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A B S T R A C T   

Achieving high thermal conductivity in rigid liquid crystal-based units without compromising their super
flexibility is challenging. A strategy tacking synergistic enhancement of hydrogen bonds and liquid crystal main 
chains to form a multidimensional cross-linking network structure is proposed. An intrinsically thermally 
conductive shape memory polymers with ultra-high strength, ultra-high toughness, low-temperature resistance 
and wear resistance were obtained. It can lift up to 10,000 times its own weight (10 kg), has a bending radius of 
even 0.99 mm and remains super-flexible at − 190 ◦C, achieving an unprecedented damage tolerance for ther
mosetting resins and laying the foundation for its foldability. We regulate the spherical crystal size by the 
solvent-induced self-assembly method, achieving an intrinsic thermal conductivity of 1.2 W/m⋅K. We took 
inspiration from the bionic structure of earwig wings combined with a crease vanishing function to apply high- 
aspect-ratio deployment structures in aerospace, achieving compatibility between deformation and load bearing.   

1. Introduction 

Shape memory polymer (SMP) has the advantages of large defor
mation and strong recovery capacity and may return from a temporary 
shape to its original shape under external excitation [1–5]. SMPs have a 
wide range of stiffness, programmable deformation, compound ability, 
massive deformation, and simple molding. SMP composites with elec
trical, optical, and magnetic excitation responses can be created by 
adding functional particles, such as carbon nanotubes and nanogold 
[6–11]. SMPs are actively controlled deformable materials commonly 
used in various fields, including biomedicine, aerospace, intelligent ro
botics, smart fabrics, flexible electronics, optics, and information car
riers [12–21]. Thermosetting shape memory epoxy resin (SMEPs), a 
significant class of resins, are well known for their outstanding chemical 
stability and mechanical characteristics. Although the stationary phase 
may consist of crystalline areas, chemically cross-linked dots, or inter
penetrating network structures, its primary function is to stabilize the 
shape of the material and force it back to its initial shape [22,23]. The 
key to temporary form fixation is the reversible phase, a flexible chain 
segment, liquid crystal phase, hydrogen bond, or coordination bond 
[24–26]. 

The unique heat-driven technique used by SMPs use cannot be 

pushed swiftly and responsively enough to complete the response pro
cess required in real-world situations. To suit the objectives of a space
craft, for instance, the aerospace sector requires SMPs that can react 
swiftly to environmental stimuli and enable quick deployment [23,27]. 
To avoid breaking and cracking in the extremely low-temperature 
environment of space, which would shorten the life of the spacecraft, 
maintaining toughness is necessary. In soft robotics, SMPs offer the 
advantage of allowing soft robots to avoid collisions and damage by 
changing their shapes, thereby enhancing their safety. However, ther
moset resins cannot meet these stringent requirements due to their 
fragility, poor toughness, and poor low-temperature resistance as 
dictated by their three-dimensional network structure. Unfortunately, 
the two properties, high strength and high toughness, are usually 
mutually exclusive, and it is crucial to find a solution to the conflict 
between toughness and strength in thermoset resins. Therefore, the 
sectors of aerospace, robotics, and other technologies need to provide 
epoxy resin with innately high heat conductivity, outstanding mechan
ical qualities, resilience to high- and low-temperature extremes, and 
wear resistance. SMPs with high thermal conductivitiy can accelerate 
heat transfer, increase responsiveness, and quickly complete tasks. The 
energy efficiency of SMPs can be enhanced by using thermal energy 
better. 
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Although highly thermally conductive materials are frequently 
employed, the most direct and efficient way to increase material’s 
thermal conductivity is to add thermally conductive particles to com
posites. However, this can negatively affect the material’s mechanical 
properties. The chemical design of epoxy resins with high thermal 
conductivity, while retaining their shape memory performance and 
excellent mechanical properties, is one of the most critical issues in 
producing intrinsic high thermal conductivity epoxy resins. Currently, 
intrinsically thermally conductive thermosetting resins are primarily 
obtained by introducing liquid crystal units. However, a large amount of 
benzene ring stacking leads to a decrease in mechanical properties, and 
toughness is greatly sacrificed, making the strength and toughness of the 
material incompatible [28–31]. Structural disorder and weak intermo
lecular interactions are the main factors contributing to the low thermal 
conductivity of polymers. 

Here, we propose a novel concept of constructing a multidimensional 
thermal conductivity network and investigate a straightforward syn
thetic method that can be used to adjust the heat conductivity of epoxy 
resins. To investigate the connection between the heat conductivity of 
epoxy resin and its microstructure. Fig. 1 illustrates this multidimen
sional crosslinking network strategy. A cross-linked network composed 
of covalent connections and two multilevel hydrogen bonds of various 
strengths can be found in the resulting shape memory epoxy resin. It can 
help overcome the strength-toughness tradeoff dilemma of thermoset
ting epoxy resins. The damage tolerance of thermosetting resins has 
been increased so that folds can be produced at room temperature and 
disappear at high temperatures, giving the resin a repeatable folding 
property. The creation of liquid crystal self-assembly and two- 
dimensional, highly ordered arrays, which promote heat transfer be
tween polymer chains, is driven by the π-π interactions in the multidi
mensional cross-linked network. The polymer main chain has multiple 
benzene ring structures, and the molecular chain undergoes entangle
ment folding under the effect of π-π stacking, which improves the 
phonon transmission efficiency along the direction of the molecular 
chain. This molecular design strategy resulted in a thermosetting shape 
memory epoxy resin that integrates high strength and toughness, 
extreme cold resistance, wear resistance, and intrinsic thermal 
conductivity. 

2. Experimental section 

2.1. Materials 

4,4′-Bis(2,3-epoxypropoxy) biphenyl was prepared by oneself, 4,4′- 
Biphenol (PPDP), hydrochloric acid, acetone, deionized water, methyl 
red indicator, N, N-Dimethylformamide (DMF), Ethanol, 4,4′-Dia
minodiphenyl methane, 5-Amino-1H-benzotriazole, 2-Methylimidazole 
were purchased from Aladdin Reagent Co. Ltd. 

2.2. Fabrication of SMEPs 

Grafting of 4,4′-Biphenol onto the main chain of by the ring-opening 
reaction. The reaction was carried out in a three-neck flask by adding 
4,4′-biphenol and biphenyl bisphenol glycerol ether in proportion and 
protected with nitrogen gas. Maintain in an oil bath at 165 ◦C for 30 min, 
then add catalyst and stir continuously for 10 h. Until the reactants in 
the container turn into a clear and clarified liquid. EP/PPDP-1, EP/ 
PPDP-2, EP/PPDP-3, EP/PPDP-4, EP/PPDP5 were obtained by control
ling different 4,4′-Biphenol contents including 4 wt%, 8 wt%, 12 wt%, 
16 wt%, 20 wt%, respectively. The obtained epoxy monomers were 
tested for the epoxy values of the modified epoxy resins by the hydro
chloric acid monoacetone method, and the epoxy values of SMEP-0 to 
SMEP-5 were 0.64, 0.59, 0.47, 0.38, 0.32 and 0.28, respectively, as 
shown in Supporting Information Fig. S1(a). 

The epoxy monomer synthesized above was kept in the container 
with DMF solvent because the viscosity of the high molecular weight 
liquid became too high. After thoroughly stirring at 120 ◦C, add 4,4′- 
Diaminodiphenyl methane reagent to the reaction at steady reflux for 
20 min. The temperature is then reduced to 80 ◦C while stirring and 
adding the combined solution of 5-Amino-1H-benzotriazole-infused 
DMA dropwise at constant pressure. To obtain epoxy resin, the solu
tion is poured out of the mold under 80 ◦C / 8 h + 120 ◦C / 5 h + 150 ◦C / 
5 h for curing reaction. 

2.3. Instruments 

Thermal Analysis: With samples suspended in KBr particles, Nicolet- 
Nexus-670 Fourier Transform Infrared Spectrometer observations of the 

Fig. 1. Multidimensional cross-linked network strategy.  
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Fourier Transform Infrared Spectroscopy (FTIR) were made. To assess 
the molecular makeup of various epoxy curing processes, choose 
wavelengths between 400 cm− 1 and 4000 cm− 1. Differential scanning 
calorimetry (DSC) was used to analyze the samples’ glass transition 
behavior. Under a nitrogen environment, the samples were DSC scanned 
from 25 ◦C to 300 ◦C at a rate of 5 ◦C/min. The influence of the mate
rial’s thermal history can be minimized by selecting a second heating 
cycle (all samples having the same thermal history) to detect the tran
sition temperature. Thermal stability testing using thermogravimetric 
analysis (TGA). The samples were heated in a ceramic crucible with 
nitrogen gas at a rate of 10 ◦C/min from 25 ◦C to 800 ◦C. Thermal 
conductivity test following ASTM E 1461 standard test for thermal 
conductivity. The sample is 12.6 mm in diameter and 1 mm thick. The 
sample’s top and bottom surfaces are flat and flawless, and it doesn’t 
have any internal flaws like air bubbles or contaminants. 

Tensile Tests: Tensile tests were conducted on the Zwick/Roell 
Universal Testing System. The samples were dumbbell-shaped, 2–3 mm 
thick and 8 mm wide. Tensile tests were performed at room temperature 
as well as at different temperatures and with a tensile speed of 2 mm/ 
min. The mechanical behavior of constant temperature cycle at constant 
temperature cycle test at 50 % strain. The tensile rate was 2 mm/min to 
the predetermined deformation, the unloading rate was 2 mm/min, and 
the load was 0 N to complete a cycling experiment. The frictional wear 
test was performed at room temperature using the MFT-5000 instrument 
with a linear reciprocating motion reciprocating 10,000 times at a speed 
of 60 mm/s and a load setting of 30 N. 

Evaluation of Shape Memory Performance: By bending, twisting, 
and stretching the material while applying an external force, the shape 
memory behavior was evaluated. They were quickly molded and quickly 
chilled to solidify after being heated to Tg and becoming soft. This gave 
them a transitory shape. 

3. Results and discussion 

3.1. Properties of the SMEPs 

The SMEP synthesis procedure is depicted in Fig. 2. After a period of 
reaction, the mixture of PPDP and biphenyl bisphenol glycerol ether 
changed from an opaque and turbid liquid that it was before the addition 
of the reaction catalyst to a homogenous and transparent liquid. The 

appearance of a clear liquid indicates a chemical reaction, which is due 
to an addition reaction between the epoxy group and the hydroxyl 
group, resulting in the introduction of more benzene ring groups into the 
main chain. Additionally, when the PPDP content rises, the color of the 
resulting epoxy monomer with inherent heat conductivity rapidly 
deepens, as seen in the figure. Furthermore, we opted for 4,4′-dia
minodiphenyl methane with a symmetrical structure to carry out the 
crosslinking reaction. The introduction of hydrogen bonds into the 
cross-linked network is made possible by the addition of 5-amino-1H- 
benzotriazole, which contains a hydrogen bond donor and acceptor. 
This results in the formation of a covalent bond and a cross-linked 
network with two distinct strengths of multi-level hydrogen bonds. 
Using a simple and controllable one-pot synthesis approach, the thermal 
conductivity of the synthesized epoxy resin is changed by altering 
different raw materials or raw material ratios to build a multi- 
dimensional thermal conductivity network. 

Fig. 3a depicts a schematic of the network structure of the intrinsi
cally thermally conductive epoxy resin. Due to the large number of 
benzene rings arranged in the polymer backbone, the deflection angle of 
the whole molecular chain segments is reduced, presenting a straight- 
chain type of liquid crystal backbone. The structure of the molecular 
chain segments is almost overlapped when viewed from the side, which 
proves the degree of neatness of the molecular chain segments. Fig. S1b 
illustrates the infrared spectral profiles with the addition of different 
contents of PPDP epoxy monomers, and Fig. 3b shows the locally 
magnified FTIR spectra. The modified epoxy exhibited a strong ab
sorption peak at approximately 3500 cm− 1. The intensity of the ab
sorption peak increased in proportion to the amount of PPDP, which can 
be attributed to the stretching peak of the –OH group of the epoxy resin 
following its modification by PPDP. Furthermore, it can be deduced that 
the introduction of PPDP creates more –OH groups, as shown in the 
reaction process in Fig. 2. The DSC curve of the SMEP system is shown in 
Fig. 3c, and the shift in the curve typically reflects the glass transition 
temperature (Tg) of the thermosetting resin. The steep peak of the curve 
indicates that Tg increased steadily as the PPDP content increased. This 
might be attributed to the addition of the biphenyl structure, which 
increases the intermolecular contact forces and degree of molecular 
cross-linking, improves the hardness and stability of the substance, and 
increases Tg. The GPC leaching curves of various epoxy monomers are 
shown in Fig. 3d as the content of PPDP gradually increased. The GPC 

Fig. 2. Schematic diagram of the synthesis process of SMEPs system.  
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leaching curves of each epoxide monomer had two peaks P1 and P2. 
Under the action of a catalyst, an addition reaction occurs between the 
epoxy group and the hydroxyl group, leading to etherification and the 
formation of new hydroxyl groups.The GPC efflux curve revealed that 
the peak area of various epoxy monomers increased with increasing 
PPDP addition, whereas the peak area of small molecular weights 
decreased with increasing 4,4′-biphenol addition, indicating that PPDP 
was successfully introduced. Fig. 3e presents the 1H NMR spectrum of 
the PPDP-modified epoxy resin. The incorporation of PPDP led to the 
emergence of a novel absorption peak at approximately 7.5 ppm, which 
was ascribed to the proton hydrogen of the biphenyl structure of PPDP. 
Additionally, the absorption peak at around 4.3 to 4.4 ppm corre
sponded to the proton hydrogen on the added hydroxyl group, and the 
peak also exhibited a broadening effect. 

Fig. 4a shows the DSC test results for all samples. With the increase in 
the content of introduced PPDP, the Tg in the DSC curve steadily 
increased, which may be due to the increase in the benzene ring content 
in the introduced monomers, thereby increasing the Tg of the polymers. 
The FTIR curves of the intrinsically thermally conductive SMEP system 
are shown in Fig. 4b, with progressively higher peaks from 3570 cm− 1 to 
3450 cm− 1. This indicates that more –OH groups were added to the 

monomer after the addition of various PPDPs, forming stronger intra
molecular hydrogen bonds. Simultaneously, no epoxy group peak was 
observed at 910 cm− 1, showing that the epoxy group was involved in the 
ring-opening reaction. A peak attributable to N-H was observed at 1200 
cm− 1 to 1350 cm− 1, which was brought about by the insertion of the 
–NH bond in 5-amino benzotriazole. Fig. 4c and d display the thermal 
weight loss curves and local amplification curves of SMEP after the 
addition of 4,4′-biphenol to the backbone. TGA measurements were 
performed to examine the thermal stability of the intrinsically thermally 
conductive SMEP cures. The weight-loss temperature and final residual 
carbon rate at 5 % were derived from the graph. The introduction of 
PPDP played a crucial role in improving the thermal stability of intrin
sically thermally conductive SMEP resins. With the increase in the 
amount of PPDP, the heat loss curve gradually shifted to the high- 
temperature region and the decomposition temperature and residual 
carbon rate increased significantly. For instance, the decomposition 
temperature and the final residual carbon rate at 800 ◦C were raised to 
365 ◦C and 28 %, respectively, when the PPDP content was 25 wt%. 
Additionally, hydrogen bond formation can increase the crosslinking 
density of molecules, thereby improving the mechanical and thermal 
properties of materials. 

Fig. 3. (a) Schematic diagram of the main chain structure of a straight-chain liquid crystal. (b) FTIR curves of epoxy monomers. (c) DSC curves of epoxy monomers. 
(d) GPC efflux curves of epoxy monomers. (e) 1H NMR curves of epoxy monomers. 
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The results of DMA testing of the SMEP system are shown in Fig. 4e, 
which demonstrates how one peak gradually split into two different 
peaks with the increase in the amount of PPDP. This might be attributed 
to the crystallization behavior induced by the biphenyl structure, which 
causes the matrix to crystallize in various shapes, including both crys
talline and amorphous regions. The Tg is an important parameter for 
evaluating thermosetting shape memory resins. The DMA curve of 
SMEP-0 only displayed a single peak Tg of 106 ◦C, whereas Tan δ pro
gressively displayed two Tg peaks with the increase in the amount of 
PPDP added. Fig. 4e unequivocally indicates that the addition of PPDP 
significantly increased the Tg of the intrinsic thermally cured epoxy. For 
instance, the Tg of SMEP-5 is elevated to approximately 154 ◦C. This 
might be because PPDP was introduced at a uniform growth rate in all 
directions, gradually forming a micron-sized spherical crystal structure. 
Phase separation occurred when more spherical crystals were formed as 
the number of benzene rings increased with the addition of PPDP. 
Following the trend of the Tg, the energy storage modulus of the SMEP 
increased with increasing PPDP content (Fig. 4f). The incorporation of 

PPDP enhanced the heat resistance and mechanical properties of the 
resin. 

3.2. Thermal performance 

Through conjugation between the aromatic groups, the molecular 
chain has a relatively linear structure. There is a conjugated π electron 
system between the benzene rings in the biphenyl ring, and this conju
gation can shorten the bond length between the benzene rings, resulting 
in a relatively linear structure of the molecular chain (Fig. 5a). Addi
tionally, hydrogen-bonding interactions exist between the main chains, 
which can make the molecular chains compact and linear. All the 
physical images of the SMEP samples are visually compared in Fig. 5b, 
which shows that the color of the samples deepened with the increase in 
the PPDP content. Owing to the increase in crystallinity and the 
expansion of the crystal size, SMEP-5 appeared almost opaque. Because 
an ordered structure creates a channel that facilitates phonon transfer, 
polymers with ordered structures typically exhibit better thermal 

Fig. 4. (a) DSC curves of SMEPs system. (b) FTIR curves of SMEPs system. (c) TGA curves of SMEPs system. (d) SMEPs system local amplification TGA curves. (e, f) 
DMA curves of SMEPs system. 
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conductivities. Hence, the intrinsically thermally conductive epoxy 
cures with a spherical crystal structure have higher thermal conductivity 
than those with regular epoxy cures. Test results indicated that adding 
PPDP resulted in high heat conductivity in the SMEP cures. As shown in 
Fig. 5c, the thermal conductivities of the samples, SMEP-1 to SMEP-4 
gradually improved after the addition of increased levels of PPDP 
compared to SMEP-0, whereas the thermal conductivity of SMEP-5 
decreased. This is due to excessive PPDP content, which leads to more 
benzene rings on the main chain and more π - π stacking non covalent 
bonding, which is beneficial for the growth of spherical crystals. 
Moreover, larger spherical crystal size leads to an increase in intermo
lecular distance, thereby reducing intermolecular interactions and 
decreasing thermal conductivity. SMEP-4 has a thermal conductivity of 
approximately four times higher than regular epoxy resin. As previously 
indicated, a key element in increasing thermal conductivity is the or
dered spherical crystal structure of the epoxy resin, which is innately 
thermally conductive. The crystallinity of polymer spherulites can affect 
their thermal conductivity. Typically, polymers with high crystallinity 

have high thermal conductivity. This is because the molecular 
arrangement inside the crystal is more orderly, and heat can be effec
tively transferred through close contact between molecules. An increase 
in grain size may lead to a decrease in the number of grain boundaries, 
weakening obstacles to thermal conductivity, and thus improving 
thermal conductivity. However, excessive grain size may lead to an in
crease in isolated molecular regions within grain boundaries, thereby 
reducing thermal conductivity. The capacity to transport heat in the 
direction of the epoxy resin backbone was enhanced by the addition of a 
stiff PPDP biphenyl structure. Simultaneously, thermal conductivity is 
higher at high temperatures than that at room temperature because, at 
high temperatures, the thermal motion of polymer molecules is intense, 
the interaction forces between molecules weaken, and heat conduction 
becomes easy. We compared our work with the reported intrinsic ther
mal conductive resin in terms of thermal properties[32–37]. The com
parison results are shown in Table S1. As shown in Fig. 5d, the SMEP 
samples were placed simultaneously on a heating table at 120 ◦C to track 
the variability of heat transfer for samples with various thermal 

Fig. 5. (a) Intrinsically thermally conductive molecular design schematic. (b) Physical view of SMEPs sample. (c) Thermal conductivity of SMEPs at different 
temperatures. (d) Thermal conductivity of SMEPs samples simultaneously under a heating table set to 120 ◦C. (e) SMEP-4 sample heat transfer under a heating table 
at 130 ◦C. 
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conductivities. SMEP-4 reached 120 ◦C rapidly, as can be observed 
visually. The surface temperature of the 1.5-mm-thick disc reached 
122.1 ◦C within 100 s, as shown in Fig. 5e, which tracks and records the 
heat transfer of the SMEP-4 sample under a heat source of 130 ◦C. 

3.3. Mechanical performance 

Fig. 6a shows a schematic of the molecular design of SMEP. The 
spherical crystal structure of polymers can increase their strength 
because it is highly ordered and compact, further enhancing the strength 
and rigidity of the polymer. The tensile stress–strain curves of the SMEP 
system are shown in Fig. 6b, and both the strength and strain increased 
with increasing PPDP content. SMEP-4 achieved the highest tensile 
strength of 101 MPa, whereas SMEP-5 exhibited the highest strain of 23 
%. Because of the interlocking of hydrogen bonds in the crosslinked 
network, excessive movement or sliding of polymer molecules under 
stress can be prevented, which can increase the tensile strength and 
toughness of the polymer. Both the strength and modulus exhibited an 
increasing trend, followed by a decreasing trend with increasing PPDP 

content. This might be because an increase in crystal size leads to an 
increase in the irregularity of the crystal structure, resulting in a 
decrease in the crystallinity of the polymer and a looser arrangement of 
molecular chains, which leads to a decrease in the mechanical properties 
of the polymer. SMEP-4, with a thickness of 0.3 mm, can support a 
weight 10,000 times its weight, equivalent to a weight of 10 kg, with a 
lever arm of 2 cm. The ordered arrangement and tight structure of the 
π-π stacking between the benzene rings leads to the creation of spherical 
crystals of different sizes. The regular arrangement of the benzene rings 
and the hydrogen bonding structure is effective in transferring exter
nally applied forces throughout the polymer (see Movie S1). SMEP can 
be bent at room temperature to a limiting value of less than 1 mm 
bending radius. At a certain hydrogen bond density in polymers, the 
distance between molecular chains is relatively large, and the movement 
of molecular chains is relatively free. This flexibility can make the ma
terial more prone to deformation and plastic deformation. It demon
strates an unprecedented compatibility effect of ultra-strength and ultra- 
toughness of epoxy resin. (Fig. 6c). The hydrogen bonding between 
multidimensional networks can increase the cross-linking and bonding 

Fig. 6. (a) SMEPs with outstanding mechanical properties are shown schematically in the diagram. (b) Tensile strain–stress curves of SMEPs at room temperature. 
(c) SMEPs can withstand the weight of 10 kg weights and folding limit curvature radius reaches 0.99 mm at room temperature. (d) SMEPs maintain their flexibility in 
liquid nitrogen. (e) Comprehensive mechanical properties of SMEPs. (f) SEM images of SMEPs cross-sections. (g) Comparison chart of SMEPs and thermoset
ting resins. 
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strength between molecular chains, thereby making materials more 
stable and resilient. High density hydrogen bonds can enhance the 
interaction between molecular chains, making materials more wear- 
resistant and heat-resistant, able to resist external pressure and defor
mation, and to some extent, prevent brittle fracture of materials. These 
mechanical properties were also discovered for the first time in epoxy 
resins. Additionally, the SMEP films can be easily folded and bent at 
room temperature (Fig. 6d). Due to the presence of hydrogen bonds, 
thermosetting epoxy resin has unprecedented flexibility in extremely 
cold environments (-190 ℃). Epoxy resin still maintains excellent flex
ibility under liquid nitrogen and can be bent arbitrarily (Movie S2). 

Fig. 6e shows the tensile strength and modulus of the SMEP system. 
Thus, the damage tolerance of the material is greatly improved, laying 
the foundation for the subsequent origami work, so that the material can 
be bent until it leaves a crease. Biphenyl-structured polymer molecules 
can bind together in solution to form aggregates. Owing to their stiff
ness, polymer molecules with biphenyl structures have the propensity to 
aggregate into planar forms. These planar structures pile up on top of 
one another to build spherical structures, eventually forming spherulites 
as the polymer molecules continue to aggregate. Biphenyl-structured 

polymer spherulites exhibited high degrees of stiffness and organiza
tion. When the content of PPDP increases to 20 wt%, the spherulite size 
gradually increases, interaction between polymer chains decreases, and 
molecular chains can move and deform more freely, thus improving the 
toughness of SMEP-5. When the size of the spherulites is large, the 
interchain force is weak, and the strength of SMEP-5 decreases. The size 
of the spherulites increased with the increase in the molecular weight of 
the polymer because strong intermolecular interactions increased the 
molecular weight of the polymer. The size of the spherulites increased 
with the increase in the concentration of PPDP (Fig. 6f). As shown in the 
DMA curve of Fig. 4e, it gradually splits into two distinct Tg peaks with 
increasing PPDP content. We compared the mechanical properties of 
SMEP prepared in this study with those of other thermosetting resins and 
found that SMEP has both strength and toughness at room temperature, 
surpassing other thermosetting resins reported to date [5,38–44]. 
Therefore, this research paves the way for producing SMPs with 
improved damage tolerance that can be used in various fields, which 
require unprecedented mechanical properties (Fig. 6g). 

Fig. 7. (a) Schematic diagram of shape memory molecules of SMEPs. (b) Shape memory cycle test curve for the SMEP-4. (c, d) Shape recovery process for SMEP-4 
samples. (e) The shape recovery time of the SMEPs. (f) The samples from the SMEPs follow these shape reversion process curves. 
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3.4. Shape memory behavior 

The rigidity and stability of the resin can be increased by adding a 
benzene ring. Additionally, it strengthens the intermolecular contact 
forces and further enhances shape memory performance by increasing 
the π-π stacking interaction between molecules. The performance of 
thermosetting shape memory resins can be improved via hydrogen 
bonding. Additionally, the greater the number of hydrogen bonds, the 
stronger the intermolecular interaction forces. Hydrogen bonding be
tween molecules can enhance the intermolecular interaction forces and 
improve shape memory performance (Fig. 7a). The regularly arranged 
structure of benzene rings and hydrogen bonds can give polymers a 
certain degree of elasticity and plasticity. Elasticity allows the material 
to deform elastically when a force is applied and to return to its original 
state when the stress is removed. The results of the shape memory 
performance of a four-cycle test of the SMEP-4 sample using DMA are 
shown in Fig. 7b. Both the shape recovery and fixity rates were deter
mined to be greater than 95 %. The spiral and windmill structures at Tg 
gradually unfold, as shown in Fig. 7c and d. The SMEP-4 for wind 
models can quickly return to its original shape in 35 s. This is owing to 
SMPs with a high benzene ring concentration having a high modulus of 
elasticity and robustness, which may quickly recover to their previous 

state after deformation. Second, as an organized molecular arrangement 
structure, the benzene ring enhances molecule interaction and mobility 
while also promoting shape memory recovery. Demonstrating the 
excellent shape-memory performance of the SMEP. The sample was 
made into a spiral structure and the surface temperature was recorded 
under a 150◦ heat source. Complete shape recovery within 21 s. The 
inherent thermal conductivity of SMEP accelerates recovery (Movie S3 
and Movie S4). The shape recovery times of the SMEP system at each Tg 
are shown in Fig. 7e. It is worth noting that the shape recovery time 
comparison between SMEP-3 and SMEP-5 is longer for SMEP-3 than for 
SMEP-5. For this we carried out a detailed comparison to find out. After 
comparing the properties of tensile strength, thermal conductivity, it 
was found that SMEP-3 and SMEP-5 have nearly similar properties. 
However, the modulus of SMEP-5 is also higher than that of SMEP-3, as 
shown in Fig. 4f. When the content of PPDP increases by 20 wt%, the 
ordered arrangement and high-density spherical structure formed in the 
polymer can provide additional energy barriers. Under temperature 
stimulation, the driving force of shape memory recovery is enhanced, 
and the speed of shape memory recovery is improved. The graph clearly 
shows that samples with higher thermal conductivities recovered more 
rapidly. Moreover, samples with higher moduli can produce more power 
during recovery, which helps overcome external resistance and hasten 

Fig. 8. (a) Friction coefficients for SMEPs systems. (b) 3D depth-of-field image of SMEP-1 after friction test. (c) Performance comparison radar plot for SMEPs. (d) 
SMEP-4 can lift weights weighing up to 200 g. (e) The gripper structure of SMEP-4 can grip strawberries. (f) Schematic diagram of reconfigurable folds. (g) “Earwig” 
folding wing structure. (h) High fold-to-spread ratio structure for solar array. 
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recovery. The recovery response temperature was consistent with the 
shift in the Tg (Fig. 7f). With the decrease in the PPDP content, the 
deformation response temperature of the material also shifted to lower 
temperatures, effectively adjusting the shape response temperature of 
the shape memory liquid crystal epoxy resin. Notably, SMPs have high 
thermal conductivity, which enables them to rapidly adjust to changes 
in the ambient temperature. 

3.5. Application potential 

The sample was subjected to a wear experiment with 10,000 repe
titions under a load of 30 N, and the friction coefficient was determined 
(Fig. 8a). It maintained its mechanical performance through 10,000 
friction cycles, demonstrating a high reliability. The SMEP system ex
hibits a low friction coefficient due to the potential impact of the poly
mer’s molecular structure on frictional performance. A decreased 
friction coefficient is produced by the weak intermolecular contact 
forces of the straight-chain polycyclic aromatic polymer. Moreover, the 
molecular organized, and the intermolecular contact forces increase 
with the increase in the degree of crystallization, which increases the 
friction coefficient. The 3D morphology image of the sample after 
reciprocal friction is depicted in Fig. 8b. The crystalline structure has an 
orderly molecular arrangement, making the surface of the material 
smoother and stronger. This structure effectively resists friction and 
abrasion, increasing the material’s wear resistance. The overview of 
SMEP is shown in Fig. 8c, which is due to the multidimensional network 
structure of the π-π bond and hydrogen bond-connected segments of the 
liquid crystal main chain that we designed and constructed. It has 
demonstrated excellent performance of thermosetting epoxy resins, 
including high strength, high toughness, extreme cold temperature 
resistance, friction, and intrinsic thermal conductivity. The SMEPs can 
be used as a structural material for origami because of their strength and 
toughness. More significantly, the folds vanish at high temperatures, 
allowing for a reconfigurable shape. We decided on a straightforward 
paper-cut thin shell to achieve precision robotic grasping[45] (see Movie 
S5). The distinction is that we do not need to merge the paper sheet with 
the cut seam; instead, we can achieve active self-folding and picking 
behavior by utilizing the variable stiffness property, which can sustain 
high stiffness at room temperature and lift 200 g, 20 times its weight 
(Fig. 8d). Owing to its low rigidity, it can be used as a soft grip to pick up 
delicate objects, such as strawberries, at high temperatures (Fig. 8e, see 
Movie S6). Fig. 8f is a schematic diagram of reconfigurable folding. We 
folded the sample at room temperature, leaving creases. This is due to 
the high strength and toughness of the sample, which greatly increases 
the damage limit of the material. The presence of hydrogen bonds causes 
fracture rearrangement at high temperatures, and the creases gradually 
disappear. Due to the variable stiffness characteristics of the material, 
the creases disappear at Tg and have the characteristic of repeated 
folding, meaning that a thin film can be refoldable without leaving any 
creases. This feature is not possible with general shape memory ther
moset resins. Additionally, in line with the origami structure, we repli
cated the combinatorial folding of the earwig, as shown in Fig. 8g, 
mimicking the natural folding system of an earwig wing with a stowage 
ratio of 22:1. The variable stiffness offers a self-locking feature and 
works in conjunction with the bending stiffness for simple flutter flight. 
SMEPs in large solar panels on satellites that unfold in orbit to produce a 
regulated unfolding function with a high fold-to-spread ratio (18:1) 
allow for the most efficient use of limited space (Fig. 8h, see Movie S7). 

4. Conclusion 

In this study, a reconfigurable shape memory epoxy resin multidi
mensional cross-linked network structure is reported. The π-π and 
hydrogen bonds synergistically expand the thermal conductivity trans
mission pathway, resulting in a cross-linked network with enhanced 
thermal conductivity. The polymerization strategy of covalent and 

noncovalent bonds breaks the contradiction between strength and 
toughness. It can lift 10,000 times its weight, and the ultimate bending 
curvature can reach 0.99 mm. With the function of refoldability, this 
mechanism increases the material’s ability to withstand damage and 
causes the crease it produces at room temperature to vanish at high 
temperatures. Remarkably, these novel polymers display a high degree 
of flexibility in extremely cold settings (-190 ◦C) and excellent wear 
resistance that maintains their mechanical properties under 10,000 
friction cycles, showing a high level of dependability. This study has 
enabled the development of a new generation of materials with high 
toughness and strength. The intrinsic thermal conductivity SMEP, which 
can fold and reconfigurable high temperature creases at room temper
ature, has good application prospects. High folding ratio deployment 
structures in aerospace, as well as rigid and flexible robots grasping 
materials. 
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