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Abstract: A morphing skin must withstand local aerodynamic loads while remaining flexible
enough to accommodate the shape changes of the morphing aircraft. The conflicting requirements
can be satisfied by tuning the mechanical properties of the variable stiffness composites. In the
present study, the variable stiffness composite is investigated by varying the lamina angles through
3D printing of curvilinear continuous fibre. At first, the design requirements and application
scenario are introduced. The fabrication method is introduced and tensile tests are also performed
to obtain the mechanical properties of the printed composite lamina. Then, the numerical model is
established to explore the mechanical properties of the variable stiffness composite. Optimisation is
carried out to balance the different mechanical properties. Finally, a composite sample is
manufactured, which is tested to validate the proposed concept. The results demonstrate that the
variable stiffness composite exhibits significant improvements in mechanical properties compared
with the straight fibre composite.
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1. Introduction

Morphing aircraft can adaptively change their shape according to varying flight conditions.
The structure of the morphing aircraft needs to carry the aerodynamic loads, and change the
aerodynamic shape with limited actuation forces [1, 2]. The morphing skin, which needs to maintain
the aerodynamic surface of the morphing structure, is one of the most challenging structural
components for morphing aircraft. The morphing skin is expected to allow for the shape-changing
of the inner structures without structural failure while withstanding local aerodynamic forces. These
multiple requirements make it difficult to design and manufacture a promising morphing skin and
indicate that the stiffness of the morphing skin should be tuned according to the load conditions:
when the morphing skin is subject to aecrodynamic loads, the stiffness should be high; but when it is
subject to actuation loads, the stiffness should be low.

Different design approaches have been proposed to satisfy the requirements. According to the
approach used to tune the stiffness, the morphing skin can be categorised into two main types|[3, 4].
One approach is to change the skin stiffness adaptively based on the properties of the skin material
or structure itself. Smart materials and structures are often applied in this design approach [5]. Shape
memory polymers can endure a high failure strain and tune the stiffness actively, which makes it
suitable for use as the skin [6, 7]. However, the stiffness of the polymer is relatively low, which
requires additional reinforcement, such as cellular structures [8]. Pressure actuation can be also
applied to tune the stiffness by changing the internal pressure of cellular structures [9-11]. Active
tuning requires additional power and control systems, which will make the aircraft more complex
and expensive.

The other approach is to make the skin structure anisotropic and tailor the skin stiffness based
on the load conditions. In this approach, flexible structures based on cellular structures [12-14] and
corrugated structures [15-18] are often applied as the inner supporting structures for the skin panel
and polymers are often used as the skin surface. Stiffness tailoring can also be achieved via the
design of composite structures. In the morphing leading edge structure, the stiffness of the morphing
skin can be changed by varying the composite thickness [19, 20] or the lamina angle [21, 22]. By
varying the stiffness in the morphing leading edge, it was found that the target shape of morphing
structures could be achieved more effectively.

Compared to the variable stiffness composite based on the thickness variation, changing the
lamina angle spatially can lead to an enlarged design space for the composites. Variable stiffness
composites based on curvilinear fibre angle have been proposed for over three decades and applied
to improve the stiffness distribution, and other performance measures, such as improving buckling
performance [23, 24]. Different manufacturing methods, such as automated fibre placement and
continuous tow shearing, have been investigated [25-27]. However, the requirements of
manufacturing facilities and the costs of materials have limited the application of curvilinear fibre
angle composites. In recent years, the fast development of 3D printing technology has provided new
insights and research on curvilinear fibre angle composites [28, 29]. The 3D printer will usually
have one nozzle to extrude the continuous fibre material, and another nozzle to extrude the matrix
material. The continuous fibre material can be made of carbon, glass, etc. and can be pre-
impregnated or used dry before being extruded into the composite. For the matrix material,
thermoplastic materials, such as PLA, ABS and PETG, are widely used. Commercial 3D printers,
such as the products from Markforged® [30] and Anisoprint® [31], have been applied in research,
as well as custom-made 3D printers, such as those reported in [32].
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With the continuous fibre applied as reinforcement in the matrix, the mechanical properties of
the printed sample can be tuned. For example, Dong et al. [33] proposed a hybrid continuous fibre
reinforced structure, which used 3D printing technology to embed the continuous fibre into the
lattice structure to improve the compressive strength and stiffness. Sugiyama et al. [34] used the 3D
printing of continuous fibre composites to manufacture sandwich structures, which increased the
design flexibility of the sandwich core and showed the potential of tuning the mechanical properties.
Cheng et al. [35] gave a review of 3D printing of continuous fibre composites in the field of
lightweight structures. Lattice structures, cellular structures, and sandwich structures have been
widely investigated to improve their mechanical properties. Furthermore, if shape memory polymers
are used as the matrix material, the concept of 3D printing can be extended to 4D printing [36],
which enables the composite to have active shape-changing capability. Wang et al. [37] applied
continuous fibre reinforced composites in an origami structure and achieved active control of the
structure. A 3D printer was used to manufacture the structure, which integrated the shape memory
polymer as the matrix and the continuous carbon fibre as the reinforcement.

Although significant progress has been made in developing variable stiffness composites,
curvilinear fibre designs, and 3D-printed continuous fibre structures, their direct application to
morphing skins remains underexplored. Most existing studies have focused on enhancing stiffness
distribution, buckling resistance, or lightweight structural performance, yet the challenge of creating
a morphing skin that is both flexible and load-bearing has not been fully addressed. To date, little
research has applied continuous fibre composite 3D printing to morphing skins. Heeb et al. [38]
proposed multi-material 3D printing to manufacture a morphing skin, which relied on the different
mechanical properties of thermoplastic rubber, but no continuous fibres were embedded as
reinforcement. In the authors’ earlier research [39], a curvilinear fibre composite was applied in a
chordwise morphing wing design; however, the skin was neither manufactured nor experimentally
tested. With the rapid development of 3D printing technology for continuous fibre composites,
further research into morphing skins is both feasible and necessary.

In this paper, the concept of a morphing skin was introduced, and the potential of 3D printed
continuous fibre composites in its design and validation were explored. Printed samples were
manufactured to characterise the composite lamina properties, and these data were used to establish
a finite element model of the morphing skin. A parametric study was then conducted, followed by
optimisation to meet the design requirements. Finaly, the optimised morphing skin was
manufactured, experimentally tested, and compared with samples reinforced by straight fibres,
demonstrating the benefits of the proposed approach.

2. Model Definition

2.1 Conceptual Design of the Morphing Skin

In the present study, the morphing skin is intended for one-dimensional morphing designs, such
as variable-chord and morphing camber wings. Figure 1 shows one potential application scenario
of the proposed morphing skin, in which the morphing skin is designed to change the wing chord
when subject to an actuation force.
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Fig. 1 (a) Morphing skin in the morphing wing (b) Variable lamina angle in the morphing skin

The composite morphing skin must withstand in-plane and out-of-plane loads. The morphing
skin panel is simplified as a composite plate, as shown in Fig. 1(b), where morphing occurs along
the x direction. The curvilinear fibre angle is denoted by 6, and the spanwise length of the skin panel
is denoted as L. Considering the limitations of the 3D printer, the following linear equation is used
to express the fibre lamina angle as [39]
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where T) is the lamina angle at the mid-point of the composite plate (when x =0), T} is the lamina
angle at the plate edges (when x =% L/2).

The fibre orientation is controlled by the parameters 7o and 71. The format <+7o|71> is used to
represent the fibre path of the single ply layer. Figure 2 shows the different fibre paths when different
combinations of the parameters 7y and 77 are adopted.
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Fig. 2 The effect of Tp and 7 on the fibre path

2.2 Performance Requirement and Corresponding Index

As the morphing skin is designed for a one-dimensional application, one end of the morphing
skin is fixed, and the other end is free to move along the morphing direction. The skin is subjected
to both in-plane actuation forces and out-of-plane aerodynamic loads. Two load cases are considered
in the current study. The first load case is the in-plane tension, which requires a small in-plane
stiffness to reduce the actuation force. In the other load case, the skin is subject to out-of-plane loads,
which requires a high out-of-plane stiffness to reduce the out-of-plane deformation. The boundary



conditions and loads of the morphing skin are shown in Fig. 3. Numerical simulation, optimisation
and experimental study of these two working conditions will be performed in the following sections.

A skin with +45° symmetrical straight fibres is used as the baseline design to non-
dimensionalise the required actuation forces F, the maximum out-of-plane deformation U, with
subscript b denoting the result of the baseline design. Thus, the non-dimensionalised indices can be

represented as
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Fig. 2 Boundary conditions and loads of the morphing skin: (a) In-plane tension
(b) Out-of-plane deformation

3. Fabrication Method and Mechanical Properties

3.1 Fabrication Method based on 3D Printing

The composite samples are manufactured using the Anisoprint Composer A4 3D printer [40],
which has a maximum printing size of 297 mm X 210 mm X 140 mm, as shown in Fig. 4. The printer
can manufacture continuous fibre reinforced composites via the co-extrusion of both the continuous

fibre and the matrix material.
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Fig. 3 (a) 3D printer used in the study, (b) Schematic of the CCF technology

In the present study, the matrix material is polyethylene terephthalate glycol (PETG) which has
a Young’s modulus of around 1.12 GPa and the continuous carbon fibre (CCF) is used as the fibre



material. The PETG filament is fed into the printing head and melted, which is then extruded
together with the carbon fibre filament. The carbon fibre is pre-impregnated and has a Young’s
modulus of around 149 GPa with a carbon fibre volume of around 60%.

A few factors, such as the printing speed, the nozzle temperature, and the environmental
temperature affect the printing process, which will lead to different mechanical properties [41, 42].
Since the focus of the current study is the variable stiffness caused by the variable lamina angle of
the fibre, the printing conditions are kept unchanged when different composite samples are
manufactured. During manufacturing, the nozzle temperature was set to 235°C and the printing
speed was set to 180 mm/min with the environmental temperature around 20°C. The samples were
printed after the corresponding G-code source file is provided to the printer, and the change of the
lamina angle is achieved by editing the G-code file of the printing sample.

With the co-extrusion of the fibre and matrix filament, a composite lamina similar to a
unidirectional composite lamina can be manufactured. However, there are some differences between
the composite plate made by the 3D printer and the one made by conventional methods. For example,
due to the constraint of the 3D printer nozzle, there would be no fibre is deposited at the plate corners,
if the size of the corner is too small. Also, the fibre remained continuous in the same lamina at the
edge of the sample, until the 3D printer began to print the next layer. Since the focus is on the effect
of the lamina angle, classic composite mechanics [43] is adopted in the current investigation, and
the differences between the 3D printed composite and the classical composite will be examined in
a future study.

3.2 Tests of Mechanical properties of the printed composite lamina
In Section 3.2, the mechanical properties of the printed composite lamina are obtained using
unidirectional tensile tests of the printed samples. The mechanical properties of the composite
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morphing skin can be expressed as:
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where [N M]" represents the force and moment resultant, [¢° «]” represents the middle plane
strain and curvature. And, 4, B, D denote the extension stiffness matrix, the coupling stiffness matrix
and the bending stiffness matrix respectively, which are affected by the mechanical properties of the
lamina and the lamina angle 6.

Thus, to evaluate the mechanical properties of the composite morphing skin, the mechanical
properties of the composite lamina must be first determined. There are four elastic moduli to
describe its properties, i.e., the longitudinal Young’s modulus £, the transverse Young’s modulus
E», the major Poisson’s ratio 12 and the in-plane shear modulus G2, which can be calculated by the
following equations [43]
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where Ef, En, vrand v, are the Young’s modulus of the fibre, the Young’s modulus of the matrix,
the Poisson’s ratio of the fibre and the Poisson’s ratio of the matrix, respectively. While the Young’s
modulus of the fibre material and the matrix material are provided by the supplier, these parameters
are still insufficient to calculate the four elastic moduli of the lamina. Also, it is not straightforward
to control the volume fraction of the fibre directly with the software of the 3D printer, which makes
it difficult to estimate the elastic moduli directly.

Unidirectional tensile tests are performed to obtain the elastic moduli of the printed lamina,
following standard test procedures [44, 45]. Three types of samples were manufactured with
constant lamina angles of 0, +45 and 90° , as shown in Fig. 5, and are denoted as Sample 1, Sample
2, and Sample 3 respectively. Sample 1 consisted of 6 plies of laminae with a 0-degree angle, Sample
2 consisted of 6 plies of laminae with a 90-degree angle and Sample 3 consisted of 8 symmetrical
plies of laminae with +45-degree angles. The ply thickness, affected by the diameter of the fibre
filament, was fixed at 0.32 mm in the current study. As shown in Fig. 5, the tensile tests were
conducted using a WANCE® test machine. The load cell used to measure the tensile forces had a
maximum test force 50 kN and accuracy of 0.5%. A HAYTHAM® Digital Image Correlation (DIC)
system was used to measure the strain distribution in the samples. The resolution of the DIC camera
was 2448%2048, and the tracking speed of the pixels can achieve 1000 mm/min.
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Light-source =
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(py Sample
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Fig. 4 (a) Facilities for the tensile tests; (b) the test samples; (c) a test sample with speckles
sprayed onto the surface for DIC measurement

Three specimens of Sample 1, Sample 2 and Sample 3 were printed and tested to obtain the
elastic moduli of the lamina. The test results are summarised in Table 1. As the printing conditions
were unchanged, it is assumed that the fibre volume fraction (V) and matrix volume fraction (V)

remained constant.



Table 1. Test results for the unidirectional laminas
Elastic moduli Test No.1 Test No.2 Test No.3 Mean Value

E\/GPa 45.63 49.21 44.08 46.30
E»/GPa 1.33 1.86 1.62 1.60

V12 0.34 0.36 0.38 0.36
G12/GPa 0.66 0.74 0.64 0.68

With the material modulus Erand E,, provided in Section 3.1, together with the test results for
E and E», the volume fraction of the fibre Vyand matrix ¥}, can be estimated, which is around 0.3
and 0.7 respectively. The fibre volume is lower than those made by conventional methods. However,
as the focus of the current paper is the variable stiffness caused by the variable lamina angle, the
effect of the variable stiffness can still be highlighted by comparing it to the samples with the
constant lamina angle, and the mean value of the test results will be adopted as the elastic moduli
of the printed lamina for the following numerical analysis.

4. Numerical Simulation and Optimisation

4.1 Numerical Simulation

With the lamina properties obtained in Section 3, the finite element model of the composite
skin is established in the commercial software Abaqus®. In the current study, four symmetrical plies
of laminae were adopted, and the skin model has the length, width and thickness of 0.1 m, 0.1 m
and 0.8 mm respectively.

Figure 6 shows the lamina angle and the stack sequence. The lamina angle in Ply 1 is denoted by
the expression 8(x), and Ply 2 has the opposite lamina angle -6(x). Moreover, Ply 3 and 4 are symmetrical

to Plies 1 and 2.
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Fig. 5 (a) Finite element model of the morphing skin (b) Variation of the lamina angle in the plies

It is noted that the current layup is adopted to show the effect of the lamina angle, rather than
representing practical skin design. To highlight the effect of the variable lamina angle, the composite
has a symmetrical layup and the lamina angle in each layer follows the curvilinear expression in
Equation (1). Considering the geometry of the skin, the general-purpose shell element S4R is used
and the mesh size is 1 mm. According to Equation (1), the lamina angle varies along the x axis. In
the model, the lamina angle at different locations can be calculated first, and then the lamina angle
at the corresponding element can be obtained discretely, and assigned to the element by editing the
input file of the finite element model with Python scripts.
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Two load cases were performed to investigate the in-plane and out-of-plane mechanical
properties. The first load case involved in-plane tension, with the boundary conditions shown in Fig.
3(a). A tensile displacement, corresponding to 4% overall strain of the skin, was applied to one end,
and the required actuation force was obtained by summing the reaction forces at the fixed end.

Figure 7(a) shows the relationship between the parameters 7o, 71 and the required actuation
force. When the fibre direction is aligned with the morphing direction, the composite stiffness
increases significantly. Consequently, when the design parameters 7y and 7} are close to 0°, the
required actuation force is higher than when the design parameters close to 90 °. As shown in Fig.
7(a), when Ty varies from 0° to 90 © with 7 fixed, the actuation force decreases. With an appropriate
selection of Ty and 71, the actuation force can be reduced compared to the baseline design.

7
A [T, 0" T 745 T, -90° - Baseline value| [FA-T,70° -5 T,=45" < T,790° -~ “aseline value|
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(a) Change of the required actuation force (b) Change of the deformation limit
Fig. 6 Relationship between the lamina angle parameters and: (a) required actuation force, (b)

the deformation limit

The deformation limit, beyond which the skin fails, was also obtained from the in-plane tension
simulation. In the current study, the Tsai-Wu criterion [46] was used to assess failure. The strength
parameters of the composite are summarised in Table 2. It should be noted that the deformation limit
is provided as a reference to demonstrate the effect of varying the lamina angle; therefore, the

strength parameters from [47] are applied rather than those obtained from the tensile test results.

Table 2. The strength parameters of the composite from[47]

Variable Definition Value
Xr Tensile strength along the fibre direction 2070 MPa
X Compressive strength along the fibre direction 1360 MPa
Yr Tensile strength perpendicular to the fibre direction 102 MPa
Y. Compressive strength perpendicular to the fibre direction 276 MPa
S Fibre shear strength 186 MPa

Figure 7(b) shows the relationship between the deformation limit and the design parameters s
Toand T1. The results show that varying the lamina angle also affects the deformation limit, which
tends to increase when 7o is close to 77.

A second load case was simulated to determine the out-of-plane displacement of the morphing
skin. The skin model is clamped around its four edges. A uniform pressure of 10 kPa pressure was

applied to the skin surface. The maximum out-of-plane displacement was obtained and non-



dimensionalised using the result from the baseline design. Figure 8 shows the relationship between
the maximum out-of-plane displacement and the lamina angle parameters.
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Fig. 7 Relationship between the maximum out-of-plane displacement and the lamina angle
parameters with the variation of (a) 7o and (b) 7’

With appropriate design of the parameters 7y and 77, the maximum out-of-plane displacement
can be reduced compared to the baseline design, indicating that the lamina angle parameters have a
significant effect on the out-of-plane displacement. For example, the maximum out-of-plane
displacement of the layup [ £<0|90>]s is almost twice to the layup [£<90|0>]s, which further
highlights the need to optimise the lamina angle parameters.

4.2 Skin Optimisation

A two-objective optimisation of the morphing skin was performed to calculate the Pareto front
of the morphing skins. The objectives were the non-dimensionalised indexes as

G(x) =min [E U} (6)

The maximum Tsai-Wu failure index was chosen as the constraint and was required be less
than 1. Since the current study is focused on the effect of varying lamina angle, only the parameters
related to the fibre lamina angle is optimised with the other parameters, such as the ply thickness
kept constant. The ranges of the design variables are summarised in Table 3.

Table 3. The range of the design variables

Number of layers Design variable Lower limit Upper limit
Case 1 4 T, T (@=1) 0° 90°
Case 2 16 TOI ’ Tli (i:1327 37 4) 0° 90°

Two optimisation cases with different number of layers are performed. And the stacking
sequence of a symmetric composite plate with 4n ply layers is denoted as [ +=<T, | T, >,], (i=1,2...n)
with the superscript 7 used to represent the different layers.

In Case 1, four layers are applied with the lamina angle [ +<T, | T, >,]; (i=1) as shown in Fig.
6 and two design variables, i.e., T} andTll, are optimised. In Case 2, 16 layers are applied with the
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stacking sequence [ =<T, | T, >,], (i=1,2,3,4) and eight design variables i.e.,T, and T, (i=1,2, 3, 4)
are optimised.

In the current study, the two-objective optimisation is carried out using the Non-dominated
Sorting Genetic Algorithm II(NSGA-II) in Matlab®. The optimisation parameters were adjusted by
iteration, after which the population size, max generation crossover fraction and function
convergence percentage are set to 100, 200, 0.8 and 0.01%, respectively. Python scripts are used to
modify the finite element model from Section 4.1 and read the analysis results in Abaqus®.

The Pareto front obtained is shown in Fig. 9. The x axis corresponds to the required actuation
force and the y axis corresponds to the maximum out-of-plane displacement. The results indicate
that when the required actuation force is reduced, which is beneficial for the actuation, the out-of-
plane displacement is increased, which means its capability of load-carrying is reduced. Thus, the
final decision of the design parameters should be made according to the working conditions.
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Fig. 8 Pareto front from the optimisation: (a) Case 1 with 4 layers, (b) Case 2 with 16 layers

In both cases, the effect of the varying the lamina angle is shown. In Case 1, the change of the
skin performance is relatively small compared to that in Case 2, which can be due to the small
number of layers, resulting a reduced number of design variables.

Considering the limitation of the manufacturing facilities, Point A is selected as an example in
Fig. 9(a) for further experimental study, which has the smallest required force and highest out-of-
plane displacement, but its out-of-plane displacement of the morphing skin is still less than that of
the constant stiffness skin. The results of the selected point are summarised in Table 4. Since the
current optimisation study is only a case study and practical applications will be explored by
including more design variables and even changing the matrix material to flexible material for a

high deformation limit.

Table 4. Selected point for manufacturing and testing

F(Point A)
0.5007

U(Point A)
0.8693

T, (Point A)
70°

T! (Point A)
80°

Parameters

Optimised results

5. Experimental Validation

The skin samples are manufactured according to the optimised design result in Section 4.2.
The variation of the lamina angle was achieved by editing the corresponding G-code files of the 3D
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printer. Two groups of skin samples were manufactured for the in-plane and out-of-plane tests
respectively, with each group containing one sample with curved fibre and one sample with straight
fibre as the baseline design. in total, four skin samples printed, as summarised in Table 5.

It is true that the performance of the baseline design may be further improved by optimising
its lamination parameters, and thus the performance change between the baseline design and the
design with varying lamina angle may be reduced. As a case study, the focus of the current
experiments is mainly to show the change of the skin performance by introducing the varying the
lamina angle.

Table 5. Summary of the experimental samples

Test Samples Layup
In-plane test: variable angle [£<70[80>]s
In-plane test: straight fibre [£45]s
Out-of-plane test: variable angle [£<70/80>]s
Out-of-plane test: straight fibre [+45]s

The test region is 100 X 100 mm; however, an additional region with straight fibres was printed
simultaneously to allow clamping of the sample. All test samples consisted of 4 plies, each with the
thickness of 0.2 mm. Figure 10 shows the test samples and the corresponding fibre paths, including
additional region printed for clamping.

— — — Local fibre path

Theta:[£<70|80>]s f
[+<70/80>] '/

e
Ply design |- <70|80>]

Clamping area

Clamping area

S‘«_ ——

«“/’//"////’/// | /T
Uo7 ooonll

[+<70/80>]

Fig. 9 Morphing skin test samples and the corresponding fibre paths

Both the in-plane tension stiffness and the out-of-plane stiffness of the samples were measured
experimentally. The in-plane test were caried out using a WANCE TSES504C test machine. As the
sample width was 100 mm, a customed fixture was used to clamp the specimen, as shown in Fig.
11(a). Both the variable angle and straight fibre samples were tested, and the corresponding force-
displacement curves are presented in Fig. 11(b). The in-plane tensile stiffness was obtained from
the slope of the curve.
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Fig. 10 In-plane deformation experiment

Clearly, the variable angle sample exhibited much lower in-plane tensile stiffness than the
straight fibre. A 46.9% reduction was observed, from 2860 N/mm to 1520 N/mm, demonstrating a
significant improvement for the morphing skin.

The out-of-plane displacement was measured by placing weights onto the test samples, which
were clamped along all four edges, as shown in Fig. 12(a). To apply the out-of-plane loads evenly
onto the skin sample, the weight were placed inside a square box of the same size as the test region
of the skin, filled with iron spheres and weights inside the box. A laser displacement sensor was
used to measure the out-of-plane displacement at the centre of the test sample. Figure 12(b) shows
the curve of the out-of-plane displacement when weights are applied continuously from 1 to 5 kg.
And the out-plane stiffness is obtained by calculating the slope of the curve.

50 r r r r % —A
: : : - % = Variable stiffness ski i .7
Power and collector Weight  Morphing skin ~ A~ Consint siffnes skin . ,f
' . . sk - .
a0t I e
Z . .
= ’ e
23t . ,
E L P
=3 K K
525 . -
& L .
2 * s
II . - s i
15 S
P
e
) 1o L™ . . . . .
Support foundation Laser displacement sensor Computer 0.2 0.3 0.4 _\f.)[ST . 0.6 0.7 08
J/mm
(a) Out-of-plane deformation test platform (b) Out-of-plane deformation test results

Fig. 11 In-plane deformation experiment

The variable angle sample has a higher out-of-plane stiffness than the straight fibre sample. It
is found that the out-of-plane stiffness is increased from 66.7 N/mm to 85.5 N/mm, representing a
28.2% improvement through the variation of the lamina angle.

The test results for variable angle samples were also compared with the numerical results
obtained in Section 4. As shown in Table 5, the differences between the experimental results and the
numerical results are less than 15%, which also shows the validity of the modelling method

13



preliminarily. The errors could be due to the uncertainties during the 3D printing, which may affect
the material properties.

Table 6. Comparison of experimental and numerical results

Experimental results ~ Numerical results ~ Relative error
Tension stiffness 1520 N/mm 1310 N/mm 13.7%
Out-of-plane stiffness 85.5 N/mm 92.2N/mm 7.3%

6. Conclusions

This study investigated the design and fabrication of morphing skins using continuous fibre
3D printing, with variable stiffness introduced through curvilinear fibre paths defined by a lamina
angle function 6(x) governed by parameters Ty and 77. Numerical modelling, optimisation, and
experimental validation were carried out to evaluate the feasibility and performance of this approach.
The main conclusions are:

1. A finite element model of the morphing skin with curvilinear lamina angle distributions
was established. Parametric analysis confirmed that the stiffness of the morphing skin can be tuned
effectively by adjusting the 7o and 71, parameters in the curvilinear function 0(x).

2. A two-objective optimisation was performed, balancing actuation force and out-of-plane
stiffness. A representative Pareto-optimal design was selected, fabricated, and tested, demonstrating
the practicality of the curvilinear fibre design.

3. Experimental results showed that the curvilinear-fibre specimens exhibited a 46.9%
reduction in in-plane stiffness and a 28.2% increase in out-of-plane stiffness compared with straight-
fibre baselines. These findings demonstrate the significant performance gains achievable by
tailoring curvilinear fibre paths.

4. The close agreement between simulation and experimental results (errors <15%) validates
the modelling approach and confirms that continuous fibre 3D printing can reliably realise
curvilinear fibre architectures that are challenging to achieve using conventional methods.

Overall, the results highlight that continuous fibre 3D printing enables the design of morphing
skins with spatially varying stiffness achieved through curvilinear fibre paths. This provides a
powerful and flexible approach for tailoring actuation and load-carrying requirements in morphing
aircraft. Future studies should focus on extending classical laminate plate theory to better capture
the mechanics of curvilinear laminates, exploring additional optimisation variables such as ply
thickness and number of layers, and integrating the morphing skin design with internal structures.
Ultimately, full-scale morphing wing demonstrators will be developed to validate the benefits of
curvilinear fibre designs in realistic flight scenarios.
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