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A B S T R A C T

Smart molds based on shape memory polymers (SMPs) with active deformation characteristics enable demolding 
of complex structures in response to external stimuli. However, for large-cavity components, smart molds made 
of common SMPs often have problems such as limited deformation and being prone to blowing during molding. 
Based on free radical polymerization, a rigid-flexible cross-linked network structure was constructed, achieving a 
large deformation up to 370 % for thermosetting shape memory styrene. On this basis, composites with nylon- 
spandex elastic fiber was prepared. The introduction of ± 45◦ laid elastic fibers hinders the crack propagation in 
the matrix and can improve the deformation capacity of the composites. Further, the programmable composites 
were applied to reusable shape memory smart molds, accomplishing shape convertion from 2D planes to 3D 
structures and 3D mandrels to 4D deformable components with variable cross-sections, curvatures, and struc-
tures, which is expected to pave a new way for smart molds.

1. Introduction

In the manufacturing industry, mold is a crucial tool for component 
forming, with an irreplaceable position [1,2]. With the technological 
development in manufacturing engineering, the design and production 
of complex components have higher requirements. The production of 
components with variable structure, variable curvature, variable cross- 
section and other characteristics is difficult to be achieved by the 
traditional manufacturing technology. At present, there are major 
problems such as difficult releasing, complicated design, and high mold 
self-weigh, severely limiting the development of complex components 
[3–5]. Therefore, developing new molds easy to release has become an 
urgent problem to be solved in the manufacturing industry.

Shape memory material is known to be a smart material that can 
actively recover its initial shape in response to a variety of external 
stimuli such as thermo [6–8], electric [9–12], light [13–15], magnet 
[16–18], pH [19,20] and so on. Due to the advantages of light weight, 
high strength, and diverse actuation modes, shape memory polymers 
(SMPs) have been widely used in aerospace [21–25], biomedical 
[26,27], and machinery manufacturing fields [28–30], with a wide 
range of potential applications [31,32]. Combining SMPs capable of 

active deformation characteristics with the molding of complex com-
ponents and using SMPs to manufacture shape memory smart molds can 
effectively reduce the difficulty of releasing complex components and 
achieve automatic demolding, which is expected to solve the demolding 
problems [33].

Presently, SMP smart molds have been successfully applied to the 
manufacturing of filament-wound parts. It has been investigated that 
bottle-shaped and S-shaped filament-winding composite components 
can be fabricated and easy releasing can be achieved with the assistance 
of SMP smart molds [33–36]. Everhart et al. [36] first applied shape 
memory polystyrene to smart molds by fabricating bottle-shaped and S- 
shaped mandrels, and verified the feasibility of shape memory smart 
molds by filament winding process. Lei Zhang et al.[35] fabricated 
bottle shaped and irregular section styrene-based SMP smart molds with 
radial deformation rate of 25 %, and their shape recovery rate was close 
to 100 % when the temperature was higher than the glass transition 
temperature(Tg). Although existing SMP smart molds can contribute to 
the demolding, smart molds for large cavity components are prone to 
problems such as tearing and breakage during the molding process, 
restricting the application scope of smart molds. Therefore, there is an 
urgency to develop SMPs with large deformation capacity at 
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deformation temperature and at the same time has a certain strength at 
room temperature to broaden the development path of smart molds and 
assist the manufacturing upgrade of complex components.

In this work, the large deformation thermoset shape memory poly-
styrene was developed by the rigid-flexible coupling molecular network 
design, with maximum elongation at break more than 370 %, based on 
which the composites involved by nylon and spandex elastic fiber cloth 
were prepared. The programmable composites were applied to shape 
convertion from 2D planes to 3D structures and 3D mandrels to 4D 
deformable components which is expected to pave a new way for smart 
molds.

2. Experimental section

2.1. Materials

Styrene (ST), poly(ethylene glycol) diacrylate (PEGDA) with average 
molecular weight 200 and 400, benzoyl peroxide (BPO) were purchased 
from Shanghai McLean Biochemistry Technology Co. n-Butyl Acrylate 
(BA), Divinylbenzene (Divinylbenzene, DVB) were purchased from 
Shanghai Aladdin Biochemical Technology Co. Anhydrous ethanol was 
purchased from Tianjin Fine Chemical Co. The fiber mesh fabric was 
produced by Zhuji Ailong Knitting Co., Ltd, with 83.4 % nylon and 16.6 
% spandex. All raw materials are used as is.

2.2. Synthesis of SMPs

SMPs were prepared by the simple one-pot method with proper 
contents of BPO as an initiator [37]. ST and BA are taken in a beaker 
according to the ratio shown in Table 1. The cross-linking agent DVB or 
PEGDA and initiator BPO are added. Stir for 20 min to make sure that the 
chemicals are fully mixed. The obtained premix was injected into the 
well-prepared mold and placed in an oven for curing according to the 
gradient process of 50 ◦C 2 h, 90 ◦C 2 h, and 120 ◦C 3 h. After cooling and 
demolding, the shape memory polystyrene samples SMP1, SMP2, and 
SMP3 were obtained respectively.

2.3. Synthesis of shape memory polymer composites (SMPCs)

Fig. 1(b) shows the fabrication of SMPCs. Fiber mesh cloth with a 
proper size was laid and fixed in the mold at preset angle, and the SMPC 
samples named SMPC1 and SMPC2 respectively can be manufactured 
according to the process of 2.2 and Table 2.

3. Results and discussion

3.1. Properties of the SMPs

The synthesis process of SMPs is shown in Fig. 1(a). Simple and 
controllable one-pot synthesis method is applied to achieve free radical 
polymerisation by the thermal initiator, and the flexibility of segments 
of SMPs is varied by changing raw materials to construct a rigid-flexible 

Table 1 
SMPs in different ratios.

sample BPO ST BA cross-linking agent

SMP1 0.60 g 24.00 g 6 g DVB 0.60 g
SMP2 0.60 g 24.00 g 6 g PEGDA 200 0.92 g
SMP3 0.60 g 24.00 g 6 g PEGDA 400 1.84 g

Fig. 1. (a) Synthesis and molecular structure schematic of SMPs; (b) Fabrication process of SMPCs.

Table 2 
SMPCs with different parameters.

sample BPO ST BA PEGDA 200 Laying angle

SMPC1 0.60 g 24.00 g 6 g 0.92 g ±45◦

SMPC2 0.60 g 24.00 g 6 g 0.92 g 0◦/90◦
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coupling polymer molecular network.
The characteristic functional groups of SMPs samples can be 

confirmed by FTIR, as shown in Fig. 2(a). Test details were provided in 
Supporting Information. The wave number corresponding to the car-
bon–carbon double bond (C––C) is usually at 1600 cm− 1-1670 cm− 1, 
with no peaks, suggesting that the C––C in the monomer has been 
involved in the reaction. There are the mono-substituted peak of the 
benzene ring at 700 cm− 1 and 760 cm− 1 and the absorption peak of the 
carbonyl group at 1730 cm− 1, showing the formation of the polymer 
three-dimensional cross-linking network.

DSC measures Tg by observing thermodynamic behaviors such as 
heat absorption and release during the heating process of samples, and 
can also reflect the crystalline changes, phase changes such as melting 
and solidification, as well as the heat absorption and release of chemical 
reactions in materials. Fig. 2(b) shows the DSC curve of SMP samples. 
There is no heat absorption peak of crystal melting, confirming that the 
SMPs are amorphous polymers. The curve indicates that the Tg of the 
SMPs are 71.8 ◦C, 64.6 ◦C and 64.4 ◦C, respectively, exhibiting a decline. 
As the flexibility of the cross-linking agent increases, there are more 
flexible chain segments in the polymer network travelling at lower 
temperatures, which is macroscopically manifested by a decreasing 
trend in the Tg of the samples.

TGA with N2 atmosphere was carried out to investigate the thermal 
stability properties of SMPs. As shown in Fig. 2(c), the thermal degra-
dation of SMPs mainly went through two stages. In the first stage, the 
mass loss of SMPs is not significant, which mainly caused by the vola-
tilisation of low-boiling-point substances. In the second stage, between 
200 ◦C and 500 ◦C, there is a sharp mass loss suggesting fracture and 
decomposition of the polymer network due to the high temperature. The 
inflection point temperature (Tl) indicates the temperature at which the 
polymer mass loss is the fastest, namely, the temperature corresponding 

to the peak value of the DTG curve, which has been labelled. The main 
chains of the polymer networks of the three samples are all composed of 
C–C with similar pyrolysis temperatures, suggesting no obvious dif-
ference in the thermal stability performance.

Determination of the gel content of thermosetting polymers is a 
direct method of evaluating the curing reaction process, and Soxhlet 
extraction was used to test the gel content of samples with anhydrous 
ethanol as solvent. As shown in Fig. 2(c), the gel contents of SMP1, SMP2 
and SMP3 after refluxing were 98.99 %, 98.72 % and 98.56 %, respec-
tively, showing an increasing trend as the crosslinking density 
decreased, which was in accordance with the expectation.

3.2. Dynamic mechanical properties of SMPs and SMPCs

DMA measures the changes in mechanical properties such as storage 
modulus and loss factor of the SMPs with increasing temperature to 
obtain the Tg of the material. With the help of DMA, the mechanical 
properties of materials at different temperatures can be obtained, which 
can provide guidance for the shaping and application of SMPs. As shown 
in Fig. 3(a), the storage modulus of SMPs all show three stages. When the 
temperature is low, the material is in the glassy state with high storage 
modulus of 1.7–2.0 GPa. The rubbery state of the SMPs corresponds to 
the high temperature with a low modulus. As the temperature increases, 
the polymer molecules absorb more energy and allow internal molecular 
chain movement, manifested macroscopically as changing stiffness with 
temperature. The loss factor, Tan Delta, shows that the Tg of the SMPs, 
decreasing with the increase of the flexible chain segments and the 
mobility of the polymer network, which is the same trend as that re-
flected by DSC.

The DMA curve of SMPC1 is shown in Fig. 3(b), and the energy 
storage modulus image of SMPC1 is similar to that of SMPs, which are in 

Fig. 2. (a) FTIR curves of SMPs; (b) DSC curves of SMPs; (c) TGA and DTG curves of SMPs; (d) Gel content of SMPs.
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Fig. 3. (a) DMA curves of SMPs; (b) DMA curves of SMPC1; (c) Shape memory cyclic curves of SMP2; (d) Shape memory cyclic curves of SMPC1.

Fig. 4. (a) Room temperature tensile curves of SMPs; (b) Elongation at break of SMPs at different temperatures; (c) Elongation at break of SMPCs and SMP2 at Tg- 
20 ◦C; (d) SEM images of fracture cross sections of SMPC1 at room temperature and Tg-20 ◦C; (e) Histograms of Young’s modulus at room temperature of SMPs 
and SMPCs.
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three stages. Due to the introduction of the second phase, there are two 
peaks in the loss factor curves, corresponding to temperatures of 76.4 ◦C 
and 111.1 ◦C, respectively. Since the fiber mesh and the resin matrix in 
SMPCs are two phases having their own transition temperatures that 
interact with each other but are independent of each other, the overall 
loss factor of SMPC shows two peaks. Elastic fibers are soft and flexible 
at both room temperature and deformation temperature, making it 
difficult to store energy without load; SMP matrix has a certain strength 
at room temperature, and is elastically deformable at deformation 
temperature. It can absorb and store energy during the molding process, 
and release energy to drive SMPCs recovery. As shown in Fig. S4, at the 
same recovery temperature and with similar deformation degree, the 
higher the SMP content, the greater the driving energy per unit of SMPC, 
and the faster the shape memory recovery speed. Therefore, the defor-
mation ability and shape memory effect are more limited by the resin 
matrix, so the samples are able to show deformation ability near the first 
peak, which is near the Tg shown by the matrix. The four-cycle shape 
memory cycling curves of SMP2 and SMPC1 are shown in Fig. 3(c) and 
(d), respectively. Based on the changes in strain, the material’s fixation 
rate and recovery rate can be calculated. After four cycles, the shape 
fixation rate and shape recovery rate of SMP2 and SMPC1 can reach 
more than 99 %, suggesting excellent shape memory performance.

3.3. Mechanical properties of SMPs and SMPCs

The static tensile curves of SMPs at room temperature are shown in 
Fig. 4(a). With the of cross-linking agents’ flexibility, mobility of the 
polymer network increases, leading to a growth in the elongation at 
break of SMPs. Meanwhile, the introduction of flexible segments in 
PEGDA caused a significant decrease in the elastic modulus. While the 
lengths of the chain segments of PEGDA 200 and PEGDA 400 did not 
have a significant effect on the modulus, which may be due to the fact 
that they are both more flexible cross-linkers compared to DVB with 
relative polymerization degree, making the difference in the elastic 
modulus tiny. Fig. 4(e) shows the elastic modulus of SMPs and SMPCs at 
room temperature. Compared to the matrix, the incorporation of the 
fiber mesh reduces the strength of the composites but enhances the ul-
timate strain at room temperature (Fig. S2).

The static tensile elongation at break of SMPs measured at different 
temperatures with a scale segment of 40 mm is shown in Fig. 4(b). The 
elongation at break of SMPs decreases with increasing temperature in all 
the three selected temperatures, which is due to the fact that a certain 
degree of high temperatures weakens the intermolecular forces of the 
polymer and reduces the strength and stability of the bonds. At Tg-20 ◦C, 

the introduction of PEGDA significantly increases the elongation at 
break of the samples, and SMP2 shows the highest elongation at break of 
up to 370 %, which is 120 % higher compared to SMP1. This is due to the 
long-chain cross-linking agents making the cross-linking density of the 
polymer network lower and the movable distance of the molecular chain 
segments rising, which was macroscopically manifested in the increase 
of elongation at break. The static tensile elongation at break of SMPCs 
and SMP2 at Tg-20 ◦C is given in Fig. 4(c), with a 10 mm scale segment. 
The ± 45◦-layered fiber mesh positively affects the elongation at break 
of the material, whereas 0◦/90◦-layered fiber mesh has a negative effect. 
The ± 45◦-layered fiber mesh is able to share the load during tension 
and the mesh structure can inhibit crack extension at the same time, 
improving the tensile performance of SMPC1. While the 0◦/90◦-layered 
fiber mesh can share the load, but the 90◦-layered fiber are more prone 
to splitting under tension, which promotes the fracture. The SEM image 
of the cross-section of SMPCs at Tg − 20 ◦C confirms this point (Fig. S3).

From Fig. 4(d), it can be seen that the matrix is able to impregnate 
the fiber filaments and the two have good bonding. At room temperature 
and Tg-20 ◦C, the fracture cross sections of the tensile parts show syn-
chronous fracture of the fibers and the matrix with no fiber pulling out, 
showing that the fibers and the matrix have a good form-following 
property.

3.4. Shape memory behavior

SMPs and SMPCs are shaped at 110 ◦C and then cooled to room 
temperature to fix their temporary structure. The shape memory per-
formance of samples in temporary shapes were tested at 85 ◦C, and the 
recovery process is shown in Fig. 5. Fig. 5(a) shows the process of SMP1 
from a temporary closed flower bud gradually unfolding into a perma-
nent pentagonal star. Under thermal simulation, the sample can basi-
cally complete recovery within 290 s. The SMPC1 was twisted into a 
spiral component when in high elastic state. As shown in Fig. 5 (b), the 
component overcomes the friction between the specimen and the envi-
ronment with the assistance of shape recovery driving force, achieving 
autonomous recovery within 310 s successfully. The SMP2 3D taper 
shown in Fig. 5 (c) is manufactured from a 2D sheet, which is able to 
achieve large deformation recovery within 1026 s of high temperature 
response. The recovery process is shown in video S1.

3.5. Shape memory smart structures and applications

SMPs and SMPCs have the properties of high modulus at room 
temperature and large deformation at deformation temperature (Fig. 6

Fig. 5. Shape memory recovery process at 85 ◦C of (a) SMP1, (b) SMPC1, (c) SMP2.
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(e)), enabling them more advantageous for applications in smart molds 
and other fields compared with other shape memory polystyrene 
[38–43].

Fig. 6(a) shows the working process of the shape memory smart 
mold. After the filament winding on its surface and curing, the com-
posite component is shaped. Then the temperature is raised to above Tg, 
the smart mold actively deforms and returns to the initial shape, 
achieving the rapid demolding of large cavity components. For the 
bottle mold with 100 % deformation, ABAQUS software is used to 
simulate the blowing process, with 2 mm initial thickness of the mandrel 
and 1 MPa blowing air pressure. The output stress map is shown in 

Fig. S1. In the process of molding, the mid-portion of the smart mold has 
the largest deformation, and it is also the region with larger stress. The 
location of the maximum stress appears in the stress concentration re-
gion at the corner. The experiment and finite element analysis results of 
the bottle mold are shown in Fig. 6(b), and the right curve shows the 
strain magnitude of the mold output along the axial direction. Combined 
with figure of the experiment bottle mold, it can be seen that the addi-
tion of the elastic fiber mesh enables the local deformation degree of the 
mold to be displayed by the degree of mesh distortion, which results in 
the intuitive visualization of the degree of deformation. Fig. 6(c) shows 
the quick recovery process of the bottle mold at 110 ◦C within 145 s, and 

Fig. 6. (a) Schematic diagram of the working process of the bottle smart mold; (b) Experiment and finite element analysis of the bottle mold; (c) Response process of 
the bottle smart mold at 110 ◦C; (d) Shape fixation rate of the bottle smart mold at 5d after blowing; (e) Comparison of the performance with the other shape memory 
polystyrenes[38–43].
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more details are displayed in Video S2. The smart molds can maintain 
their shapes within 5 days after blowing, with shape fixation rate more 
than 99 % (Fig. 6(d)), satisfying the basic needs of the smart molds for 
shaping, transportation and usage. Compared with other shape memory 
polystyrenes (Fig. 6(e)), the SMPs designed and prepared in this work 
have the advantages of high modulus at room temperature and large 
deformation at deformation temperature, which are expected to pro-
mote the technological upgrading of smart molds for the production of 
large cavity components.

As shown in Fig. 7, at the deformation temperature, composite ma-
terials with reconfigurable properties can be transformed from 2D 
planes to 3D structures by external forces, achieving multi-domain and 
multi-purpose applications of 2D-3D smart molds, programmable toys, 
and smart awnings. The 3D composite mandrel is formed into 4D 
deformable large cavity component with variable cross-section, curva-
ture, and structures. According to different usage scenarios, it realizes 
the development of smart molds with multiple forms and uses such as air 
duct molds, sphere molds and gourd molds, broadening the new path for 
the application of smart molds.

4. Conclusion

In this work, thermosetting shape memory styrene with high 
modulus at room temperature and large deformation characteristics at 
deformation temperature through rigid-flexible coupling molecular 
design were synthesized, ultimate strain of which can reach 370 %. 
Furthermore, composites were developed with spandex-nylon blended 
elastic fiber introduced, which can suppress the propagation of cracks 
and enhance the deformation ability of the composite. The shape re-
covery rate and shape fixation rate of the produced SMP and SMPC are 
both above 99 %, demonstrating excellent shape memory performance. 
Based on the large deformation and reconfigurability properties, SMPCs 
was demonstrated in the fields of 2D-3D smart molds, programmable 
toys, and smart awnings by 2D sheets to 3D shape convertion. 4D 
deformable smart molds with variable cross-section, curvature and 
structure have been achieved from 3D mandrels for active demolding, 
demonstrating the superiority of fast and convenient molding in com-
plex components. Thermosetting shape memory styrene and composites 
are expected to promote the efficient preparation of complex cavity 
structure composite components, paving a new way to advanced 
manufacturing.
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