. Tensile stress-strain curves of e) the self-healed PTHF-4AD and
f) the self-healed PTHF-4AD-DAHP under different healing conditions. g) Raman spectra of
PTHF-4AD and PTHF-4AD-DAHP in the range of 400-700 cm™2. The distribution of adhesion
force on h) the freshly fractured interface, and i) the surface region of PTHF-4AD-DAHP. Insets

were the corresponding AFM mapping images (5x5 um?) for adhesion force measurements.

Then the ability to adhere PTHF-4AD to PTHF-4AD-DAHP was evaluated. A stripe of
PTHF-4AD stained with rhodamine B and a strip of PTHF-4AD-DAHP stained with coumarin
6 were put into contact at one egde. After a contact at room temperature for 24 h, the strips
healed together. The final integrated piece could undergo bending, spinning, and stretching
deformation without connection failure or interface peeling (Figure 3a). Fluorescence
microscopy images showed that the furrows between two stripes disappeared after 7 h, and then
the surfaces started to interpenetrate to each other until complete connection after 24 h (Figure
3b). During the integrating process, urea and urethane groups allowed for rapid formation of
multiple hydrogen bonds at the interface, while the presence of disulfide bonds imparted
additional dynamical exchange at the interface, synergistically constructing the integrated
material (Figure 3c). Additionally, the adhesive ability of PTHF-4AD to PTHF-4AD-DAHP
was further tested with a 180-degree peeling test. The maximum peeling strength was 442 N/m,
which was smaller than the real interfacial strength because of the cohesive failure (Figure S13,

Supporting Information).

a

Stretch

PTHF-4AD-DAHP

PTHF-4AD

PTHF-4AD-DAHP

Figure 3. The fusion of PTHF-4AD and PTHF-4AD-DAHP. a) PTHF-4AD and PTHF-4AD-
DAHP stripes fused to form a single piece that can undergo diverse deformations like bending,
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spinning and stretching. Scale bar was 1 cm. b) Fluorescence microscopy images showing the
inter-diffusion of rhodamine B-stained PTHF-4AD and coumarin 6-stained PTHF-4AD-DAHP
under ambient conditions. ¢) Schematic representation of the reformation of hydrogen bonds

and the exchange of disulfide bonds during the fusion.

2.3. Tensile deformation of PTHF-4AD-DAHP skeleton

The chemically crosslinked PTHF-4AD-DAHP was chosen as the material of the auxetic
skeleton in this research. The relationship between morphology and mechanical property was
first studied for a sample cut by laser into an auxetic skeleton with special topology structures
that should exhibit negative Poisson’s ratio in tensile mode. By virtue of FEA, the URES (unit
displacement), von Mises (stress distribution), and ESTER (equivalent strain) of the skeleton
structure with different parameters in the stretching process were first discussed to predict the
shape morphing and mechanical behaviors of element units. Among complex auxetic structures,
the re-entrant structure is a typical one where when the ribs are forced to move outward under
a tensile load in horizontal direction, it expands along the vertical direction. Compared with the
conventional re-entrant structure that had obvious stress concentration at the element junctions,
the corrugated re-entrant structure could disperse well the stress (Figure S14, Supporting
Information). Moreover, the “ABA” arrangement order of element units illustrated a more
uniform equivalent stress distribution (Figure S15, Supporting Information).

With the corrugated re-entrant structure of the “ABA” arrangement order in hand, three
geometric parameters for element units, including center angle a, chord length I, and beam
width w, were synergistically considered, as the dimensions of element units were particularly
important for the overall mechanical performance and auxetic effect. By setting the a of 90°
and the | of 5 mm, the corrugated re-entrant PTHF-4AD-DAHP-0.5, PTHF-4AD-DAHP-1.0,
and PTHF-4AD-DAHP-1.5 were fabricated with the w of 0.5, 1.0, and 1.5 mm, respectively
(Figure S16, Supporting Information). Tensile tests demonstrated that the fracture strength was
0.6, 3.2, and 4.0 MPa for PTHF-4AD-DAHP-0.5, PTHF-4AD-DAHP-1.0, and PTHF-4AD-
DAHP-1.5, respectively, accompanied with the elongation at break of 509%, 400%, and 326%
(Figure 4a), revealing the large reduction in mechanical performance compared with PTHF-
4AD-DAHP elastomer without motif-cutting in Figure 2a. The variation trend of elongation at
break was consistent with the simulation results in FEA, where the URES decreased with the
rise of w from PTHF-4AD-DAHP-0.5 to PTHF-4AD-DAHP-1.5 (Figure 4b). During the full
stretching process, their lateral strains were determined (Figure S17, Supporting Information),
and the corresponding Poisson's ratio (v) can be deduced in Figure 4c, where the NPR effect
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was observed over an extended strain window for these three skeletons. It is known that the
good auxetic behavior is guaranteed by the high value of NPR that remains valid in a large
strain range.[*l As such, PTHF-4AD-DAHP-1.0 was identified to have strong auxetic behavior
as the minimum v = —0.42 and strain range of NPR = 0-143%, while PTHF-4AD-DAHP-0.5
(vmin = —0.18 and strain range of NPR= 0-145%) and PTHF-4AD-DAHP-1.5 (Vmin = —0.38,
strain range of NPR = 0-123%) showed relatively weak auxetic responses (Figure 4d). FEA
results further confirmed that the stress concentration points reflected in von Mises of PTHF-
4AD-DAHP-0.5 and PTHF-4AD-DAHP-1.5 were clearly observed, while were less visible in
PTHF-4AD-DAHP-1.0 (Figure 4b), showing smooth and uniform distributed stress dispersion
throughout the stretching process.

Figure 4e intuitively showed the Poisson's ratio (v) from the original state to the elongation
of 50% in experiment and FEA. The value of v was —0.42, —0.38, —0.26, and —0.18 at a strain
of 10%, 25%, 40%, and 50% in experiment, quite close to the v value of —0.46, —0.37, —0.28,
and —0.22 under the same strain in FEA. Furthermore, the noise-free and smoother FEA data
made it possible to forecast and predict auxetic behaviors. As shown in Figure 4f, the model-
predicted trends and values resembled the experimental data, confirming the consistency from
not only negative Poisson’s ratio values but also strain range. Similar consistency between
experiment and simulation was also observed for PTHF-4AD-DAHP-0.5 and PTHF-4AD-
DAHP-1.5 by the evolution of Poisson’s ratio plotted with the applied tensile strain (Figure S18,
Supporting Information). Comprehensive considering the fracture strength, stress distribution,
NPR effect, and elongation range of the NPR window, PTHF-4AD-DAHP-1.0 was considered
as a suitable skeleton for preparing the integrated auxetic elastomer (IAE) in comparison with
the other structured PTHF-4AD-DAHP.
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Figure 4. Tensile deformation of PTHF-4AD-DAHP skeleton. a) Tensile stress-strain curves
of PTHF-4AD-DAHP-0.5, PTHF-4AD-DAHP-1.0, and PTHF-4AD-DAHP-1.5 with a 500 N
load cell at a stretching rate of 100 mm min™t. b) URES and von Mises of PTHF-4AD-DAHP-
0.5, PTHF-4AD-DAHP-1.0, and PTHF-4AD-DAHP-1.5 under the tensile mode in FEA. ¢)
Poisson's ratio of PTHF-4AD-DAHP-0.5, PTHF-4AD-DAHP-1.0, and PTHF-4AD-DAHP-1.5
as a function of axial strain, and d) the corresponding values of Poisson’s ratio and occurrence
strain range of NPR. e) Experimental and FEA screenshots of PTHF-4AD-DAHP-1.0 from the
original state to elongation of 50%. The rectangle dashed lines marked the shape morphing area.
) Experimental and FEA Poisson’s ratio of PTHF-4AD-DAHP-1.0 as a function of axial strain

in the full stretch process.
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2.4. Elaboration of integrated auxetic elastomers (IAE) and their mechanical properties
To remedy as far as possible the defect of mechanical behaviors of the PTHF-4AD-DAHP
skeleton with corrugated re-entrant structure without losing its auxeticity, an unprecedented
material preparation method was tried here. As depicted in Scheme 1b and Figure S19
(Supporting Information), PTHF-4AD-DAHP-1.0 skeleton, after being structured, was filled
by the shape-complementary PTHF-4AD. By healing at 25°C for 24 h under a pressure of 1
MPa, an integrated auxetic elastomer (IAE) with a skeleton-matrix structure was constructed.
The resulting IAE was flat, void-free, and had no sharp soft-to-hard interface (Figure 5a),
which revealed the complete healing. Tensile tests demonstrated that the incorporation of the
PTHF-4AD matrix significantly improved the mechanical performance of IAE (Figure 5b). The
IAE showed an extraordinary 5-fold increase in fracture strength (from 18 N of PTHF-4AD-
DAHP-1.0to 92 N of IAE) and a 1.5-fold increase in elongation at break (from 400% of PTHF-
4AD-DAHP-1.0 to 600% of IAE) (Figure 5c). Note that this skeleton-matrix IAE showed an
intriguing fracture behavior in the stretching process (Figure 5d). Firstly, it resisted most of the
applied stress until the rupture took place at the edge of the skeleton under a high strain of 510%
rather than fracturing globally (Stage 1). Upon further stretching to 525%, the stress was
transferred to the soft PTHF-4AD matrix to dissipate more energy, reflecting a slight increase
in stress from 80 to 84 N (Stage 2). Before the overall failure at the strain of 600%, other regions
of IAE sequentially deformed and ruptured with notch extension (Stage 3). Apparently, the
fracture of IAE occurred multiple times at different locations during the stretching process until
the complete failure (Stage 4). In the whole stretching process, the energy was dissipative from
small to large strains to enhance the toughness of IAE. Collectively, upon deformation of IAE,
the interconnected hard skeleton not only effectively bore load but also preferentially ruptured
to dissipate energy for avoiding stress concentration and resisting crack propagation, while the
soft matrix played a cushioning role in fracture, helping dissipate energy and improving the
overall mechanical properties of IAE. To further assess the elasticity and resilience of IAE,
cyclic tensile tests were carried out. The gradient energy dissipation in cyclic stretching with
increased strains and at different resting times under a strain of 200% verified the good
reliability of IAE when undergoing repeated deformations. Moreover, the 50 successive cycles
tests proved that the IAE possessed admirable fatigue resistance (Figure S20, Supporting
Information).

The lateral strain of IAE was recorded during the stretching process (Figure S21, Supporting
Information), and accordingly the Poisson's ratio was obtained (Figure 5e). The minimum v was
—0.12 and the NPR effect appeared within a wide strain range of 0-104%, slight lower than
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PTHF-4AD-DAHP-1.0. These experimental results were consistent with the simulation results
from FEA (Figure 5f). In addition, the stress distribution at the former stage of the stretching
process before the Poisson’s ratio of zero was analyzed by FEA (inset, Figure 5f). Under the
small strain, the stress distribution of IAE was uniform due to the initial restricted stress transfer.
As the increase of strain, the skeleton dominated the stress distribution to resist deformation,
while partial stress was shared by the matrix providing toughness to resist fracture.[¥! As a
result, the relatively uniform stress distribution of IAE avoided the danger of peeling caused by
sharp stress concentration between hard skeleton and soft matrix, thus ensuring the deformation
process and auxetic behavior of IAE. On the other hand, FEA simulation also confirmed the
improvement of mechanical properties as shown in Figure 5g. Under the same applied force as
the experiment, the displacement value of IAE decreased, according to the simulation, by an
order of magnitude (see contour plot of URES) compared with PTHF-4AD-DAHP-1.0 (Figure
4b), due to the constraint of PTHF-4AD matrix. Meanwhile, PTHF-4AD underwent the
extension deformation inside IAE (see ESTRN Contour Plots) while dispersing the stress of
PTHF-4AD-DAHP skeleton (see Mises Stress Contour Plots). On the basis of all experimental
and simulation results, it was concluded that the integrated low-modulus matrix dispersed the
stress that was originally concentrated on the skeleton. Consequently, the fracture toughness of

the final IAE was improved while maintaining the NPR effect of its skeleton.
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Figure 5. Integrated auxetic elastomers (IAE) with improved mechanical and auxetic properties.

a) Photographs of IAE and its interface after healing. b) Tensile force-displacement curves of
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PTHF-4AD-DAHP-1.0 and IAE, and c) the corresponding values of tensile force and
elongation at break. d) Photographs of the stretching process of IAE showing fracturing
behaviors including 4 stages. €) Poisson's ratio of PTHF-4AD-DAHP-1.0 and IAE as a function
of axial strain. f) Experimental and FEA Poisson’s ratio of IAE as a function of axial strain in
the full stretch process. Inset were stress distribution images during stretching to 100% in FEA.
g) URES, ESTRN, and von Mises of IAE under the condition of a stretching speed of 10 mm
min until the displacement of 125 mm. The color bar from red to blue indicated that the

simulated value was from high to low, thus qualitatively showing the deformation behavior and

stress and strain distribution.
3. Conclusion

In summary, we have synthesized a crosslinked poly(urethane-urea) (PTHF-4AD-DAHP) with
high modulus and a non-crosslinked poly(urethane-urea) (PTHF-4AD) with low modulus. Due
to their internal dynamic disulfide bonds and hydrogen bonds, both PTHF-4AD and PTHF-
4AD-DAHP exhibited efficient self-healing performance at room temperature. Taking PTHF-
4AD-DAHP as a corrugated re-entrant skeleton while PTHF-4AD as the shape-complementary
filling matrix, a bio-inspired integrated auxetic elastomer (IAE) with skeleton-matrix structure
was elaborated successfully through dual dynamic interfacial healing driven by disulfide bonds
and hydrogen bonds. The resulting IAE was flat, void-free, and had no sharp soft-to-hard
interface. Compared with the corrugated re-entrant skeleton, the IAE remedied the decline in
mechanical performance caused by subtractive manufacturing while retaining its auxetic
property. The fracture strength and elongation at the break of IAE were increased to 400% and
150% of the skeleton alone, while the IAE still reserved negative Poisson's ratio within a wide
strain range of 0-104%. Both experimental and FEA simulation results revealed that the
interconnected hard skeleton preferentially ruptured to dissipate energy for avoiding stress
concentration and crack propagation, while the integrated low-modulus matrix dispersed the
stress initially concentrated on skeleton. Consequently, the fracture toughness of the final IAE
was improved while maintaining the NPR effect of its skeleton. This work solves the difficulties
to fabricate comprehensive auxetic elastomers with robust mechanical properties and the NPR
effect. The elaboration process of complementary shape-filling and dual dynamic interfacial
healing paves a way for automatic scaled-up synthesis of modular heterogeneous materials,
which could be a promising approach to manufacturing mechanically robust auxetic elastomers
for the next generation of metamaterials. Certainly, due to the non-porous structure of 1AE, its

air permeability is weak compared with traditional auxetic structures with pores. This might
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limit potential applications of IAE that require breathability, such as in the area of wound
dressings and strain sensors. To solve this potential overcome, (1) the thickness of IAE can be
reduced; (2) some functional components can be added to increase the breathability; (3) the

direct contact area of IAE can be controlled when designing the devices.
4. Experimental Section

4.1 Synthesis of PTHF-4AD and PTHF-4ED. Initially, PTHF (16 g, 16 mmol) was charged
into a flask and heated to 60°C, and then IPDI (7.47 g, 33.6 mmol) and DBTDL (32 uL, 0.054
mmol) were added and stirred for 3 h. After that, the chain extender 4-AD or 4-ED in DMAc
was added, and the solution was stirred at 60°C for another 1 h. The resulting viscous solution
was poured into a Teflon mold and then moved into a vacuum oven at 80°C for 36 h and 100°C
for 12 h to remove the solvent. Lastly, the obtained product was transferred into a rectangular
mold with a thickness of 1 mm and placed on a plate vulcanizer at 100°C for 3 h to afford the
PTHF-4AD or PTHF-4ED elastomer."®!

4.2 Synthesis of PTHF-4AD-DAHP and PTHF-4ED-DAHP. Initially, PTHF (15 g, 15 mmol)
was added into a three-necked flask and heated to 60°C, and then IPDI (6.99 g, 31.5 mmol) and
DBTDL (30 uL, 0.05 mmol) were added and stirred for 3 h. Afterward, the chain extender 4-
AD or 4-ED and the crosslinker DAHP in DMSO were added into the solution and stirred at
60°C for another 1 h. The resulting viscous solution was poured into a Teflon mold and then
moved into a vacuum oven at 100°C for 36 h and 120°C for another 12 h to remove the solvent.
Finally, the obtained product was transferred into a rectangular mold with a thickness of 0.8
mm and placed on a plate vulcanizer at 120°C for 3 h to afford the PTHF-4AD-DAHP or PTHF-
4ED-DAHP elastomer.[*]

4.3 Elaboration of the integrated auxetic elastomer (IAE). Initially, as shown in Figure S19
(Supporting Information), the PTHF-4AD-DAHP elastomer was cut to the expected shapes.
After that, the same structure was applied to PTHF-4AD elastomer with a slightly higher height.

By filling the shape-complementary structure of PTHF-4AD matrix into the skeleton of PTHF-
4AD-DAHP, the final integrated auxetic elastomer (IAE) was obtained via the dual dynamic

interfacial healing process under a pressure of 1 MPa for 24 h.

Statistical Analysis

All data were obtained from at least three independent samples and expressed as the mean +

standard deviation (n = 3 for polymer characterization; n = 5 for mechanical studies).
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