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Abstract 
 

Stimulus-responsive bilayer actuators play a vital role in next-generation intelligent systems. However, their practical 
applications are often hindered by limited mechanical robustness, weak interfacial adhesion, and complex fabrication 
processes. Herein, a scalable bilayer actuator is developed via thermal pressing of a polylactic acid (PLA) layer with continuous 
carbon fibers (CFs) reinforcement. The mismatch in thermal expansion coefficients between the active PLA and passive CFs 
layers enables programmable and complex deformation under external stimuli. The incorporation of continuous CFs endows 
the actuator with enhanced mechanical performance (tensile strength: 1525 MPa), while the interfacial bonding strength 
reaches 335 N/m, ensuring structural integrity over 500 actuation cycles. The actuator exhibits light-induced bending of 142° 
within 14 s under 0.9 W/cm2 illumination, and electrothermal actuation of 160° at 2.3 V. Notably, a synergistic actuation 
effect is observed under combined light and electrical stimulation, revealing a coupled mechanism that expands current 
understanding of multi-stimuli actuation. An internet of things (IoT)-enabled wireless control system is further integrated, 
enabling real-time manipulation of a deployable foldable structure, which could be applied to solar sail protection on space 
stations. This work presents a high-performance actuator platform that combines mechanical robustness, multi-
responsiveness, and intelligent control, offering broad potential for applications in adaptive structural systems. 

Keywords: Bilayer actuator; Continuous carbon fiber-reinforced composites; Stimulus responsiveness; Synergistic actuation; 

Wireless foldable structure. 

Received: 28 July 2025; Revised: 22 September 2025; Accepted: 10 October 2025. 

Article type: Research article. 
 

1. Introduction 

Continuous fiber-reinforced composites (CFRCs) have been 

widely employed in aerospace, automotive, civil infrastructure, 

and emerging intelligent systems due to their exceptional 

mechanical properties, low density, and outstanding 

designability.[1-3] Especially, continuous carbon fibers (CFs)-

based composites exhibit high tensile strength, dimensional 

stability, and tailorable anisotropy, making them highly 

suitable for load-bearing structures in harsh or dynamic 

environments.[4-7] However, most existing CFRCs are 

structurally passive—they serve as mechanically robust 

carriers but lack the capacity to actively respond to external 

stimuli such as light, electricity, or heat. The absence of 

stimulus-responsiveness severely limits their functionality in 

future intelligent and adaptive structural systems.[8] Therefore, 

enabling actuation or adaptive deformation functions in 

CFRCs without compromising their inherent strength is of 

great scientific and technological importance. 

Among current strategies for designing stimulus-

responsive actuators, bilayer architectures have gained 

significant attention due to their simple structure and 

controllable deformation mechanisms.[9,10] These actuators 

typically consist of two layers with contrasting thermal 

expansion coefficients (CTEs), where external stimuli, 

inculding thermal, photothermal, or electrothermal, induce 
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interfacial strain mismatch and subsequent bending 

deformation.[11,12] Such bilayer configurations provide a 

straightforward method to engineer programmable shape 

morphing behaviors and have been extensively applied in 

shape-changing soft robots and adaptive interfaces.[13,14] 

Continuous CFs present unique advantages when 

introduced into bilayer actuator designs. First, they possess an 

almost zero or even negative CTE along the fiber direction, 

providing strong passive resistance to thermal expansion and 

enabling efficient bending when paired with a thermally 

expandable layer such as polylactic acid (PLA).[15,16] Second, 

CFs inherently exhibit photothermal and electrothermal 

conversion abilities due to their excellent electrical and optical 

absorption characteristics,[17,18] making multi-mode stimulus 

responses feasible within a single material system. Third, the 

in-plane anisotropy of unidirectional CFs provides additional 

freedom for deformation pattern design and programmable 

actuation, allowing for complex, directional, or asymmetric 

shape changes.[19] Most importantly, the incorporation of 

continuous CFs significantly enhances the mechanical 

performance of actuators, enabling their potential deployment 

in load-bearing intelligent structures.[20] Despite these 

advantages, the use of continuous fibers in responsive 

actuators has been scarcely reported, and their integration 

remains technically challenging. Further research is needed to 

explore their applicability and enable their effective use in 

smart actuator platforms. 

Furthermore, existing studies on stimulus-responsive 

actuators largely focus on single-mode actuation, particularly 

light-induced or electrically driven deformation.[21,22] However, 

light and electrical stimuli are inherently limited in actuation 

depth, intensity, and controllability when applied 

independently. In contrast, synergistic actuation using 

combined light and electrical stimulation holds promise to 

overcome these limitations.[23,24] By leveraging multi-stimulus 

coupling, the required intensity of each individual input can be 

reduced while achieving enhanced or programmable 

deformation.[25-27] Despite its significance, the understanding 

of coupled light/electric actuation mechanisms remains 

limited, with few systematic investigations available in current 

literature. Addressing this knowledge gap would provide 

valuable insight for designing more efficient, low-power, and 

multifunctional actuator systems. 

Here, we report a scalable bilayer actuator fabricated by 

thermally pressing a PLA layer with a continuous carbon fiber 

layer, forming a heterogeneous and asymmetric structure. 

Through optimized thermal pressing parameters and fiber 

orientation, we achieve tunable bending behaviors based on 

CTE mismatch. We further utilize the anisotropy of CFs to 

program complex deformation modes. Systematic 

investigations are conducted on the thermal, light-induced, 

electrically induced, and light/electric synergistic actuation 

behaviors, and the underlying coupling mechanisms are 

analyzed in detail. Finally, to demonstrate application 

feasibility, we integrate an internet of things (IoT)-enabled 

wireless control system, enabling real-time actuation of a 

foldable deployable structure. This work not only advances the 

understanding of synergistic stimulus-responsive mechanisms 

in continuous fiber composites, but also provides a practical 

and scalable platform for the development of robust, 

programmable, and intelligent actuator systems. 

 

2. Experimental 

2.1 Materials 

Polylactic acid pellets (PLA, 2002D, density: 1.20–1.30 g/cm³) 

were purchased from NatureWorks, USA. The carbon fiber 

prepreg sheets (thickness: 0.08 mm), containing T700 CFs 

(diameter: 7–8 μm) and an epoxy-amine resin matrix, were 

obtained from Weihai Guangwei Composites Co., Ltd., China. 

Dichloromethane (DCM, AR grade, boiling point: 39.8 °C) 

was supplied by Chengdu Cologne Chemicals Co., Ltd., China. 

All materials were used as received without further 

purification. 

 

2.2 Fabrication of CF/PLA composite actuator 

2.2.1 Preparation of PLA film 

PLA films were fabricated via a spin-coating method. Briefly, 

PLA pellets were dissolved in DCM to form a 14 wt.% 

solution, stirred at room temperature until fully homogeneous, 

and then degassed for 3 min to eliminate air bubbles. The 

resulting solution was spin-coated onto a glass substrate at 

1500 rpm for 30 s, followed by drying at 40 °C to remove the 

solvent, yielding uniform PLA films with a thickness of 50 ± 

2 μm. 

 

2.2.2 Preparation of bilayer CF/PLA composites 

Bilayer CF/PLA composites were fabricated via thermal 

pressing. A layer of CF prepreg was first laid on the mold 

surface, followed by the PLA film. After precise alignment, 

the stacked layers were placed into the preheated mold cavity 

and hot-pressed at 4 MPa for 20 min under various 

temperatures (130 °C, 150 °C, 170 °C, and 190 °C). The 

samples were demolded after cooling and labeled as TCF-1, 

TCF-2, TCF-3, and TCF-4, respectively. 

 

2.3 Characterization 

2.3.1 Morphology and structure characterization 

The microstructure of CF/PLA actuators was examined using 
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scanning electron microscopy (SEM, SU8010, Hitachi, Japan). 

Prior to imaging, samples were sputter-coated with a ~10 nm 

gold layer. SEM images were acquired at an accelerating 

voltage of 10 kV. 

 

2.3.2 Mechanical testing 

Tensile properties were evaluated using a universal testing 

machine (UTM 5105, China). CF/PLA specimens were 

prepared with fiber orientations of 0°, 30°, 45°, 60° and 90°, 

with dimensions of 250 mm × 25 mm. Tests were conducted 

at room temperature (23 ± 2 °C) with a crosshead speed of 1 

mm/min. Five specimens were tested for each group, and 

average values with standard deviations were reported. 

 

2.3.3 Interfacial peeling test 

The interfacial adhesion strength between the CF and PLA 

layers was characterized using a T-peel test.[28] To create a 

localized interfacial separation zone, a polyimide film was 

inserted between the CF prepreg and PLA film prior to thermal 

pressing, covering approximately half of the contact area. 

After curing, the polyimide film was peeled off to generate a 

controlled delamination region. The two free ends of the CF 

and PLA layers were then clamped in a universal testing 

machine, and the test was performed at a constant speed of 1 

mm/min. 

 

2.3.4 Thermal-response behavior 

The thermal actuation behavior of the CF/PLA bilayer actuator 

was investigated using a precision temperature-controlled 

heating stage (SET, Shenzhen Fanyuhang Electronics Co., 

Ltd., China). Rectangular specimens (20 mm × 25 mm × 0.1 

mm) were tested at various temperatures (80 ℃, 100 ℃, 

120 ℃, 140 ℃, and 160 ℃) to evaluate their deformation 

response. To examine the effect of carbon fiber anisotropy on 

actuator deformation, bilayer samples with different fiber 

orientations (0° to 180°, at 15° intervals) were prepared, all 

with dimensions of 10 mm × 50 mm. The dynamic 

deformation process was recorded in real time using a high-

resolution camera (iPhone, 4K/60 fps, USA), and key 

deformation parameters were extracted and analyzed using 

digital image correlation techniques with image processing 

software (Camera Measure Pro V2.3, China). 

 

2.3.5 Light-response behavior 

To evaluate the light-stimulated actuation behavior of the 

CF/PLA actuator, an infrared heating lamp (Philips IR375R, 

100-375 W, wavelength: 570-600 nm) was used to adjust the 

light intensity in the range of 0.3-1.2 W/cm². Samples with 

dimensions of 20 mm × 25 mm were tested. During actuation, 

the surface temperature of the actuator was monitored in real 

time using an infrared thermal imaging camera (Testo865, 

Testo, Germany). 

 

2.3.6 Electric-response behavior 

Electrical actuation was investigated using a programmable 

DC power supply (Maisheng MS-1520DS, China) with 

applied voltages ranging from 0.3 to 2.3 V. Specimens (35 mm 

× 50 mm) were connected via conductive copper tape 

electrodes. Temperature evolution during actuation was 

monitored using the Testo 865 thermal imaging system. 

 

2.3.7 Light and electric synergistic response behavior 

To investigate the synergistic actuation behavior under 

combined light and electrical stimuli, a dual-mode stimulation 

system was constructed, consisting of an infrared lamp 

(Philips IR375R) and a programmable direct current (DC) 

power supply (Maisheng MS-1520DS). CF/PLA actuators (35 

mm × 50 mm) were subjected to simultaneous light irradiation 

(0-1.0 W/cm²) and electrical input (0-2.4 V). Real-time surface 

temperature fields were recorded using the Testo 865 thermal 

imaging system. 

 

3. Results and discussion 

3.1 Structural design and actuation mechanism of the 

actuator 

Heterogeneous bilayer structures represent a key 

configuration in the design of intelligent actuators. Typically, 

such systems consist of a thermally responsive active layer and 

a dimensionally stable passive layer, where the mismatch in 

their thermal expansion coefficients drives the overall 

deformation.[11,29,30] The rational selection of material systems 

and structural design is crucial for achieving high-

performance actuators capable of responding to multiple 

external stimuli. Continuous CFs, with their high specific 

strength, anisotropic mechanical properties, and near-zero or 

even negative CTE,[31] as well as excellent photothermal and 

electrothermal conversion capabilities, are ideal candidates for 

the passive layer. In contrast, thermoplastic polymers such as 

polylactic acid (PLA) possess relatively high CTEs and 

favorable thermal processability, making them suitable as 

active layers.[32,33] Integrating CF and PLA into a 

heterogeneous bilayer configuration holds promise for 

realizing actuators that combine excellent mechanical 

robustness with efficient responsiveness under thermal, light, 

and electrical stimuli. 

To validate this design concept, a spin-coating and hot-

pressing strategy was employed to fabricate PLA/CF bilayer 

actuators (Fig. 1a). Uniform, stress-free PLA films were first 
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prepared via spin-coating to ensure continuity and flexibility 

of the active layer during actuation. These films were then 

uniformly placed over pre-laid continuous CF prepregs to 

establish intimate interfacial contact prior to thermal pressing. 

By optimizing the processing parameters, strong interfacial 

bonding between the PLA and CF layers was achieved, while 

preserving the structural integrity of the PLA layer and 

preventing its penetration into the fiber network. This ensured 

the structural heterogeneity necessary for effective bilayer 

actuation. 

As illustrated in Fig. 1(b), the resulting heterogeneous 

bilayer composite undergoes actuation upon exposure to 

thermal, light, or electrical stimuli. The CF layer exhibits 

negligible volume change, whereas the PLA layer undergoes 

significant expansion or contraction, providing the primary 

driving force for bending deformation. This actuator is 

fabricated using only widely available thermoplastic films and 

commercial CF prepregs, avoiding the need for expensive 

nanomaterials or complex synthesis processes. As such, it 

offers significant cost advantages and excellent scalability for 

practical engineering applications. Furthermore, the scalable 

hot-pressing process enables efficient integration of materials 

with distinct thermal expansion properties, accelerating 

actuation response. The high anisotropy of CFs not only 

contributes to mechanical stiffness but also constrains and 

guides the deformation of the surrounding polymer matrix, 

enabling programmable and complex actuation modes. In 

summary, this actuator demonstrates promising potential with 

excellent mechanical properties and multi-stimuli 

responsiveness. 

 

3.2 Process optimization of the heterogeneous bilayer 

structure 

To construct CF/PLA bilayer composites with pronounced 

structural heterogeneity, the hot-pressing temperatures were 

selected based on the thermal stability of continuous carbon 

fiber (CF) prepregs and the thermal transitions of PLA.[34,35] 

The selected temperature range (130 °C, 150 °C, 170 °C, and 

190 °C) spans the critical phase transition region of PLA from 

glass transition to complete melting. Fig. 2(a) shows the cross-

sectional structures of the CF/PLA composites prepared at 

different temperatures. The results indicate that the thickness 

of the CF layer remains nearly constant (~0.08 mm) across all 

temperatures, whereas the PLA layer becomes progressively 

thinner with increasing temperature, leading to a gradual 

reduction in heterogeneity. At 190 °C, the low-viscosity PLA 

visibly infiltrates the CF layer, resulting in a nearly 

homogeneous structure. At 130 °C, the actuator formed a 

complete PLA layer (~0.04 mm thick). SEM images of the 

cross-section of the CF in both 0° and 90° orientations (Fig. 

S1) clearly show a stable bilayer morphology. This indicates 

that the process preserves the integrity of the PLA layer and 

promotes the formation of a heterogeneous structure between 

the PLA matrix and the CF layer. 

 

 

Fig. 1: Schematic illustration of (a) the fabrication process and (b) the actuation mechanism of the CF/PLA bilayer actuator. 
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As shown in Fig. 2(b), actuators with greater heterogeneity 

display more pronounced initial curvature. Finite element 

simulations (Fig. 2c) further confirm this trend, indicating that 

higher heterogeneity leads to greater residual stress 

accumulation at the interface. This enhances internal energy 

storage and drives spontaneous curvature formation in the 

absence of external forces.[36] The degree of curvature was 

quantitatively evaluated using the three-point arc fitting 

method, as illustrated in Fig. 2(d). By connecting the arc 

endpoints A and C with the midpoint B and constructing 

perpendicular bisectors, their intersection point O defines the 

radius R of curvature, and the curvature is calculated as 1/R. 

Quantitative results of initial curvature for samples formed at 

different temperatures are shown in Fig. 2(e). The sample 

fabricated at 130 ℃ (TCF-1) exhibits the highest curvature of 

0.196 mm-1, which gradually decreases with increasing 

temperature, reaching a minimum of only 0.037 mm-1 at 

190 ℃. 

In summary, thermal pressing at 130 °C effectively 

maintains interfacial integrity and structural heterogeneity 

between CF and PLA layers, yielding the largest initial 

deformation. Therefore, 130 °C was selected as the optimal 

fabrication temperature for the bilayer actuator. All actuator 

samples discussed in the following sections were prepared 

under this condition.  

 

3.3 Physicochemical properties and thermally induced 

actuation behavior 

Due to the inherent anisotropy of CFs, the CF/PLA bilayer 

actuator exhibits pronounced direction-dependent mechanical 

properties. As shown in Fig. 3(a), tensile tests were performed 

on samples with fiber orientations of 0° and 90°. The actuator 

with fibers oriented at 90° (perpendicular to the loading 

direction) exhibited a tensile strength of 46 MPa, whereas the 

0° sample (parallel to the fiber direction) achieved a 

significantly higher strength of 1525 MPa, benefiting from the 

reinforcement of continuous CFs. This superior mechanical 

strength surpasses that of most reported soft actuators,[7,37,38] 

highlighting its potential for deployment in complex 

environments. To further evaluate the interfacial bonding 

strength, T-peel tests were conducted (Fig. 3b). The measured 

peel strength reached 335 N/m, confirming the formation of a  

 

 
Fig. 2: Characterization of CF/PLA actuators fabricated at different hot-pressing temperatures: (a) Cross-sectional optical images; 

(b) Photographs of initial actuator shapes; (c) Finite element simulation of stress distribution; (d) Schematic illustration of curvature 

calculation using the three-point arc fitting method; (e) Initial curvature values of the actuators. 
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Fig. 3: Mechanical and actuation behavior of CF/PLA bilayer actuators: (a) Tensile stress-strain curves with 0° and 90° fiber 

orientations; (b) Schematic diagram of the interfacial peeling test and corresponding peel strength results; (c) Optical images of 

actuators at equilibrium states under different actuation temperatures; (d) Time-dependent bending angles under thermal stimuli; (e) 

Time-resolved actuation behavior under 140 ℃; (f) Finite element simulation of stress evolution in the actuator during thermal 

actuation at 140 ℃; (g) Bending stability and shape retention of the actuator over 500 thermal actuation cycles at 140 ℃. 

 

robust interface between the CF and PLA layers, and 

validating the feasibility and reliability of the hot-pressing 

process in constructing high-performance bilayer structures. 

To systematically investigate the effect of temperature on 

actuation behavior, thermal stimuli ranging from 80 to 160 ℃ 

were applied. Fig. 3(c) illustrates the initial morphology of the 

actuator, as well as the final configuration and response time 

under different temperatures. The angular deformation was 

(c)

(b)

PLA Layer

CF Layer

F

F

(a)

80℃ - 18s

160℃ - 10s120℃ - 14s 140℃ - 14s

100℃ - 16s

(e)

Initial form

(d)

(g)

2s 6s

10s 14s

0s140℃ 

1 cm

t=6s

t=10s

t=14s

(f)
t=0s

t=2s

1 cm

https://www.espublisher.com/


Engineered Science                                                                                                                                                                                Research article        

Engineered Science Publisher                                                                                                                                    Eng. Sci., 2025, 37, 1813 | 7  

quantified using an image-based measurement method, the 

deformation angle is the difference between α1 and α2 (Fig. S2), 

and the results are presented in Fig. 3(d). With increasing 

temperature, both the deformation amplitude and response rate 

improved significantly. Specifically, at 80 ℃, the relatively 

small mismatch in thermal expansion between CF and PLA 

resulted in limited deformation and prolonged response time. 

In contrast, at 160 ℃, the actuator unfolded from its curled 

state to a nearly flat configuration within 10 s. This 

enhancement is primarily attributed to the intensified thermal 

expansion of PLA at elevated temperatures, which generates a 

greater internal driving force and facilitates a more rapid 

bending response. 

To provide a representative demonstration of the actuation 

process, 140 ℃ was selected as the characteristic stimulus 

temperature. As shown in Fig. 3(e) and Movie S1, the actuator 

achieved an angular deformation exceeding 100° within the 

first 6 s of thermal stimulation. Subsequently, as heating 

continued, the molecular chains in the PLA layer approached 

a dynamic equilibrium, leading to partial relaxation of the 

thermal expansion stress and a deceleration of the deformation 

rate. The actuator ultimately reached a steady-state 

configuration after 14 s. Furthermore, finite element 

simulations of the internal stress distribution (Fig. 3f) revealed 

the evolution of interfacial stresses during actuation. At 0 s, 

the actuator exhibited a curled configuration, with significant 

stress concentrations at the interface, reaching a maximum 

value of 30.8 Pa. Upon heating, thermal expansion of the PLA 

layer progressively counteracted the initial residual stress, 

promoting the gradual unfolding of the bilayer structure. By 

14 s, the actuator was nearly fully extended, indicating that 

most of the stored internal stress had been released. In addition, 

the CF/PLA actuator demonstrated excellent thermal actuation 

stability and cycling reliability. As shown in Fig. 3(g), during 

500 continuous deformation cycles, the bending angle 

gradually decreased from 158° to 142°, with a fluctuation of 

only 10.7%, and the bending curvature dropped from 0.200 

mm⁻¹ to 0.179 mm⁻¹, with a variation of just 11.3%, 

confirming its long-term durability and repeatability. 

 

3.4 Complex deformation behavior of the actuator 

Compared with conventional actuators limited to simple, 

single-mode deformation, the CF/PLA bilayer actuator 

exhibits the potential for complex and programmable 

deformation due to the anisotropic characteristics of CFs.[39-41] 

In this bilayer structure, the elastic modulus of CFs along the 

0° direction is significantly higher than that of the PLA matrix. 

As a result, the deformation behavior strongly depends on 

fiber orientation, exhibiting directional expansion or 

contraction. 

To systematically investigate the effect of fiber orientation 

on actuation morphology, a series of actuators with fiber 

angles of 0°, 15°, 30°, 45°, 60°, 75°, 105°, 120°, 135°, 150°, 

165°, and 180° were fabricated. The fiber orientation angle is 

defined as the angle between the actuator's longitudinal axis 

and the alignment direction of CFs, with the cutting strategy 

shown in Fig. S3. As shown in Fig. 4(a), two types of helical 

deformation were observed. Specifically, when the fiber angle 

is within 0°-90°, the actuators form a left-handed helix; as the 

angle increases to 90°-180°, the structure transitions into a 

right-handed helix. The degree of coiling increases 

progressively as the fiber angle approaches 90°, and 

deformation behaviors in the 90°-180° range are mirror-

symmetric to those in the 0°-90° range. 

For a more precise analysis of fiber orientation effects on 

helical geometry, three geometric parameters were defined for 

both left- and right-handed helices, as illustrated in Fig. 4(b): 

axial length, pitch, and coil diameter. As shown in Fig. 4(c), 

the axial length and pitch decrease as the fiber angle 

approaches 90°, corresponding to increasingly pronounced 

coiling. At a 90° orientation, the axial length and pitch reach 

their minimum values of 9.5 mm and 0 mm, respectively, 

forming a tightly coiled cylindrical shape. Owing to the 

geometric symmetry of the 0°-90° and 90°-180° 

configurations, the actuators generate mirror-symmetric 

torsional deformations with opposite directions and 

comparable axial lengths. Furthermore, despite varying fiber 

orientations, all actuators display similar coil diameters. This 

is attributed to the consistent interfacial structure across 

samples, which results in equivalent internal stress levels and 

thus comparable coil diameters. 

To further evaluate the mechanical robustness of these 

actuators, tensile tests were performed on specimens with fiber 

orientations of 0°, 30°, 45°, 60°, and 90°. As shown in Fig. S4, 

the tensile strength gradually decreases with increasing fiber 

orientation angle, reflecting the anisotropic mechanical 

behavior of fiber-reinforced composites. Nevertheless, the 

overall tensile performance remains superior to that of most 

reported soft actuators,[7,37,38] confirming the mechanical 

advantages of the CF/PLA system. In summary, by tailoring 

the orientation of continuous CFs, programmable deformation 

of CF/PLA actuators can be effectively achieved. This 

provides both theoretical support and design guidance for the 

development of complex motion modes in flexible devices and 

intelligent structures. 

 

3.5 Light- and electricity-triggered actuation behavior 

To evaluate the light-responsive behavior of the CF/PLA 

bilayer actuator, its surface temperature evolution was 

systematically measured under varying light intensities (0.25-

1.20 W/cm²), as shown in Fig. 5(a). The equilibrium 

temperature increased significantly with light intensity: at 0.5 

W/cm², the maximum temperature reached 101 ℃, while at 

0.9 W/cm², it rapidly rose to 160 ℃, enabling the actuator to 

fully unfold from its curled state. To further illustrate the 

photothermal conversion capability, the surface temperature 

evolution under continuous irradiation at 0.9 W/cm² was 

recorded (Fig. 5b). A sharp temperature increase was observed 

in the initial 12 s, reaching 141 ℃, followed by a slower rise 

until stabilizing at 150 ℃ after 20 s. Infrared thermography
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Fig. 4: Complex deformation behavior of the CF/PLA bilayer actuators: (a) Initial configurations of rectangular actuators with 

different fiber orientations; (b) Geometric models and key structural parameters (axial length, pitch, coil diameter) of left- and right-

handed helices; (c) Variation of helical geometry as a function of fiber orientation angle under thermal actuation. 

 

confirmed uniform heat distribution across the actuator 

surface without local hotspots. The actuation rate and 

deformation amplitude were also strongly dependent on light 

intensity (Fig. 5c). At 0.5 W/cm², the actuator achieved a 

bending angle of only 58° within 14 s, whereas at 0.9 W/cm², 

it reached 142° under the same duration. Notably, the actuator 

could spontaneously recover to its original curled state upon 

removal of the light source, demonstrating excellent 

reversibility and shape memory behavior. 

In addition to light responsiveness, the CF/PLA actuator 

also exhibited electrically driven actuation, enabled by the 

excellent electrothermal conversion capability of continuous 

CFs.[42] Fig. 5(d) presents the surface temperature variation 

under different applied voltages. The equilibrium temperature 

increased nearly linearly with voltage: from 36 ℃ at 0.25 V to 

170 ℃ at 2.3 V. This electrothermal response followed Joule's 

law (Q = U²t/R), where increased voltage led to more efficient 

conversion of electrical energy into thermal energy, thus 

enabling controlled deformation of the actuator. As shown in 

Fig. 5(e), under a constant voltage of 2.3 V, the surface 

temperature rose from ambient to 150 ℃ within 20 s, and 

stabilized at 170 ℃ after 35 s. This excellent electrothermal 

response stemmed from the low electrical resistivity of the 

CFs (~0.3 Ω·m), which minimized energy loss and enhanced 

energy conversion efficiency. Long-term reliability was 

evaluated under continuous heating at 2.2 V (Fig. 5f), showing 

minimal temperature fluctuation (<±1.5%), confirming stable 

and repeatable actuation performance. 

The results of both light- and electrically triggered 

actuation fully demonstrate the application potential of the 

CF/PLA bilayer actuator in intelligent actuation and flexible 

electronics. To further visualize its practical response, a locally 

irradiated actuator with a fiber orientation of 120° was tested 

under 0.9 W/cm² light intensity (Fig. 5g and Movie S2). The 

actuator transitioned from a curled to a fully extended 

configuration within just 12 s, exhibiting excellent response 

speed and shape controllability. This practical demonstration 

further validates the high-performance actuation capability of 

the CF/PLA bilayer system. 

 

3.6 Light-electric coupled actuation behavior 

The above analyses demonstrate that the CF/PLA bilayer 

actuator exhibits excellent energy conversion capabilities 

under single-mode stimulation. However, in practical 

applications, the effective light intensity received by the 

actuator can be significantly affected by factors such as beam 
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Fig. 5: Light and electrical stimulation response behaviors of the CF/PLA actuators: (a) Surface temperature of the CF/PLA actuator 

as a function of light intensity; (b) Real-time surface temperature evolution and infrared thermal images under 0.9 W/cm² illumination; 

(c) Actuation angle variation of the CF/PLA actuator under 0.5 W/cm², 0.7 W/cm² and 0.9 W/cm² light intensities with light on/off 

switching; (d) Surface temperature of the actuator as a function of applied voltage; (e) Real-time temperature evolution under a 

constant voltage of 2.3 V; (f) Long-term temperature stability of the actuator under continuous heating at 2.2 V; (g) Sequential 

snapshots of the CF/PLA actuator with a 120° fiber orientation unfolding under 0.9 W/cm² light irradiation. 

 

size and incident angle, while electric actuation remains reliant 

on power supply.[22,40,43] Therefore, developing a light-electric 

hybrid actuation mode with flexible switching and 

combination potential is of great significance, particularly for 

scenarios requiring precise control in micro/nano 

systems.[12,23,27] 

To investigate the mechanism of light-electric coupled 

actuation, we first performed systematic single-light and 

single-electric stimulation tests to identify 14 pairs of 

equivalent light intensities and voltages that induce identical 

bending angles (Fig. 6a). Subsequently, the deformation angle 

and surface temperature of the actuator were measured under 

both equivalent single-mode stimulation and 0.5 × strength 

hybrid stimulation (Figs. 6b and c). Results showed that the 

equilibrium angle and temperature under 0.5 × hybrid 

stimulation (i.e., 0.5 × light intensity + 0.5 × voltage) were 

both lower than those under single-mode equivalent 

stimulation. Taking the equivalent combination of 0.78 W/cm² 

light intensity and 1.9 V voltage as an example, we conducted 

actuation tests under various light-electric ratios (Fig. 6d). It 

was found that the actuator’s deformation amplitude under any 

hybrid ratio was lower than that under either single-mode 

condition, with the minimum deformation observed at a 5:5 

ratio. Fig. 6(e) further quantifies the angle and temperature 

responses under different ratios of 0.78 W/cm2 light and 1.9 V 

voltage. The results reveal that the actuation behavior is not a 

linear superposition of single-mode effects, but rather displays 

a nonlinear response. 

This nonlinear behavior can be attributed to the 

characteristics of heat conduction, described by Fourier’s 

law,[44] as shown in Eq. (1): 

x

T
A



−=                                 (1) 

where Φ represents the amount of heat transferred per unit 

time through a unit cross-sectional area A, λ is the 

proportionality constant, and ∂T/∂x denotes the temperature 

gradient in the direction normal to the interface. According to 

Fourier’s law, the rate of heat transfer is proportional to the 
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temperature gradient.[45] As heat conduction increases, the rate 

of temperature rise slows down, leading to a reduction in 

thermal accumulation at dynamic equilibrium. Consequently, 

the final temperature under hybrid stimulation cannot reach 

the linear sum of single light and electric inputs.  

The surface temperature variations of the CF/PLA actuator 

under different stimulation modes were further investigated to 

validate this nonlinear thermal accumulation effect (Fig. S5). 

The results showed that, under simultaneous light (0.67 W/cm²) 

and electrical (1.8 V) input, the actuator exhibited a surface 

temperature higher than that observed with either stimulus 

alone, but still significantly lower than the arithmetic sum of 

both. This confirmed the presence of nonlinear thermal 

accumulation behavior under hybrid stimuli. This observation 

can be further understood by analyzing the fundamental 

mechanism of heat transfer. When both stimuli are applied 

simultaneously, the internal temperature gradient ∂T/∂x 

increases, accelerating heat transfer and promoting faster 

dissipation to the surroundings. As a result, the internal 

temperature of the actuator under combined light and electric 

input is lower than the sum of temperatures generated by each 

individual stimulus, reflecting a nonlinear thermal response 

To further verify this nonlinear enhancement effect, hybrid 

stimulation using 0.67 W/cm² light intensity and 1.8 V voltage 

was applied (Fig. 6f). The resulting bending angle exceeded 

that under either single stimulus alone, but remained lower 

than the sum of both. Notably, the actuation outcome was 

independent of the stimulus sequence. As shown in Fig. 6(g), 

whether the light and voltage were applied simultaneously, or 

sequentially (light followed by electric or vice versa), the 

actuator achieved the same maximum deformation angle 

(134°), despite minor differences in response time. 

 

 
Fig. 6: Actuation behavior of CF/PLA actuators under light and electric synergistic response: (a) Equivalent actuation angles achieved 

under single visible light or electrical stimulation; (b) Actuation angles under equivalent single-mode stimulation and 0.5 × light-

electric hybrid stimulation; (c) Equilibrium temperatures under equivalent single-mode stimulation and 0.5 × hybrid stimulation; (d) 

Photographs of actuators under hybrid stimulation at 0.78 W/cm² and 1.9 V with varying light-to-electric ratios; (e) Actuation angles 

and temperatures under hybrid stimulation at different light-to-electric ratios (0.78 W/cm² and 1.9 V input); (f) Time-dependent 

actuation angles under 0.67 W/cm² light, 1.8 V voltage, and their hybrid stimulation; (g) Angle variations under different stimulation 

sequences (simultaneous, light-first, and electric-first) with 0.67 W/cm² light and 1.8 V voltage. 
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Fig. 7: Application of CF/PLA actuators: (a) Comparison of the overall performance of CF/PLA actuator with previously reported 

actuators; (b) Schematic of the controllable deployment of the space station solar sail protection layer; (c) Electrical control 

architecture of the CF/PLA actuator-based intelligent protection system; (d) Remote intelligent control process of the CF/PLA 

actuator. 

 

3.7 Intelligent protection system for space environment 

To evaluate the CF/PLA actuator's adaptability in complex 

real-world scenarios, we systematically assessed its 

performance across multiple dimensions. As shown in Fig. 

7(a), compared to other actuators, our design exhibits 

significant improvements in mechanical properties, multi-

stimuli responsiveness, actuation efficiency, production 

efficiency, programmability, and high-temperature 

stability.[7,22,37,38,40,43,46-48] Notably, the actuator demonstrates 

enhanced performance under combined light and electrical 

stimulation, enabling multi-field coupling and expanding its 

potential applications in extreme environments (Table S1). 

With its excellent high-temperature tolerance and 

environmental robustness, the actuator was integrated into an 

intelligent deployment-retraction system for solar sail 

protection in space stations (Fig. 7b). When exposed to high-

energy charged particle radiation, the actuator quickly deploys 

a protective layer to mitigate radiation damage.[49] As radiation 

intensity decreases, the actuator autonomously contracts, 

exposing the solar sail for continued solar energy absorption. 

The actuator's control system, depicted in Fig. 7(c), integrates 

a NodeMCU module and a DC power supply, enabling precise 

actuation triggered by low-voltage IoT commands. As shown 

in Fig. 7(d), the actuator fully deploys in 20 s and returns to its 

initial shape within 8 s after power is removed, demonstrating 

fast response and reversibility. The stable performance of this 

actuation system in extreme space conditions, combined with 

IoT control integration, offers a new path for developing 

deployable and retractable aerospace protection systems. 

4. Conclusion 

This study presents the development of a mechanically robust 

CF/PLA bilayer actuator fabricated using hot-pressing. Its 

heterogeneous structure, combining continuous carbon fibers 

and thermoplastic PLA, enables programmable deformation. 

Finite element analysis confirmed favorable stress distribution 

and thermal accumulation during actuation. Moreover, the 

actuator maintained stable shape recovery and high 

reversibility after more than 500 thermal cycles. In addition, 

mechanical testing revealed a high tensile strength of 1525 

MPa at 0° fiber orientation, along with strong interfacial 

adhesion of 335 N/m between the CF and PLA layers, which 

validates the effectiveness of the fabrication approach. In light 

and electrical response tests, the actuator achieved a 160° 

angle change and a temperature response of 150 °C within 20 

s under a light intensity of 0.9 W/cm² and 2.3 V voltage, 

illustrating significant deformation capability. Under 

combined light and electrical stimulation, the actuator 

exhibited a nonlinear deformation response due to thermal 

coupling effects. Additionally, the CF/PLA actuator enabled 

the design of an intelligent deployable-retractable protection 

system for solar sail shielding on space stations. Experimental 

results showed that, integrated with IoT control technology, 

the system could quickly deploy the protective layer under 

high-energy radiation and adaptively retract when radiation 

intensity decreased, effectively protecting the solar sail. In 
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summary, the CF/PLA bilayer actuator combines robust 

mechanical performance, strong interfacial bonding, multi-

stimuli responsiveness, complex deformation, and scalability, 

offering a reliable solution for next-generation soft intelligent 

materials. 
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