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Herein, we report a novel hybrid auxetic foam (HAF) with high energy dissipation and self-healing properties
prepared by integrating shear thickening gel (STG) with auxetic polyurethane foam (APF). Due to the synergetic
action of shear thickening property of STG and the negative Poisson’s ratio of APF, HAF shows better impact
protection performance than APF and PU foam. The quasi-static compression test shows the energy dissipation
ability of HAF is around 4 times that of APF. The dynamic impact test demonstrates that the force reduction of
HAF increases by as high as 64 %, compared to APF. Notably, the force reduction improvement of the HAF is
much higher than other hybrid auxetic materials. It is also found that the peak force of HAF is reduced as the
amount of STG increases. Additionally, the peak force difference between HAF and APF becomes larger when
they are subjected to higher impact energies, due to the rate-dependent effect of STG inside the foam. The
Poisson’s ratio results for HAF with different STG content under low and high compression strain rates reveal
that the dimension of auxetic cell structures and STG content are required to be carefully designed to maximize
the synergistic effect of auxetic property and shear thickening property. Besides, HAF demonstrates self-healing
ability, allowing it to repair damage sustained during use and can be assembled like Lego blocks to make
structures with any irregular shapes. Our work provides ideas for the development of advanced auxetic materials,
with the potential to revolutionize a wide range of applications.

1. Introduction

Energy absorption and impact protection materials are increasingly
employed in various domains, including household, transportation,
sports, consumer electronics, occupation and military defense, to miti-
gate personal injuries or damages to valuable goods [1-5]. Among the
flexible impact protection materials, foam is widely utilized due to its
effectiveness in dissipating impact energy through the buckling and
collapse of its pore structures [6-8]. Researchers have found that
incorporating auxetic structures into foam leads to improved energy
absorption performance [9-13]. In conventional foam, the material at
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the impact site tends to flow away upon being hit by an object, resulting
in decreased density of the foam. Conversely, in foam with auxetic
structure, the material tends to flow towards the impact side, increasing
foam density and enabling it to absorb more impact energy. Despite this
densification effect, the energy dissipation capacity of existing auxetic
foams remains insufficient, which will hinder their application in fields
that require materials to effectively dissipate significant impact energy.
Several attempts have been made to improve the impact dissipation
performance of auxetic foam. For example, Eunyoung et al. reported a
MXene coated auxetic polyurethane foam, which can reduce the peak
force by 19.5 % compared to the auxetic foam [14]. Oh et al. studied the
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energy dissipation of graphene oxide-wrapped auxetic foam. Compared
with pristine auxetic foam, the hybrid auxetic foam incorporated with
two-dimensional graphene oxide showed 31 % higher in force reduction
[15]. Kim et al. tried to coat PLA film with a highly ordered honeycomb
concave micropattern on the surface of auxetic foam and found that
force reduction of this multi-dimension auxetic foam is improved by 39
% [16]. However, achieving high improvement in energy dissipation
performance of auxetic foam is still a challenging. Therefore, it is crucial
to develop new approaches to manufacture high-energy-dissipation
auxetic foam.

Shear thickening material is a non-Newtonian substance that dem-
onstrates a unique behavior of augmenting its viscosity and stiffness at
high shear rates. Shear thickening material has garnered significant
attention in recent years due to its potential applications in various
fields, including impact protection, body armor, and sports equipment
[17-19]. When incorporated into a composite material, shear thickening
material can enhance its energy absorption and impact resistance by
stiffening upon impact and reducing the transmitted force to the un-
derlying layers [20-25]. Nakonieczna et al. attempted to impregnate
auxetic polyester foam with shear thickening fluid (STF) and discovered
that the addition of STF to the auxetic foams increased force-absorbing
efficiency [26]. However, the liquid state of STF in the auxetic foams
leads to leakage problems, rendering it unsuitable for realistic applica-
tions. Parisi et al. reported an auxetic polyethylene foam infused with
shear thickening gel (STG), but their results indicated that the incor-
poration of STG caused a marginal reduction in peak impact force,
which due to the low and non-uniform levels of STG infusion in the
close-cell structures of auxetic polyethylene foam [27]. To date, the
development of auxetic foam with STG to achieve high energy dissipa-
tion has not been reported.

Foam materials with self-healing properties represent a significant
advancement in materials science and engineering due to their ability to
repair themselves when damaged, thereby enhancing their durability
and lifespan. The technology involved in developing self-healing foam
materials includes the incorporation of microcapsules containing heal-
ing agents, as well as the use of self-healing polymers such as shape
memory materials and reversible chemical bond polymers [28]. While
several types of self-healing foam materials, including polyurethane
foam, epoxy foam, silicone foam, and ethylene-vinyl acetate foam, have
been developed [29-32], the auxetic foam with self-healing property is
rarely reported.

In this study, we propose a novel hybrid auxetic foam with high
energy dissipation, achieved through the integration of STG with auxetic
polyurethane foam (APF). The open pore microstructure of APF facili-
tates successful penetration of STG through a dipping coating process.
The high energy dissipation performance of the resulting hybrid auxetic
foam is proved by the quasi-static compression test and the dynamic
impact test. The energy dissipation ability of the hybrid auxetic foam is
around 4 times that of APF. Compared with APF, the force reduction of
hybrid auxetic foam increases by as high as 64 %. The force reduction
improvement of the hybrid auxetic foam in this work is much higher
than other hybrid auxetic materials reported in literatures. We have
systematically studied the effect of STG content, impact energies and
compression strain rate on the energy dissipation performance and
Poisson’s ratio of the hybrid auxetic foam. The results indicate that the
energy dissipation performance of hybrid auxetic foam strongly depends
on the STG content and the dimension of auxetic cell structures, which
will affect the buckling behaviors of cell walls of the foam. Additionally,
this paper first reports a hybrid auxetic foam with a self-healing prop-
erty. The self-healable hybrid auxetic foam can repair damage sustained
during use and can be assembled like Lego blocks to make structures
with any irregular shapes. These features of the developed hybrid
auxetic foam make it a promising candidate for the development of
advanced and smart protection materials, with the potential to revolu-
tionize a wide range of industrial and commercial applications.

Composites Science and Technology 249 (2024) 110475

2. Materials and methods
2.1. Materials

Hydroxyl silicone oil (500 mm? s‘l, AR degree) and boric acid (99.9
%, Sigma Aldrich) were used to prepare shear thickening gel. Poly-
urethane (PU) foam (density = 0.016 g/cm®) was provided by Yong Jia
Foam Co., Ltd. Isopropyl alcohol and ethanol were purchased from
Sigma Aldrich.

2.2. Synthesis of shear thickening gel

The shear thickening gel (STG) in this paper was a derivative of
polyborondimethylsiloxane (PBDMS) and was prepared according to
literature [20]. First, boric acid and silicone oil were mixed and stirred
uniformly with a mass ratio of 1:20, followed by the mixture being
heated in an oven at 180 °C for 2 h. The STG was obtained after cooling
the mixture to room temperature.

2.3. Auxetic polyurethane foam preparation

The auxetic polyurethane foam was prepared according to previous
work [5]. The original PU foam was put in a home-made aluminum mold
with a triaxial compression ratio of 2.9. The mold was then put in an
oven for heating at 200 °C for 1 h, and finally cooled down to room
temperature to obtain auxetic polyurethane foam (APF). The thickness
of the auxetic polyurethane foam is 14 mm.

2.4. Preparation of APF/STG hybrid foam

STG were dissolved in isopropyl alcohol (IPA) medium to make STG/
IPA solution. APF was impregnated with this solution. To remove iso-
propyl alcohol, the samples were heated in an oven at 80 °C overnight.
STG contents in the foams were determined with the ratio of STG: IPA.
Three different APF/STG composites (APF/2STG, APF/3STG, APE/
6STG) have been fabricated. The three samples have different STG
content. For example, APF-2STG means that the weight of STG is two
times of APF.

2.5. Characterization

The morphology of the PU foam, APF and APF/STG hybrid foam was
characterized by SEM (TM3030Plus, Hitachi). The element mapping of
APF and APF/STG was acquired using a XFlash660 energy-dispersive
EDX detector (Bruker, Germany). A Fourier transform infrared spec-
trometer (FT-IR, PerkinElmer) was used to characterize the chemical
bonding states of the STG through an ATR mode from 4000 to 500 cm L.
The Poisson’s ratio measurement was based on video data acquired with
a high-speed camera (Qianyan Lang 5F01, Junda Hi-Tech Co., Ltd.)
during the quasi-static compression test conducted in the MTS Material
Testing System (Model: E43.104). The hysteresis stress—strain curves of
the foams were measured by a universal testing machine (LE3104, LiShi
(Shanghai) Instruments Co., Ltd.). The specimen size is 20mm x 20 mm
x 14 mm for the hysteresis test. The dynamic impact test was carried out
by a drop weight tester (L223, LiShi (Shanghai) Instruments Co., Ltd).
During the process, the drop hammer weighed 2.5 kg fell from different
heights to strike the sample with different impact energy. The surface
resilience of the foams was tested according to the DIN 53512 standard
using a resilience testing machine (HD-F754, Haida International
Equipment Co. Ltd.). DMA (Q800, TA Instrument, USA) was performed
at a mechanical dynamic analysis frequency between 0.01 and 100 Hz.
The rheological properties were determined using a strain-controlled
rheometer (HR20, TA Instrument, USA). Abaqus/Explicit solver was
employed for calculation of the deformation. The prototypes for the FE
model validation were printed by 3D printer (Raise3D Pro3). For the
self-healing performance evaluation, the APF/6STG sample was cut into
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two pieces and put together at different temperatures, tensile tests were
carried out to determine the tensile strength of sample before and after
the self-healing process.
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3. Results and discussion
3.1. Fabrication and characterization of APF and APF/STG hybrid foam
The fabrication of APF/STG hybrid foam using a dipping-coating

method is schematically shown in Fig. 1a. STG needs to be diluted
with organic solvents to decrease its viscosity and thus it can be easily
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Fig. 1. a) Fabrication schematics of APF/STG hybrid foam. b) Optical images showing the positive Poisson’s ratio of PU foam and negative Poisson’s ratio of APF. c)
Comparison of Poisson’s ratio of the pristine PU foam and APF. d) Optical images showing the rate-dependent viscoelastic property of STG. e) Storage modulus and
loss modulus of STG as a function of shear frequency ranging from 0.01 to 100 Hz. f) FT-IR spectra of APF, APF/2STG, APF/3STG and APF/6STG (code name: APF/
2STG means that the weight of STG is two times of APF). g) SEM and EDX elemental mapping images of APF, APF/2STG, APF/3STG and APF/6STG.
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diffused into APF. Micro-computed tomography (u-CT) provides non-
destructive images (Fig. S1) for internal micro-structures of the APF
and APF/STG hybrid foam. The thicker thickness of the cell walls of
APF/STG hybrid foam in Figs. Slc—e indicates the STG is successfully
coated on all skeletons of APF. Fig. 1b shows the picture of PU foam and
APF after triaxial thermal compression. The color of sample is changed
may be due to the thermal degradation during the high temperature
heating process. At 70 % tensile strain, it is found that the width of PU
foam becomes smaller while that of APF becomes larger, showing APF
has negative Poisson’s ratios. Fig. 1c presents the Poisson’s ratio as a
function of the compression strain and tensile strain for PU foam and
APF. The APF exhibits a negative Poisson’s ratio as low as - 0.5 and the
Poisson’s ratio will become larger as the compression strain or tensile
strain increases. This finding of the strain-dependent Poisson’s ratio of
APF agrees well with others [13,33]. Fig. 1d and Fig. S2 show the
rate-dependent mechanical behavior of STG. When STG is stretched
slowly, it can be easily deformed and displays soft and ductile behavior.

However, STG exhibits rigid behavior under fast stretching and shows

brittle fracture. Upon rapid compression of STG, the compression

strength of the material exhibits a significant increase when compared to

that observed at low compression rate. For instance, as depicted in

Fig. S2, the compression strength of STG under high compression rate is

0.07 MPa at a compression strain of 0.2, which is approximately 35

times greater than that observed at low compression rate. Fig. 1e is the
logarithmic curves of storage modulus and loss modulus of STG at shear
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frequency increasing from 0.01 to 100 Hz. The storage modulus of STG
increases with the increase of shear frequency, revealing that STG has
shear-hardening effect. The storage modulus of STG becomes larger than
the loss modulus when the shear frequency exceeds the critical value of
around 3 Hz, showing the status transition of STG from viscous to elastic.
For the FTIR spectroscopy of APF and APF/STG hybrid foam as shown in
Fig. 1f, APF/STG hybrid foams (APF/2STG, APF/3STG and APF/6STG)
show three additional characteristic absorbance peaks for B-O at 863
cm™!, Si-O-Si at 1009 cm™! and Si-O-B 1340 cm™!, indicating STG
exist in the three samples [34,35]. SEM images (Fig. 1g) show that STG is
coated on the skeletons of APF. The EDX mapping of chemical elements
confirms that three samples (APF/2STG, APF/3STG and APF/6STG)
contain silicon elements, which prove that STG is successfully coated on
APF. As the STG fraction increases, we can see that the silicon elements
areas become larger.

3.2. Mechanical properties and anti-impact performance of APF/STG
hybrid foam

The quasi-static compression hysteresis test and dynamic impact test
have been used to further evaluate the energy dissipation performance
of APF/STG hybrid foam. For the compression hysteresis test, the
dissipated energy can be determined by the area enclosed between
loading and unloading curves [36]. Fig. 2a shows the stress-strain hys-
teresis curves of APF and original PU foam. Three repeated tests for each

a C
504 ——APF —— APF
F ——— PU foam | —— APF/2STG
) —— APF/3STG .
< 404
= — ApresTG | Height
& controller
5 304
g
% 204 Dissipated energy
g
S 10
0+ T i i
00 01 02 03 04 05 06 07 08 00 01 02 03 04 05 06 07 08 Drop weight impact system
d Strain (mm/mm) Strain (mm/mm)
25 € f
—— APF-10J APF-15) 504 —— APF-20]
Z 201 e i L —— APF/2STG-15] | —— APF/2STG-20]
g —APF?SSTG-IOJ Z 3. APFASTG-151 | & 49 —— APE/3STG-20]
5 —— APF/6STG-10J 3 APF/6SIG-15] | 3 —— APF/6STG-20]
S 15 S 5
24 [ o
30
3 % 204 3
£ 0] £ £ ]
£ 0
E s = & 10-
0 i T T 0 r : v 0 T T T
0 1 2 3 4 0 1 3 4 0 1 2 3 4
Time (ms) Time (ms) Time (ms)
g3s h . 80
v —=— APF 50 T"TAPF .
“ . S APE/2ST ~
3.04 APF/2STG : s na * This work (64%)
g —+— APF/3STG —*— APF3STG . s 604
= a —v— APF/6STG ~ 40 v APF/6STG Es £
&5 N N ] é A E
3 PR L £ i |
k| . g 30 2% Ref 16
3 2.0 © v gz ; . 9.09
g . A % & Z,0l Rgf';f Ref. 37 Ref. 15 39-0%)
E is . S s 209 - B ) % E Ret 14 O3 (29.4%) 310%)
. . . o . (19.5%) Ref. 27
. ' 104 o 0 . ((W')
1.0 . . : T , : . -
10 15 20 10 15 20 MXene  STF STG GO PLA
Tmpact Encrgy (J) Impact energy (J)

Fig. 2. a) Compressive stress-strain curves of PU foam and APF. b) Compressive stress-strain curves of APF, APF/2STG, APF/3STG and APF/6STG. The inset gives the
comparison of energy dissipation of PU foam, APF, APF/2STG, APF/3STG and APF/6STG. c) Drop weight impact test machine. d-f) Transmitted force-time curves of
APF, APF/2STG, APF/3STG and APF/6STG under 10 J, 15 J and 20 J, respectively. g) Impact time of APF, APF/2STG, APF/3STG and APF/6STG under 10 J, 15 J and
20 J, respectively. h) Peak force of APF, APF/2STG, APF/3STG and APF/6STG under 10 J, 15 J and 20 J, respectively. i) Comparison of force reduction improvement
of hybrid auxetic materials with different functional materials of MXene, STF, STG, GO and PLA.
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sample are conducted to ensure the reliability of our experiment. The
original PU foam exhibits a classical stress-strain curve with a plateau
region under quasi-static compression. However, the stress-strain curve
of APF does not show plateau region since the ribs of APF are already
curved inward and they will bend inward further rather than buckle
under compression. It is also found that the stress-strain curves (Fig. 2b)
of APF/STG hybrid foams (APF/2STG, APF/3STG and APF/6STG) still
don’t have plateau regions. As shown in Fig. 2b, the area of hysteresis
loop will become larger as the increase of STG content in APF/STG
hybrid foam, reflecting that the energy dissipation capacity would be
improved. The calculated energy dissipation of PU, APF, APF/2STG,
APF/3STG and APF/6STG at 70 % compression strain is summarized in
Fig. 2b. It can be seen that the average energy dissipation value of APF
(5.1 kJ/mB) is 6.4 times higher than that of the original PU foam (0.8
kJ/m®>), and the average energy dissipation value of APF/6STG (19.5
kJ/m®) can reach to 24.4 times of the original PU foam. This indicates
that the incorporation of STG can greatly improve the energy dissipation
performance of APF. The high energy-dissipation APF/STG hybrid foam
can be widely used for impact protection in the fields of sports, elec-
tronics, defense, industry, and aerospace. The drop weight impact sys-
tem which complies with impact testing standard of ANSI/ISEA 138 is
used to evaluate the safeguarding property of the APF/STG hybrid foam
(Fig. 2¢). A drop hammer with a weight of 2.5 kg is used for the impact
test. The samples are placed on the top of anvil and the transmitted force
can be measured by the underneath force sensor. The impact energy can
be adjusted by the height controller which can determine the height of
hammer. As shown in Fig. 2d, under the impact of 10 J, the peak force of
APF reaches 19 kN. While for samples APF/2STG, APF/3STG and
APF/6STG, the peak forces reduce to 16 kN, 10 kN and 6.8 kN,
respectively. It indicates that STF coating on APF attributes to more
effective attenuations of impact forces and APF/6STG composite can
reduce the peak force by as high as 64 % compared to APF foam. Under
higher impact energies of 15 J and 20 J, it is also found that the higher
content of STG is, the lower the transmitted force of the APF/STG hybrid
foam (Fig. 2e—f). Notably, it is found that the force-time curves of APF,
APF/2STG, APF/3STG and APF/6STG show shoulder peak rather than
narrow force plot with single peak, which is caused by the auxetic ge-
ometry of microstructures of these samples. The broader peaks of
force-time curves indicate that the materials can dissipate impact force
over a longer timeframe, leading to lower peak force. As shown in
Fig. 2g, the impact time of the APF/STG hybrid foams are larger than
APF at the same impact energy. For example, under the impact energy of
10 J, the APF/2STG, APF/3STG and APF/6STG present impact time of
2.42ms, 2.68 ms, 3.33 m s, which is longer than that of APF (2.18 ms).
As shown in Fig. 2h, the effect of STG content of the composite has been
studied. Under the three impact energies of 10 J, 15 J and 20 J, it is
found that the APF/STG hybrid foam could perform better impact pro-
tection and low peak force with more STG addition. Furthermore,
Fig. 2h also indicates that when the impact energy increases, the dif-
ference between the peak force becomes larger, which indicates that
APF/STG hybrid foam shows higher energy dissipation under high-rate
stimuli. Additionally, we find that the force reduction improvement of
the developed APF/STG hybrid foam in this work is much higher than
other hybrid auxetic materials reported in literatures [14-16,26,27,37]
(Fig. 2i-Table S1). By integrating the auxetic structures with functional
materials such as MXene, STF, graphene oxide (GO) and PLA, the highest
improvement in peak force reduction can only reach to 39 %. However,
with the help of STG as functional additive, the APF/STG hybrid foam
shows 64 % more peak force reduction, decreasing the peak force of APF
from 19 kN to 6.8 kN. Although Parisi et al. [27] and Wu et al. [37] also
used the STG to treat the auxetic polyethylene foam and auxetic Kevlar
skeleton, the performances in force reduction were not good, which may
be caused by the mismatch of STG content and auxetic structure.
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3.3. Dynamic properties and Poisson’s ratio of APF/STG hybrid foam

To study the mechanism for the enhanced energy dissipation of APF/
STG hybrid foam, the dynamic properties of APF/STG hybrid foam have
been investigated by ball rebound tester, dynamic mechanical analysis
(DMA) and finite element analysis. In addition, the Poisson’s ratios of
APF/STG hybrid foams with different STG content under slow
compression strain rate (5 mm/min) and high compression strain rate
(500 mm/min) have been compared. Fig. 3a is a schematic diagram of
the ball rebound tester. A steel ball with diameter of 16 mm is dropped
from a given height, and the percentage of rebound height is a mea-
surement of resilience. The high resilience implies the high level of
elastic behavior of the material. It can be seen from Fig. 3b that the
average resilience of APF/STG hybrid foams is higher than that of APF.
For example, APF/6STG has resilience of 27.5 %, which is around two
times of that of APF (14.3 %). In addition, the resilience of APF/STG
hybrid foam will become larger with the increase of STG content in APF.
The result is in accordance with the DMA result as shown in Fig. 3c,
which indicates that the higher STG content in APF will result in larger
storage modulus especially at higher compressive frequency. The in-
crease of loss modulus of APF/STG hybrid foams (as shown in Fig. 3d)
compared to APF is due to the present of STG. Fig. 3e indicates that the
loss factor (the ratio of the loss modulus to the storage modulus) values
of APF and APF/STG hybrid foam experience decrease-increase process
versus the frequency, which is likely due to the synergistic action of rate-
dependent property of STG and densification effect of APF. Fig. 3h
shows the molecular structures of STG under different compression
strain rates which can describe the rate-dependent property of STG. The
STG contains several molecular chains and B-O dynamic bonds. When
compression stress is applied at a slow rate, molecular chains have
enough time to relax and the B-O dynamic bonds are easy to break, thus
STG exhibits soft behavior and can be compressed easily. However,
under high compression strain rate, the dynamic B-O bond cannot have
enough time to break. Therefore, they will lock and hinder the slippage
of molecular chains in a short time. Thus, STG becomes stiff and hard to
compress. Based on the results of resilience testing and DMA, we can
prove that the high storage modulus of STG under high frequency helps
APF/STG hybrid foam possess enhanced force attenuation performance.
It is interesting to study the effect of STG on the Poisson’s ratio of APF/
STG hybrid foam since no literature reports this topic at present. The
Poisson’s ratios of APF/2STG, APF/3STG and APF/6STG are measured
under different compression strain rates (5 mm/min and 500 mm/min).
As shown in Fig. 3f, under the low compression strain rate of 5 mm/min,
the three APF/STG hybrid foams (APF/2STG, APF/3STG and APE/
6STG) exhibit a negative Poisson’s ratios as low as - 0.2 and still have
negative Poisson’s ratios at the compression strain of less than 50 %.
However, it is notable that the Poisson’s ratios of APF/3STG and APF/
6STG change to positive values while APF/2STG still have a negative
Poisson’s ratio under high compression strain rate of 500 mm/min
(Fig. 3g). The results indicate that the high STG content in APF will
affect the buckling behaviors of cell walls of the foam. To explain the
above finding, a simplified model has been built to study the micro-
structure deformation of APF, APF with low and high content of STF
under different compression strain rates, using commercial software
ABAQUS. In this simulation, the material performance of PU was
described by the Mooney—Rivlin hyperelastic constitutive model. The
elasticity of STG was simulated using the isotropic elasticity model with
a modulus of elasticity of 0.5 MPa under low compression strain rate and
1000 MPa under high compression strain rate, respectively. The simu-
lation results are presented in Fig. 4. As shown in Fig. 4, for APF, under
slow and high compression strain rate, the ribs in the reentrant struc-
tures, which are already curved inward, will bend inward further. For
APF with low STG content, the ribs will continue to inward even under
high compression strain rate since the stiffed STG are still on the surface
of ribs and the left part doesn’t contact with the right part thus it doesn’t
provide resistance to affect the movement of ribs. However, for APF with
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high STG content, STG in the left part contacts with the right part. Under
low compression strain rate, the STG is in soft state and can flow into the
gap of the reentrance structures, thus STG will not affect the inward
movement of the ribs. Under high compression strain rate, the STG will
become rigid, and it will prevent the ribs from inward thus the com-
posite will lose negative Poisson’s ratio effect. The simulation results are
further substantiated by experimental data, wherein prototypes with
identical dimensions as the simulation models are subjected to diverse
compression rates. As demonstrated in Fig. 4, it is observed that the
experimental results generate a response that is analogous to that of the
finite element models. This finding provides insights to design high
energy dissipation materials which have auxetic cell structures and are
incorporated with STG. The dimension of auxetic cell structures and the
content of STG should be carefully controlled to maximize the syner-
gistic effect of auxetic property and shear thickening property.

3.4. Self-healing behavior of APF/STG hybrid foam

Besides the high energy dissipation performance, the APF/STG
hybrid foam is found to have self-healing property. The self-healing
process of APF/STG hybrid foam is depicted in Fig. 5a. The sample
APF/6STG is cut into two pieces separately. After pressing for a while,
the two broken pieces can adhere with each other. The sample after self-
healing could withstand a weight without falling apart. As for the tensile
test (Fig. 5b), the tensile stress of the self-healed sample with healing
process at 120 °C for 1 h is higher than that of self-healed sample at 80 °C
and RT. Fig. 5c indicates that the viscosity of STG will decrease greatly

a
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when it is heated at high temperature. The low viscosity of STG and the
reversible B-O dynamic bonds in STG will endow APF/STG with good
self-healing property. Fig. 5d shows the tensile stress of APF/6STG is
around 17.4 kPa after self-healing at 120 °C for 12 h, which means that
its mechanical strength recovers around 20 % after healing compared to
the pristine APF/6STG. Fig. Se presents the SEM images of the healed
crack area of APF/6STG after undergoing a self-healing process at
120 °C for a duration of 12 h. The images reveal that the STG present in
the crack area exhibits a cohesive movement and reattachment to each
other, while the APF skeletons remain fractured. Fig. 5f illustrates that
the self-healed APF/6STG hybrid foams retain a negative Poisson’s ratio
as low as —0.2 when subjected to low compression strain rates of 5 mm/
min. However, the Poisson’s ratios of self-healed APF/6STG change to
positive values when exposed to high compression strain rates of 500
mm/min. It is worth noting that the Poisson’s ratios of self-healed APF/
6STG are slightly reduced when compared to those of APF/6STG before
self-healing, as depicted in Figs. 3f and 5f. The APF utilized in APF/6STG
is fabricated at a high conversion temperature of 200 °C for 1 h and high
volumetric compression ratio of 2.9, and it is expected to exhibit
dimensional stability and unchanged Poisson’s ratios during the self-
healing process at 120 °C, as reported by Duncan et al. [38]. The
reduced Poisson’s ratios of the self-healed APF/6STG shown in Fig. 5f
may be attributed to the more uniform distribution of STG after the
self-healing process at 120 °C. This uniform distribution of STG reduces
the STG bridges in the APU skeleton, causing the ribs to inward further
under compression, ultimately leading to the reduced Poisson’s ratios. It
is the first time to report the auxetic foam with self-healing property.
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The self-healing ability of the APF/STG hybrid foam allows it to repair
damage sustained during use. Another benefit is that the self-healable
APF/STG can overcome the shape limitation of current auxetic foam.
For the reported auxetic foams, they are square or cylindrical shapes due
to the production method [10,11,39-46]. It is difficult to make auxetic
foam with irregular shapes. By using the self-healing property of the
developed APF/STG composite, it can be assembled into structures in
any irregular shapes like Lego blocks by its self-healing process.

4. Conclusions

We have successfully developed a novel hybrid auxetic foam that
exhibits exceptional energy dissipation performance and possesses a
self-healing property. This innovative foam is achieved through the
integration of shear thickening gel (STG) with auxetic polyurethane
foam (APF). The resulting hybrid auxetic foam demonstrates remarkable
anti-impact capacity, as it reduces the peak force by 64 % compared to
the pristine APF. To investigate the underlying mechanism behind the
enhanced energy dissipation of the APF/STG hybrid foam, we conducted
various experiments, including ball rebound testing, Dynamic Mechan-
ical Analysis (DMA), and rate-dependent Poisson’s ratio measurement
using a high-speed camera. The results indicate that the high storage
modulus of STG at high frequencies primarily contributes to the superior
energy dissipation observed in the APF/STG hybrid foam. Furthermore,
we discovered that careful control of the auxetic cell structures’ di-
mensions and the content of STG is crucial to maximize the synergistic
effect between the auxetic and shear thickening properties, resulting in
higher energy dissipation materials. Moreover, the developed hybrid
auxetic foam exhibits self-healing capabilities, allowing it to repair
damage incurred during use. Additionally, its modular nature enables
easy assembly, resembling Lego blocks, thereby facilitating the creation
of structures in irregular shapes. These remarkable features position the
developed hybrid auxetic foam as a promising candidate for the
advancement of advanced and intelligent protective materials. Its po-
tential to revolutionize various industrial and commercial applications
is undeniable, offering significant opportunities for innovation and
improvement in multiple sectors.
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