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The current electroactive shape memory polymer composites (SMPCs) show low electric heating effi- 

ciency, and the transparency of the matrix is seriously damaged by the conductive fillers. In this work, 

transparent metal mesh is used to replace the conductive fillers to construct a conductive network for 

electrical actuation for the first time. The self-cracking aluminum mesh is embedded in the transparent 

shape memory polyimide film (Alm@TSMPI) by solution casting. As a new type of flexible and trans- 

parent heater, the Alm@TSMPI has advantages of fast response and high steady-state temperature. As an 

electric actuator, the Alm@TSMPI is active and deformable depending on its variable stiffness character- 

istics, and reverts to its original shape within 13 s under electric stimulation. This is the first report on 

an electroactive transparent shape memory polymer while maintaining light transmission. Moreover, the 

transition temperature of 230 °C is much higher than that of all other reported electroactive SMPCs. Fur- 

thermore, the Alm@TSMPI is attached to transparent shape memory polystyrene as a flexible transparent 

heater, and the deformation is triggered by electric field. According to this strategy, the Alm@TSMPI can 

be applied for the electrical actuation of other SMPs, extending the applications in the electric actuators. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Shape memory polymers (SMPs) can be highly deformed and

xed into a temporary shape under external force. Under the spa-

ially external stimuli, the shape recovery movement can be trig-

ered from temporary shape to the original shape [ 1 , 2 ]. Therefore,

MPs can achieve a variety of designed motions, such as bending,

hrinking, twisting [3] , etc . All the stimuli-responsive movements

ased on the shape memory effect are programmable. With its

pecial characteristics of low cost, light weight (90 0–110 0 kg/m 

3 ),

arge deformation (~800%) and easy processing [1] , SMPs have

een widely applied in various fields, including aerospace engi-

eering [4] , biomedical science [5] , flexible electronic devices [6] .

he external stimulation of environmental change is essential to

rigger the programmable movements of SMPs. Heating is the ear-

iest, most common and direct stimulation method. In practical ap-

lications, limited by the complexity and particularity of the real-

ty environment, the thermal actuation is often difficult to imple-

ent and control. Therefore, indirect, non-contact heating methods

ave attracted the attention of researchers, such as electrical cur-

ent, magnetic field and light [ 1 , 2 ]. 
∗ Corresponding author. 
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The applications of polymer actuators with memory and motor

bility in artificial muscle [7] , biomedical [5] and microfluidic de-

ices [8] have been widely concerned. Electro-activated SMPs are

ndispensable in polymer actuators, showing advantages of high

ontrollability, easy operation and high efficiency. At present, all

eported electro-activated SMP composites are composed of non-

onductive SMP matrix and conductive fillers [1] . When an electric

eld is applied, Joule heat is generated by the conductive fillers

ispersed in the polymer matrix. The deformation recovery mo-

ion of SMP matrix can be activated when heating above the tran-

ition temperature. The applied conductive fillers are divided into

wo categories: metal particles [ 9 , 10 ] and carbon fillers (e.g. car-

on nanotubes [11–24] , carbon black [25–29] , graphene [30–32] ,

arbon nanofibers [33–35] , bucky paper [36–37] ). Only when the

mount of conductive fillers exceeds a critical value, the contin-

ous conductive network is formed. A large number of conduc-

ive fillers make the color of SMP matrix black, completely losing

ts transparency. However, in the application of flexible electronics

nd optical devices, the optical transparency of SMPs is absolutely

ssential [6] . How to realize the electrical actuation of transpar-

nt SMPs while ensuring the optical transparency is a huge chal-

enge. In addition, the resistance of SMP composites with conduc-

ive fillers is usually large, resulting in low heating power and diffi-

ult actuation of the recovery process of SMPs with high transition

emperatures above 200 °C. Therefore, it is also an urgent problem

https://doi.org/10.1016/j.apmt.2020.100797
http://www.ScienceDirect.com
http://www.elsevier.com/locate/apmt
mailto:lengjs@hit.edu.cn
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to make the electro-activated SMPs with high transition tempera-

ture. 

In this work, transparent metal (Al) mesh embedded on the

surface of transparent shape memory polyimide film (TSMPI) is

designed. The transparent conductive circuit composed of embed-

ded metal mesh can convert the electric energy into the ther-

mal energy, which makes the active, deformable actuator return

to its original shape. This is the first report on electro-activated

transparent SMPs with the highest transition temperature (230 °C)

compared to other reported electro-activated SMPs. Most impor-

tantly, TSMPI embedded with metal mesh can also be applied as

an ultra-thin, flexible and transparent heater, and electrical stimu-

lation of any other transparent SMPs can be achieved by attaching

the TSMPI heater. 

2. Materials and methods 

2.1. Materials 

Water-based crackle paint was purchased from Guangzhou

Day Pulse Chemical Technology Co., Ltd. Both 2,20-

bis(trifluoromethyl) −4,40-diaminobiphenyl (TFDB) (98%) and

4,4 ′ -(4,4 ′ -Isopropylidenediphenoxy) diphthalic Anhydride (BPADA)

(98%) were purchased from Aladdin LLC.. Chromatographically

pure dimethylacetamide (DMAc) was purchased from Tianjin

Guangfu Fine Chemicals Institute. All chemical reagents were used

in the experiments directly without further treatment. 

2.2. Sample preparation 

The initial viscosity of water-based crackle paint was 2.9 Pa •s

at 25 °C, then the viscosity was diluted to 1.2 Pa •s by deionized

water. The diluted crackle paint was spin-coated on the surface of

the glass substrate, at 25 °C. The rotation speed was 1500 rpm,

and the spin coating time was 15 s. The self-cracking template was

converted by drying the paint film in a constant temperature and

humidity oven, at 25 °C with the humidity of 25%RH. The designed

mask and self-cracking template were placed in vacuum evapora-

tor (ZHDS400, Beijing Technol Science Co., Ltd.). A patterned alu-

minum film was deposited on the crack template surface using

high purity aluminum particles (99.99%) as evaporation source. The

vacuum degree was less than 5 × 10 −4 Pa, and the evaporation rate

and time was 0.8~1.0 nm/s and 6 min. The deposited substrate was

ultrasonically cleaned in 70 °C DMAc for 60 s, and the self-cracking

template was removed. The patterned Al mesh raised on the glass

substrate was manufactured after the crack template peeled off. 

The schematic diagram of synthesis of TSMPI can refer to our

previous work [38] . The polyamic acid solution was obtained by

mixing TFDB (1.9 mmol), BPADA (2.0 mmol) and DMAc (10 ml) in

the flask and stirring at room temperature for 20 h. The polyamic

acid solution was casted onto the glass with Al mesh on the sur-

face. The step-wise imidization curing process (80~300 °C) was

carried out, and the patterned Al mesh embedded in TSMPI was

finally prepared. The average thickness of TSMPI film with 70 μm

was controlled by adjusting the volume of polyamic acid solution

per unit area. The transparent shape memory polystyrene sheet

(30 ×9 ∗2 mm) was prepared according to the reference [39] . 

2.3. Characterization 

The viscosity of the water-based crackle paint was measured by

a rotary rheometer (TA Instruments, DHR-2) at 25 °C and at a shear

rate of 3.0 1/s. The micro morphology was characterized by laser

confocal microscope (LCM, Olympus OLS50 0 0) and optical digi-

tal microscope (Keyence, VHX-900) at room temperature. Scanning

electron microscopy (SEM) was performed on a Zeiss Sigma300
nstrument at an accelerating voltage of 5 kV. The optical trans-

ittance (20 0~80 0 nm) was measured by a Perkin Elmer Lambda

050 UV/Vis/NIR spectrophotometer at the resolution of 1 nm. The

alue of three different samples was used in the transmittance test.

he sheet resistance ( R s ) was evaluated by four-point probe mea-

urement (NAPSON, RG-7C) at room temperature. The thermome-

hanical properties of polymer were characterized by dynamic me-

hanical analysis (DMA) (TA Instruments Q800), under the tensile

ode with a frequency of 1 Hz, at a heating rate of 3 °C min 

−1 .

he transient surface temperature field of the flexible transparent

eater was measured by an infrared thermal image instrument.

he strip sample (angle 180 °) was folded to an angle 0 ° under

eating, and the temporary shape was fixed by cooling down to

oom temperature under the action of external force. Then the ex-

ernal force was removed and the fixed angle ( θ f ) of the sample

as determined. The shape fixity ratio ( R f ) can be expressed as

q. (1) . In the shape recovery experiment, the temporary shape

as heated in an electric field, from which the recovery angle θ r 

as recorded. The shape recovery ratio ( R r ) was calculated accord-

ng to Eq. (2) . The average values of the R f and R r were acquired

y three consecutive bending-recovery shape memory cycle tests. 

 f = 

180 − θ f 

180 

× 100% (1)

 t = 

θr − θ f 

180 − θ f 

× 100% (2)

. Results and discussions 

Fig. 1 shows the preparation process of transparent shape mem-

ry polyimide film embedded with metal mesh on the surface.

irstly, a fast and low-cost technology was used to prepare Al mesh

n the glass substrate. A uniform micro-crack template was ob-

ained by coating self-cracking water-based crackle paint on the

lass substrate. The Al film with low-cost, good oxidation resis-

ance and good conductivity was deposited on the crack template

y vacuum thermal evaporation. The crack template was rapidly

eeled off from the glass surface by ultrasonic cleaning, while the

l mesh remained on the glass surface (Alm@glass). Secondly, the

recursor of polyimide, polyamide acid solution, was synthesized

ccording to the previous research [38] . The polyamide acid solu-

ion was coated on the glass surface with metal mesh by solution

asting. The polyimide film was prepared through imidization reac-

ion after staged heating. Finally, the Al mesh on the glass surface

as peeled off and embedded in the transparent shape memory

olyimide (Alm@TSMPI). The combination of Al atoms and glass

ubstrate is dominated by the weak van-der waals force. The ad-

esion between Al mesh and glass substrate is very weak. Due to

he high modulus and size shrinkage of cured polymer, TSMPI sub-

trate exerts a strong Von-Mises stress on the embedded Al mesh,

hich is far more than the adhesion force between Al mesh and

lass substrate. Therefore, during the peel-off process, the Al mesh

n the glass substrate can be transferred to the surface of TSMPI

ubstrate without defects during the stripping process. 

The millimeter-scale cracks produced by water-based crackle

aint are commonly used in surface decoration of handcrafts and

uildings. During the drying process, the film cracks due to the

oncentration of internal stress [40] . Under the condition of stable

emperature and humidity, different film thicknesses lead to differ-

nt water loss rates and internal stress states, and ultimately cause

ifferent crack morphologies. With the increase of the film thick-

ess, the crack width of the mesh template becomes wider, and

he mesh size becomes inhomogenous [41] . Under the constant

iscosity (~1.2 Pa •s), the faster the spin-coating speed, the thin-

er the paint film thickness. By adjusting the spin-coating speed
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Fig. 1. Manufacturing process of transparent shape memory polyimide film with embedded metal mesh. 

Fig. 2. (a) Optical microscope and (b) laser confocal microscope image of micro-crack template. Optical microscope image of metal mesh (c) on glass substrate and (d) 

embedded in polyimide substrate. (e) Digital photo of TSMPI film with patterned transparent conductive circuit. (f) SEM image of metal mesh embedded in polyimide 

substrate. EDS mapping of (g) C element and (h) Al element on the Alm@TSMPI. 
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1500 rpm) to form a paint film with appropriate thickness, a

icrometer-scale crack template is obtained, as shown in Fig. 2 a.

he template is mainly composed of a large number of quadri-

ateral microcracks with similar geometry. Through controlling the

orphology of microcracks, a suitable micro-crack template is pre-

ared, and the cracks are concentrated in the width distribution.

he results show that the crack width ranges from 2 to 6 μm,

ith an average value of 4.0 ± 1.2 μm. Fig. 2 b is a laser confo-

al microscope image of the micro-crack template. It is intuitively

bserved that the thickness of micro-crack template is uniform,

nd the crack depth is about 6.5 μm. The optical microscope im-

ge of the Alm@glass produced by vacuum evaporation and ultra-

onic cleaning is shown in Fig. 2 c. There is no damage or fracture

ppearing on the Al mesh during the template removal process.

he morphology of the metal mesh is completely copied from the

acro-crack template ( Fig. 2 a). 

Fig. 2 d is an optical microscope image of the metal mesh em-

edded in the polyimide substrate. In the process of TSMPI cur-

ng and demolding, the metal mesh still remains intact during the

ransition from rigid structure to flexible structure. When design-

ng a mask in vacuum evaporation, the metal mesh can be pat-

erned to produce transparent conductive circuits of any shape. As

hown in Fig. 2 e, a slightly darker U-shaped transparent conduc-

ive circuit is distributed on the surface of colorless shape memory

olyimide. Fig. 2 f shows the SEM image of the Alm@TSMPI, reveal-

ng that the width of the Al meshes ranges from 2 to 6 μm, simi-

ar to the optical microscope result. Energy dispersive spectrometer

EDS) mapping of the Alm@TSMPI is shown in Fig. 2 g and h. The

ed part in Fig. 2 g represents carbon element, which proves that
he region is polyimide substrate. In Fig. 2 h, the green part and

he red part complement each other to represent the aluminum

lement, which proves that the mesh area is metallic aluminum.

he raised shadow on the interface reveals that the metal mesh

s embedded in the polyimide, rather than simply on the surface

 Fig. 2 f). In addition, the Alm@TSMPI has the advantages of flexible

urability, ultra-low surface roughness and strong adhesion due to

his unique embedded structure [41] . 

The conductive circuit embedded with transparent metal mesh

n TSMPI has a broad application prospect in flexible transparent

lm heaters. For the heater based on Joule heating effect, the re-

istance is an important parameter affecting heating power. At the

ame voltage, the lower the resistance, the higher the conversion

ate of electric energy to thermal energy. The average square re-

istance ( R s ) of the Alm@TSMPI film heater adopted by four-point

robe method is 3.0 � sq −1 . Fig. 3 a shows the electrothermal

erformance of the Alm@TSMPI heater at different applied volt-

ges. When the power is turned on, the surface temperature rises

apidly and reaches the steady-state temperature within a few sec-

nds. Once the power is cut off, the surface temperature drops

apidly to room temperature. The higher the applied voltage, the

igher the steady-state temperature. The time from room temper-

ture to the steady-state temperature is defined as the response

ime of heaters. When the applied voltage is 6 V and 12 V, the

lm@TSMPI can reach the steady-state temperatures of 95 °C and

35 °C in the response time of 20 s. Fig. 3 b shows the temperature

ersus power density plot of the Alm@TSMPI. With the increase

f power density, the steady-state temperature increases linearly.

y calculating the slope of the fitted curve in Fig. 3 b, the thermal
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Fig. 3. (a) Time-dependent temperature profiles of the Alm@TSMPI (actual conductive area~200 mm 

2 ) at different applied voltages ( R s = 3.0 � sq −1 ). (b) Temperature versus 

power density plot of the Alm@TSMPI transparent heater. (c) Switching thermal stability cycles of the Alm@TSMPI transparent heater with 0 and 10 V applied voltages. (d) 

The steady-state temperature versus response time of the Alm@TSMPI film heater compared to the results of literature. (e) Temperature variation at an applied voltage of 

8 V for 3 h. 
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resistance and electrical power consumption of the Alm@TSMPI

heater are approximately 79.2 °C W 

−1 cm 

2 . 

The cyclic thermal stability of the Alm@TSMPI heater is further

measured by switching the input power voltage from 0 to 10 V

( Fig. 3 c). The results of 20 heating and cooling cycles show that

the Alm@TSMPI has sufficient thermal stability. The steady-state

temperature and the response time are the key indicators to eval-

uate the electrothermal performance of heaters. Flexible transpar-

ent heaters have the advantages of high steady-state temperature

and fast response speed. It has been widely applied in the fields of

defogging and defrosting windows, wearable electronic equipment,

thermal sensors and other fields [42] . The Alm@TSMPI heater with

the steady-state temperature of 235 °C and the response time

of 20 s is superior to other reported flexible transparent heaters

based on carbon nanotubes (CNTs) [43–47] , graphene [48–50] , sil-

ver nanowires (AgNWs) [51–61] , metal mesh [62–67] and their hy-

brids [68–74] ( Fig. 3 d). The AgNWs network is easy to melt and

fracture at high temperature, which limits the maximum steady-

state temperature of AgNWs based heaters ( < 160 °C) [54] . CNTs
nd graphene-based heaters are generally less electrothermal ef-

cient because of their high resistance. The upper limit of steady-

tate temperature of metal mesh based heater is determined by the

hermal resistance of substrate material. In this work, shape mem-

ry polyimide as the flexible transparent heater substrate has ex-

ellent heat resistance, greatly increasing the upper limit of steady-

tate temperature. The Al crack network shows high interconnec-

ivity and non-contact resistance, which can efficiently convert

lectrical energy into thermal energy. Therefore, the flexible trans-

arent heater based on metal mesh has the characteristics of fast

esponse and high steady-state temperature. Ye et al. demonstrated

hat the response time of transparent electric-heater could be pro-

onged as the glass substrate thickness increases 30 times [69] .

s shown in Fig. 3 d, we found that more than half of literatures

n flexible transparent heaters did not point out the thickness of

he flexible substrate. The effective thickness of the polymer sub-

trates was statistically varied from 50 to 150 μm. The thickness

f TSMPI used in this work is about 70 μm. Considering that the

ifference in the thickness of each polymer substrate is relatively
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Fig. 4. (a) UV–vis spectra of TSMPI substrate and flexible transparent heater (Alm@TSMPI). Dynamic mechanical analysis results of (b) TSMPI and (c) Shape memory 

polystyrene, the insert picture is the digital photo of transparent polystyrene. (d) Schematic diagram of metal mesh for electrical stimulation of transparent shape memory 

polymers. 
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mall, the effect of substrate thickness on the response time is

emporarily ignored in Fig. 3 d. Furthermore, the long-term heat-

ng stability was also demonstrated by long-term loading applied

oltage (8 V). Fig. 3 e shows that there is no temperature fluctua-

ion in the Alm@TSMPI which works continuously for 3 h under

he steady-state temperature of 150 °C. Therefore, the Alm@TSMPI

eater could easily satisfy the reliability requirements of flexible

ransparent heaters in most applications. This excellent long-term

eating stability may benefit from the protection of the polymer

ubstrate on the embedded Al mesh. 

The light transmittance of the flexible transparent heater in

he visible light range is shown in Fig. 4 a. The transmittance of

ransparent shape memory polyimide substrate at 550 nm ( T 550 )

s around 90%. The strongly electron-withdrawing and bulky -CF 3 
nhibit the formation of charge transfer complexes, which deter-

ines that TSMPI film has excellent optical transparency [33] . The

etal mesh embedded in TSMPI as an obstacle can block the pene-

ration of visible light, thus the T 550 of the Alm@TSMPI is reduced

o 83%. The thermomechanical properties of SMPs are shown in

ig. 4 b and c. The peak value of loss factor (Tan δ) represents the

lass transition temperature ( T g ) of polymer. Fig. 4 b shows that

SMPI has a T g of 230 °C, which is much higher than other trans-

arent SMPs and has excellent heat resistance. Therefore, TSMPI

ased flexible transparent heater can be applied in high temper-

ture environment, which greatly expands potential applications.

hape memory polystyrene (SMPS) exhibited good shape memory

erformance, adjustable transition temperature (60~85 °C) [39] ,

nd, excellent optical transparency. The transmittance of SMPS in

isible spectrum is 95% [75] . In this work, we use the electrical

timulation of another SMPs as an example to demonstrate the

lm@TSMPI. The T g of transparent SMPS is about 83 °C, and the in-

et image in Fig. 4 c shows the high optical transparency of SMPS.

hen the polymer transferring from glassy state to rubber state

t transition temperature, the storage modulus decreases in ge-
metrically ( Fig. 4 b~c), which provides shape memory effect for

SMPI and SMPS. The networks in SMPs are composed of macro-

olecular chain segments and network points. The netpoints link

he macromolecular chain segments together, which remain stable

nd determine the original shape of the polymer [3] . The physical

rosslinking formed by intermolecular interactions is the netpoints

f TSMPI. The netpoints in transparent SMPS are generated by co-

alent bonds (chemical crosslinking). 

Fig. 4 d is the schematic diagram of the metal mesh for elec-

rical stimulation of transparent shape memory polymers. In the

rogramming process of shape memory effect, the rectangular

lm@TSMPI (angle 180 °) is folded into angle 0 ° under the action

f heating and external force, and the temporary shape is mem-

rized when removing the heat and force. Under the appropri-

te voltage, the Joule heat generated by the current is transmit-

ed to the TSMPI substrate through the transparent conductive cir-

uit composed of metal meshes. When the temperature rises to

 g , the recovery movement from the temporary shape to the orig-

nal shape is triggered. As an ultra-thin, flexible and transparent

eater, the Alm@TSMPI with a thickness of only 70 μm is pasted

n the transparent SMPS. With the bending deformation of SMPS,

he Alm@TSMPI has the same non-interference deformation. Sim-

larly, the Joule heat generated by the Alm@TSMPI can activate

MPS at lower voltage. 

Fig. 5 a shows the shape memory recovery process of the

lm@TSMPI film under electrical stimulation. The infrared ther-

al image corresponding to Fig. 5 a is shown in Fig. 5 b. Accord-

ng to the electrical heating characteristic curve ( Fig. 3 a), the heat

enerated at 12 V is sufficient to trigger the recovery of TSMPI

 T g = 230 °C). The rapid thermal conductivity is present as a result

f the ultrathin thickness. Within 1.5 s after power-on, the metal

esh quickly heats the TSMPI substrate to drive the recovery mo-

ion. The Alm@TSMPI has superfast response and recovery speed,

nd its temporary shape returns to its original shape within 13 s.
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Fig. 5. (a) Digital photos and (b) infrared thermal images of shape memory recovery process of the Alm@TSMPI at 12 V DC. (c) Digital photos and (d) infrared thermal 

images of shape memory recovery process of transparent SMPS at 6 V DC. 
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Fig. 5 c shows the shape recovery process of transparent SMPS un-

der electrical stimulation. The infrared thermal image correspond-

ing to Fig. 5 c is shown in Fig. 5 d. SMPS slice (30 ×9 ∗2 mm) and the

Alm@TSMPI film are stuck together by a transparent 3 M double-

sided tape. Low voltage of 6 V is adopted to trigger shape memory

recovery of SMPS due to its low transition temperature of 83 °C.

After power on, the transparent SMPS is triggered to recover after

19 s, and the whole recover process takes 70 s. The response speed

and the recovery speed of electro-activated SMPS are much slower

than that of the Alm@TSMPI. Because the thickness of SMPS slice is

much larger than that of TSMPI film, it takes a long time to trans-

fer heat from one side to the other side. At the end of recovery,

the average temperature of the instantaneous surface temperature

field reaches 90 °C. Shape fixity ratio ( R f ) and shape recovery ratio

( R ) are two important characteristic parameters of shape mem-
r 
ry materials. The shape memory properties of electro-activated

MPs are measured by bending deformation method. For specific

est details, see the characterization section. Electro-activated SMPs

ith flexible metal mesh as transparent heater can obtain excellent

hape memory performance. The R f and R r of Alm@TSMPI are 99%

nd 96%, respectively. Under electrical stimulation, the R f and R r of

ransparent SMPS are 99% and 98%, respectively. 

Compared with other reported literatures, the results of shape

ecovery process under electrical stimulation are shown in Fig. 6 .

ll the reported electro-activated SMPs are prepared by adding

onductive particles in polymer matrix, such as CNTs, carbon

anofibers (CNFs), carbon black (CB), nickel nanoparticles (NiPs).

he doping of conductive fillers in SMP matrix is random, resulting

n well-distributed heat transfer in the thickness direction. There-

ore, in Fig. 6 , the effect of matrix thickness on the shape recov-
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Fig. 6. The transition temperature versus shape memory recover time of this work 

compared to the literature results. 
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ry time of electro-activated SMPs can be ignored. This strategy of

uilding conductive networks with fillers has two disadvantages.

he composites with fillers have high resistivity and low electri-

al heating power. It is difficult to achieve shape recovery of SMPs

ith high transition temperatures ( > 150 °C) by electrical heat-

ng. Most importantly, no matter what kind of conductive filler

s added, the transparency of transparent SMPs can be destroyed.

n this work, the conductive network is constructed by embedded

etal mesh rather than conductive fillers. It not only realizes the

ast electro-activated recovery (13 s) of TSMPI with high transition

emperature (230 °C), but also maintains its high light transmis-

ion. 

. Conclusions 

In summary, the metal (Al) mesh embedded in transpar-

nt shape memory polyimide film (TSMPI) is fabricated via

elf-cracking template and solution-coating. The transmittance of

lm@TSMPI at 550 nm is 83%, and the sheet resistance is 3.0 �

q −1 . The Alm@TSMPI has the advantages of fast response and

igh steady-state temperature, which reach the steady-state tem-

eratures of 235 °C in the response time of 20 s. Depending on

he shape memory effect of polymer substrate, the Alm@TSMPI is

n active, deformable, electric actuator that can recover its orig-

nal shape within 13 s under electric stimulation. TSMPI has the

ighest transition temperature (230 °C) among all the reported

lectroactive shape memory polymers. In addition, not limited to

ransparent SMPs, the electrical response of all SMPs with transi-

ion temperature below 230 °C can be achieved by attaching the

lm@TSMPI flexible transparent heater. It is of great significance

o extend the application of flexible transparent actuators. 
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