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DESIGN AND PREPARATION OF ULTRA-THIN CARBON
FIBER REINFORCED POLYETHER ETHER KETONE
COMPOSITE FOLDABLE HINGES

Zhiyang SONG', Mengkai LI!, Chao QIU"", Lipeng WANG?, Wenlan BA!,
Shijie ZHU!, Haihong WU'!

To overcome the limitations of thermally driven shape memory composites in
practical applications, this study prepared carbon fiber reinforced polyether ether
ketone (CF/PEEK) shape memory composites and designed the layup of the
electrically driven hinge and the conductive layer materials. The infrared thermal
imaging changes and temperature distribution uniformity during the heating
deployment process of CF/PEEK shape memory composites were analyzed, and the
relationship between heating temperature and deformation angle was investigated.
The results show that at a heating temperature of 320°C, the electrically driven sheet
hinge can achieve 100% shape recovery within a relatively short time of 13 seconds.
After the external force was removed, the thermally driven sample exhibited a
recovery ratio of only about 10% at 180°C. In comparison, the electrically driven
sample demonstrated better stability in shape fixity. Subsequently, the material was
applied and validated in electrically driven foldable plates and complex folded
structures. The shape memory foldable plate completed deformation and recovery
within approximately 31 seconds under the drive of a 6V DC circuit. The electrically
driven deformation of the CF/PEEK shape memory composites was achieved through
heating via the Joule heating effect.

Keywords: Polyether ether ketone; Carbon fiber thinning; Shape-memory
composite material; Thermal stress; Active deformation

1. Introduction

In recent years, electro-driven shape memory polymer composites (SMPCs)
have garnered considerable attention due to their broad application potential,
including artificial muscles [ 1], micro-robots [2], bionic devices [3], and deployable
aerospace structures [4]. Shape memory polymers (SMPs), as a class of intelligent
polymers, can recover their original shape from a pre-deformed configuration when
exposed to external stimuli such as light, magnetic fields, solvents, or heat [5—6].
Despite advantages including low density, large recoverable strain, low energy
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consumption, and excellent processability, SMPs still suffer from low strength and
limited recovery force [7—8]. Moreover, their actuation typically relies on external
heat sources, which reduces control precision. To address these limitations,
conductive particles and fibers have been incorporated into SMPs to enable electro-
driven actuation [9]. Carbon fiber-reinforced SMPCs, in particular, have been
widely employed in space-deployable active deformation components such as
hinges, truss arms, and morphing structures [10]. However, the actuation of these
composites remains irreversible and requires mechanical reshaping under different
temperature conditions, a process that is also time-consuming.

Continuous fibers are widely recognized for their combination of low
density, high strength, and high electrical and thermal conductivity. Owing to their
highly aligned internal structure, these properties can be effectively transferred to
the macroscopic scale [11-13]. When a voltage is applied to conductive SMPCs,
resistive (Joule) heating is generated, which raises the temperature of the composite
and activates the shape memory effect (SME). Compared with direct external
heating, Joule heating provides convenient, uniform, and remotely controllable
actuation. As a result, electrically triggered SME is well suited for applications in
which direct heating is impractical, including self-deployable aerospace structures,
implantable biomedical devices, actuators, and sensors [14-16]. Under an applied
current, carbon fibers (CFs) can exhibit heating rates of up to 2000 K/ms, indicating
a rapid electrothermal response. Because polymers are thermal insulators, localized
regions of the SMP can be heated while surrounding areas remain largely
unaffected. Spatial control over the location and sequence of shape recovery can
therefore be achieved, as recovery occurs only in the locally heated regions. Dai et
al. [17] demonstrated controllable spatially electroactive shape recovery in carbon
nanotube (CNT)-filled SMPs by selectively applying voltage at specific positions.
In their work, the heat generated by the current was precisely controlled, enabling
remote and site-specific manipulation of shape recovery within the structure. By
locally adjusting the applied voltage in SMPCs, both the stress release rate and the
shape recovery rate can be regulated. Over the past five years, substantial effort has
been devoted to achieving complex and controllable shape recovery in SMPs [18].
Selective heating of SMPCs has emerged as a concise and efficient strategy for
realizing intricate, spatially programmable shape recovery

The most common heating strategy is to expose the material to high-
temperature gases or liquids, thereby increasing its ambient temperature (external
heating). However, this indirect approach is unsuitable for many practical
applications [19]. For example, when SMPs are employed as active deformation
structures in aerospace systems, it is not feasible to heat the device by raising the
surrounding temperature in outer space. A common alternative is to generate heat
internally within the material. Electrical, magnetic, optical, acoustic, and chemical
energy can all be converted into thermal energy to realize such internal heating [20].
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In this context, the feasibility of electro-driven deformation in CF/PEEK
composites is investigated through the design of an electro-driven hinge. The
practicality of these materials for active deformation structures is further
demonstrated by designing electro-driven folding plates and other complex
configurations. The introduction of continuous fiber layers eliminates issues such
as nonuniform dispersion of conductive particles in the SMP matrix and the
complexity of constructing conductive networks. Special pretreatment of fillers is
no longer required, which facilitates uniform dispersion and improves interfacial
heat transfer. At the same time, superior mechanical performance is provided.

2. Materials and methods
2.1 Experimental materials

Ultra-thin carbon fiber tape was provided by Zhengzhou Fangxian New
Material Technology Co., Ltd. The carbon fiber (12K T700S CF) has a diameter of
7 wm, a thermal expansion coefficient of —0.38 x 107° °C™', a tensile strength of
4900 MPa, and a tensile modulus of 230 GPa. PEEK film was obtained from Victrex
(UK) with a thickness of 0.006 mm, a glass transition temperature (Tg) of 143 °C,
and a melting temperature of 343 °C. The linear thermal expansion coefficients (o)
below and above Tg are 47 x 1076 °C ' and 120 x 1076 °C™, respectively. The film
also exhibits a Poisson’s ratio of 0.45, a tensile strength of 120 MPa, and an elastic
modulus of 2.4 GPa.

2.2 Design and fabrication of lamellar hinges

To ensure process consistency, the lamellar hinges were fabricated using the
CF/PEEK molding and curing procedures previously established by the research
group. The mold press was heated to 85 °C and held for 5 min, then heated to 135 °C
and maintained for 15 min under a molding pressure of 0.1 MPa. The layup
consisted of three layers: a 0.006 mm-thick PEEK film as the top layer, a 0.14 mm-
thick CF prepreg as the second layer, and Ni—Ti alloy wires with a diameter of 0.05
mm as the third layer. The Ni—Ti wires were spaced at 3 mm intervals. The design
and fabrication process of the lamellar hinge is shown in Fig. 1. The lamellar shape
memory hinge was produced by hot-press molding, and the final sample dimensions
were 15 mm % 15 mm % 0.15 mm.
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(a) Design schematic diagram (b) Fabrication process diagram
Fig.1 Schematic diagram of the preparation process for the shape memory hinge sheet

2.3 Fabrication of shape memory folding plates

An integrated molding process was employed to design and fabricate shape
memory hinge sheets combined with CF/epoxy rigid panels, yielding an ultrathin
folding plate with dimensions of 100 mm x 50 mm x 0.15 mm and shape memory
functionality. The physical specimen and structural schematic are shown in Fig. 2.
The plate consists of two regions: a deformation zone and a non-deformation (rigid)
zone. The deformation zone, where the hinges are arranged, comprises four
layers—PEEK, CF prepreg, Ni—Ti alloy wires, and copper foil—with overall
dimensions of 15 mm x 50 mm x 0.15 mm. The non-deformation rigid zone is
formed by curing the CF/epoxy prepreg to the same thickness.

(a) (b)

Non-deformation zone
PEEK

Deformation zone — ﬁ— CF prepreg layer

~ Ni/Ti alloy wire
layer

(a) Physical photograph of the folding plate (b) Schematic diagram of the structure
Fig. 2 Physical photograph and structural schematic diagram of the shape memory folding plate

2.4 Shape memory recovery performance testing

2.4.1 Electrically driven behavior

To evaluate the shape memory performance of the electrically driven hinge,
the specimen was heated to 240 °C, bent to a 90° angle under an external load, and
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held in this configuration until cooling and fixation were completed. After the load
was removed, the specimen kept the programmed shape without external
constraints. A 6 V DC power supply (MAISENG, MS1520DS) was then used as
the driving source and connected to the electrodes reserved at both ends of the
specimen. Electrical resistance was measured by connecting both ends of the
sample to a DC resistance tester (Jinko JK2512). The specimen was subsequently
heated by electrical actuation, and its shape evolution during recovery was recorded
and observed.

2.4.2 Thermally driven behavior

To compare the shape recovery rates under electrical and thermal actuation,
a hinge pre-bent to 90° was placed on a constant-temperature heating stage. The
hinge was heated from 180 °C to 320 °C at a rate of 10 °C/s, and the recovery
process of the hinge sheet was recorded

3. Results and analysis
3.1 Shape memory behavior of electrically driven lamellar hinges

To verify the heating capability of the specimen, a 15 mm x 15 mm lamellar
hinge was prepared to evaluate its electrothermal actuation performance, as shown
in Fig. 3. The resistance of the sample was measured using a multimeter, and the
volume resistivity between the two ends of the material was calculated according
to Equation (1):

- (1)

where R is the measured resistance of the specimen, L is the measured distance
between the two electrodes, and A4 is the cross-sectional area of the specimen.

To avoid poor electrical contact and to enhance heating of the alloy wires,
the specimen was clamped with copper sheets before connection to the positive and
negative terminals of the power supply. The supply voltage was then incrementally
increased in steps of 0.5 V to drive the specimen electrically. The relationship
between specimen temperature and heating power during electrothermal tests is
shown in Fig. 4. As the applied voltage increased, the specimen temperature rose
accordingly. Below 300 °C, this increase was approximately linear. When the
temperature exceeded 300 °C, the heating rate decreased slightly because of heat
dissipation. At 6 V, corresponding to a heating power of 22 W, the specimen
temperature rapidly reached 320 °C within 8 s. During cooling, when the voltage
was set to zero, the temperature of the CF conductive layer dropped almost
instantaneously, and the specimen surface temperature returned to room
temperature within approximately 1-2 s. These results confirm that the heating-
layer design provides the desired electrothermal performance.
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(a) Physical photograph of the specimen (b) Electrothermal driving test
Fig.3 Test of electro-thermal actuation performance for the laminate hinge
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Fig. 4 Relationship between heating power and temperature in the electro-thermal actuation test

The electrically driven shape recovery behavior of the CF/PEEK composite
lamellar hinge is shown in Fig. 5. Under an applied voltage of 6 V, nearly complete
recovery to the original shape was achieved within 13 s. The recovery rate is
primarily governed by the magnitude of the applied voltage and by the amount and
spatial distribution of Ni—Ti alloy wires in the specimen. During electrothermal
actuation, the temperature distribution was monitored using an infrared camera.
Under constant voltage, electrically triggered shape recovery was recorded with an
optical camera, and the corresponding infrared thermal images are presented in Fig.
6. After the power supply was connected, the infrared camera was positioned
directly above the specimen. Because the hinge was initially in a folded state, the
temperature on the right side of the image was higher than that on the left. With
continued heating, the hinge gradually unfolded, and a more uniform temperature
distribution across the surface was observed. When the specimen temperature
reached approximately 320 °C, rapid unfolding occurred, resulting in complete
shape recovery. No thermal degradation or interfacial delamination occurred,
demonstrating excellent thermal stability of the material itself, which can withstand
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electrodriven cycling at this temperature. The relationship between recovery angle
and time is shown in Fig. 7. During the initial 0-5 s of heating, angle recovery was
slow. As heating proceeded, the temperature increased to about 320 °C within 8 s,

leading to a marked acceleration in recovery. A fully flattened state was obtained
within 13 s.

-
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Fig.7 Relationship between the recovery angle and recovery time of the specimen
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The shape recovery and fixation rates of the lamellar hinge under different
driving modes are presented in Fig. 8. Because electrothermal actuation provides
more uniform heating than conventional thermal driving, the recovery rate at a
given temperature is slightly higher, and the CF/PEEK composite maintained
excellent shape memory performance. Under thermal driving, heating on the hot
stage was nonuniform owing to the folded configuration of the specimen. At 180 °C,
the recovery ratio was only about 10%. As the temperature increases, the curled
structure gradually unfolds and the heated area expands, and full recovery was
eventually achieved in approximately 20 s; however, the surface temperature
remains nonuniform throughout the unfolding process. In contrast, electrothermal
heating yields a more uniform temperature distribution and allows more accurate
temperature control. The recovery rate is more stable, and 100% shape recovery
was obtained in a shorter time of about 13 s. A similar trend is observed for the
fixation rate. With improved temperature control during programming, removal of
the external load after heating results in superior shape stability for electrothermally
driven specimens, as shown in Fig. 8(b).
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Fig. 8 Comparison between electrically-driven and thermally-driven systems

3.2 Behavior of electrically driven shape memory folding plates

The same procedure was used to perform an electrically driven shape
memory deformation test on the folding plate. The shape recovery and deformation
process is shown in Fig. 9. When a 5 V voltage was applied and the temperature
exceeded 180 °C, the softened specimen was folded to 180° under an external load.
While the load was maintained, the sample was cooled to room temperature to fix
the programmed shape. The constraint was then removed, and an electrically driven
recovery test was carried out using a 6 V DC circuit. The specimen exhibited stable
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recovery behavior and returned completely to a flat configuration within
approximately 31 s.

Fig. 9 Shape recovery process of the electrically-driven folding plate

Fig. 10 shows the evolution of the shape recovery angle of the electrically
driven folding plate with time.
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Fig. 10 Relationship between shape recovery angle and time for the electrically-driven folding
plate

Under a constant current, recovery of the deformed laminate began after
approximately 5 s, and nearly full recovery (=100% of the initial flat shape) was
achieved at about 31 s. During the initial 0—8 s heating stage, the specimen was
rapidly heated from room temperature to the optimal actuation temperature of
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~320 °C; in this period, the recovery angle remained relatively small and the
recovery rate was low, reaching only ~60°. As the temperature increased, the
recovery angle continued to grow, and the recovery rate between 8 and 31 s was
higher than in the other time intervals. It should also be noted that the overall
recovery rate is strongly governed by the magnitude of the applied voltage and the
electrical properties of the composite. Compared to conventional shape memory
polymers that achieve actuation near their glass transition temperature, the high
actuation temperature of 320°C imposes significant limitations on this material's
application in temperature-sensitive precision devices.

3.3 Electrically driven behavior of complex structures

To further validate the applicability of electrically driven materials for
practical structural deformation, a sequentially foldable deformation structure was
designed and fabricated. The physical prototype and dimensional schematic are
shown in Fig. 11. To enable more precise temperature regulation, a 9 um-thick
copper foil layer was added to the outermost surface of the specimen as a thermal
conduction layer. Together, the Ni-Ti alloy wires and copper foil form the
conductive layer. The copper foil primarily serves to redistribute the heat generated
by the energized alloy wires more uniformly across the composite surface, thereby
ensuring more homogeneous heating.
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(a) Dimensional design schematic (b) Physical prototype

Fig. 11 Dimensional schematic and physical photograph of the active deformation structure in the
shape memory composite (mm)

On the basis of preliminary experiments, deformation of the specimen was
found to occur along the 90° fiber direction. To avoid constraining the active
deformation of the hinges, a layered configuration using a spliced layup was
therefore adopted during fabrication. The regions marked in green, red, and orange
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indicate the seam locations and edge dimensions of the specimen. By employing a
staggered layup, the seams were placed in non-deformation zones so that they did
not interfere with deformation in the active regions. Subsequently, the hinge layup
was introduced at the designated locations. The layup procedure followed the
method described above, after which hot-press molding was carried out to ensure
proper curing and integration of all structural layers with the spliced regions. In this
way, the specimen was able to achieve the desired deformation while maintaining
adequate stiffness and mechanical performance. Hinge 1 has dimensions of 55 mm
x 15 mm x 0.15 mm, Hinge 2 measures 50 mm x 15 mm X 0.15 mm, and Hinge 3
measures 15 mm x 15 mm x 0.15 mm.

Careful attention was given to the dimensions of the locking region. A 5 mm
positioning clearance was reserved at the contact interface between Hinge 1 and the
green region. This design concentrates the bending deformation of Hinge 1 near its
center, ensuring the effective folded height of the red region and preventing height
mismatch between the locking zone and the rectangular opening in the green region.
Similarly, a 5 mm positioning clearance was reserved at the contact interface
between Hinge 3 and the red region. In addition, a 10 mm clearance was reserved
beneath these regions to allow accurate alignment between the red and green areas
after deformation of Hinges 1 and 2; otherwise, engagement between Hinge 3 and
the rectangular opening could be compromised. Sufficient length was also reserved
for the orange region containing Hinge 3. If this length were inadequate, incomplete
deformation could lead to interference between the green region and the orange
locking zone during deformation of Hinge 2, preventing full deployment. The
detailed dimensional specifications are shown in Fig. 11(a). After the dimensional
design was finalized, hot-press molding was performed, and the resulting prototype
is presented in Fig. 11(b).

An electro-driven deformation experiment was subsequently performed on
the specimen, and the active deformation sequence is illustrated in Fig. 12. The
initial configuration is shown in Fig. 12(a). Electrical leads were attached, and the
hinges were individually heated under a driving voltage of 6 V. After the external
power supply was switched off, the specimen was allowed to cool, and its
autonomous deformation during cooling was used to achieve a 90° folded and
locked structural configuration. Hinge 1 was actuated first; after approximately 8 s,
the specimen temperature reached 320 °C. The voltage was then removed, and the
specimen was cooled to room temperature within about 3 s, completing the 90°
cooling-induced deformation. After the deformation of Hinge 2 was completed,
Hinge 3 was actuated in the same manner. The structure was thereby shown to
achieve the intended locking effect, as presented in Fig. 12(b—d).
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Fig.12 Active deformation process of the electrically-driven shape memory composite
(a) Undeformed state; (b)-(d) Deformed states after heating different hinges under electrically
driven conditions at 6V voltage and 3.6A current

4. Conclusion

(1) For the electro-driven CF/PEEK composite lamellar hinge, nearly
complete recovery to the original shape is achieved within 13 s under a 6 V electric
field. The relationship between recovery angle and time shows that angular
recovery is slow during the initial 0-5 s. The specimen temperature rises to
approximately 320 °C within about 8 s, after which the recovery rate increases
markedly.

(2) Under purely thermal actuation, the lamellar hinge attains full recovery
in approximately 20 s, but the surface temperature remained nonuniform throughout
the unfolding process. In contrast, electro-driven actuation yields 100% recovery
within a shorter time of about 13 s. After heating and removal of the external load,
the electro-driven specimen also exhibits superior stability in the fixed shape.

(3) When driven by a 6 V DC circuit, the shape memory folding plate
recovers from a 180° folded configuration to a fully unfolded planar state within
approximately 31 s. Moreover, by integrating electro-driven actuation with
sequential folding of a complex structure, a self-deploying folding system with an
inherent locking function is successfully realized. The operating temperature of
320°C for this material represents the primary limitation in its current applications.
Its engineering use is thus far largely confined to self-deploying structures with low
thermal load requirements and without stringent temperature control needs.

(4) In the engineering applications of CF/PEEK composite foldable hinges,
safety and reliability are paramount considerations. This hinge system employs a
6V safety low-voltage drive, with the conductive layer insulated and protected by a
PEEK coating. For applications near the human body, an additional polyimide
thermal insulation layer can be incorporated to further enhance thermal safety. To
reduce mechanical wear and extend service life, applying a PTFE coating to friction
interfaces is recommended. For extreme conditions like aerospace applications,
systematic thermal cycling and vibration testing must be conducted to
comprehensively validate environmental adaptability and long-term operational
reliability.
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