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Abstract
The morphing skin that can be used for the shear variable-sweep wing is of great sig-
nificance to improve the aerodynamic efficiency of the aircraft. In this paper, the Kevlar/
carbon fiber hybrid composite skins that can be smoothly and continuously sheared are 
applied. Moreover, the shear driving force and critical shear angle of the hybrid composite 
skins are studied. Based on the classical plate theory, the nonlinear mathematical model 
is developed for the shear-driving force and critical shear angle of composite skins. Based 
on the principle of virtual work and the fundamental lemma of calculus of variations, the 
motion equations are derived and the closed-form solutions are obtained for sutured com-
posite skins on the framework. A systematic comparison between the theoretical solutions 
and experimental results is carried out to validate the excellent accuracy and reliability of 
the numerical evaluations. The effects of geometric and material parameters on the shear-
driving force and critical shear angle of composite skins are systematically studied. The 
results show that the carbon fiber diameter, carbon fiber spacing, together with the length 
and width of skin cell have a significant impact on the shear-driving force and critical shear 
angle of composite skins.

Keywords  Variable-sweep wing · Composite skins · Shear-driving force · Critical shear 
angle

1  Introduction

According as the demand for multi-functional and high-efficiency aircraft in aerospace 
field increases, the morphing wing has rapidly become a hot spot in aerospace technol-
ogy innovation field [1, 2]. Compared with the fixed wing, the morphing wing can flex-
ibly change its shape with the change of environment, task, enhance flight performance 
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and efficiency [1, 2]. The most representative of the morphing wings is the variable-sweep 
wing. The variable-sweep wing can change the sweep angle according to the flight speed 
to improve the aerodynamic efficiency of the aircraft. In recent years, the shear variable-
sweep wing has been proposed, which has better deformation scale and aerodynamic per-
formance [3, 4]. However, the development of shear variable-sweep wing has arose the 
demand for morphing skin that need to ensure smooth aerodynamic surface and low in-
plane stiffness during shear deformation [5]. Therefore, it is significant to propose a new 
type of morphing skin for the shear variable-sweep wing and study its driving force and 
smooth characteristics.

In the past two decades, researchers have developed and examined a variety of skins 
based on shear deformation requirements. Grant et al. [6] introduced a morphing skin with 
a multiple-joint design that allows variations in sweep. However, the surface of this skin 
is not smooth and the sealing is relatively poor. Keihl et al. [7] studied the characteristics 
of shape memory polymer as a shear morphing skin. Although the multi-state ability of 
shape memory polymer makes it easy to change shape, the surface is not smooth. Olympio 
et al. [8] designed a flexible skin comprising of a cellular substructure and pre-tensioned 
facesheet for a shear morphing wing. Laila et al. [9] optimized and tested the pre-tensioned 
skin in wind tunnel and flight tests. The pre-strain can alleviate facesheet wrinkling, but it 
will lead to the creep of the elastic material and short service life. In these studies, many 
skins for the shear variable-sweep wings were designed and invented. However, these skins 
cannot meet the needs of high out-of-plane rigidity, low in-plane rigidity, smooth shear 
deformation and long service life. This work applies the Kevlar/carbon fiber hybrid com-
posite skins to a shear variable-sweep wing. In order to understand the mechanical proper-
ties of Kevlar/carbon fiber hybrid composite skins, especially the smoothness and driving 
ability during the deformation process, it is necessary to establish a mathematical model 
for the shear-driving force and buckling load of composite skins to reveal the action mech-
anism of composite skins under complex flight conditions, and lay the foundation for the 
design and evaluation of shear variable-sweep wing.

In the analysis of the mechanical behavior of the hybrid composite skin, the hybrid 
composite skin is usually equivalent to a uniformly continuous orthotropic plate. Recently, 
many experts have proposed different higher-order shear deformation theories [10–15] to 
analyze the deformation of composite plates. Based on these shear deformation theories, 
researchers carry out a lot of theoretical studies on the bending and buckling of composite 
materials. Sabri and Meguid [16] investigated the wrinkling behavior of laminated ortho-
tropic composite panels due to in-plane shear deformation. Static analysis was carried 
out to establish the shear-induced stress distribution patterns in the elastic panels assum-
ing no wrinkling. Ni et al. [17] presented a buckling analysis for a rectangular laminated 
composite plate subjected to biaxial compression loading. The higher-order shear defor-
mation theory was employed and a special displacement function was introduced into the 
Rayleigh–Ritz method. Dash and Singh [18] addressed the buckling and post-buckling of 
laminated composite plates using higher order shear deformation theory associated with 
Green–Lagrange non-linear strain–displacement relationships. Thai and Vo [19] developed 
a new sinusoidal four-unknown shear deformation theory for bending, buckling, and vibra-
tion of functionally graded plates. Thakur et  al. [20] examined geometrically nonlinear 
dynamic analysis of laminated composite plate using a nonpolynomial shear deformation 
theory. The present formulation utilizes both von Kármán and Green–Lagrange type of 
strain–displacement relations to model the geometric nonlinearity. In order to analyze the 
differences of these higher-order shear theories, Aydogdu [21] compared four shear defor-
mation theories for analyzing the buckling behaviors of rectangular symmetric cross-ply 

1872 Applied Composite Materials (2022) 29:1871–1887



1 3

plates. The study revealed that the parabolic shear deformation theory gives the buckling 
loads more accurate. It is worth noting that these traditional composite material studies did 
not consider the nonlinearity of the shear theory. In order to improve the accuracy of the 
analysis, the nonlinearity of the shear theory can be considered in the analysis model.

In this paper, the Kevlar/carbon fiber hybrid composite skins for a shear variable sweep 
wing is proposed and applied, and the shear driving force and critical shear angle of the 
hybrid composite skins are studied. The hybrid composite skins are taken as an orthotropic 
multi-layered plate. The classical plate theory (CPT) is employed. Based on the principle 
of virtual work and the fundamental lemma of calculus of variations, governing equations 
are derived and the geometrically nonlinear closed-form solutions for sutured composited 
skins on the framework are obtained using the Navier’s technique. The validity of the theo-
retical solutions is demonstrated through comparison with the results from the experimen-
tal results. The effects of geometric parameters on shear-driving force and critical shear 
angle are systematically explored.

2 � Mathematical Formulation

This paper proposed a shear variable-sweep wing which is composed of multiple identical 
parallelogram cells. With the increase of sweep angle, the parallelogram cells are trans-
formed from the initial rectangular state to the parallelogram state. The Kevlar/carbon fiber 
hybrid composite skins are applied as shown in Fig. 1.

With reference to Fig.  2a, a purely shear-deformed parallelogram cell comprising a 
shear-deformable parallelogram frame and a carbon fiber/Kevlar hybrid composite skin are 
extracted from the shear variable-sweep wing. In order to ensure smoothness, the compos-
ite skin is stitched on the frame. The shear deformation of parallelogram cell is driven by 
diagonal shear-driving force. When the frame is sheared, the skin is sheared along with the 
frame as shown in Fig. 2b. With the gradual increase of the shear angle, the skin buckles 
and wrinkles. The shear angle of skin buckling is the critical shear angle.

At the micro scale, the Kevlar/carbon fiber hybrid composite skin is defined as a lam-
inate composed of carbon fiber reinforced silicone rubber based unidirectional laminate 
and Kevlar reinforced silicone rubber based unidirectional laminate, as shown in Fig. 2c. 

Fig. 1   The variable-swept wing based on parallelogram cell: a small sweep-angle state (the skin cell is 
rectangular); b large sweep-angle state (the skin cell is parallelogram); c the framework cell in the large 
sweep-angle state
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Relevant geometric variables are: composite skin length Lx, width Ly, and total thickness 
t; Kevlar-reinforced unidirectional laminate thickness t1; carbon fiber -reinforced unidirec-
tional laminate thickness t2; Kevlar diameter d1, carbon fiber diameter d2; Kevlar spacing 
a1, carbon fiber spacing a2.

2.1 � Generalized Displacement Field and Constitutive Equation

Based on the classical plate theory (CPT) [22], the displacement field relations of compos-
ite skin take the following form:

where u0 and v0 denote the displacements along the x-direction and y-direction of a point 
on the midplane of the composite skin, wb is the bending component of the transverse dis-
placement, ws is the shear component of the transverse displacement, z is the shape func-
tion employed by plate theory for generalized displacement field.

Based on the von Karman strain–displacement relation [22], the strain components 
related to the displacement field relations of composite skin can be obtained. According 
to the mesomechanical analysis theory of single-layer composite materials, the mate-
rial parameters of single-layer composite materials can be calculated by the material 
parameters of the matrix and the fiber reinforcement. Bases on the commonly mechani-
cal analysis method of composite materials [23], the elastic modulus, shear modulus, 

(1)

u(x, y, z) = u0 − z
�wb

�x
− z

�ws

�x
, v(x, y, z) = v0 − z

�wb

�y
− z

�ws

�y
, w(x, y, z) = wb + ws

Fig. 2   A parallelogram cell composed of a frame and a Kevlar/carbon fiber composite skin: a the cell in the 
initial state (the frame is rectangular); b the cell in shear deformation state (frame is parallelogram); c the 
geometrical model of composite skin
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thermal expansion coefficients and Poisson’s ratio of carbon fiber–reinforced layer and 
Kevlar-reinforced layer can be stated as [23]:

where Es, Ek, and Ec are the young’s modulus of silicone rubber matrix, Kevlar and carbon 
fiber respectively; vs, vk, and vc are the poisson’s ratio of silicone rubber matrix, Kevlar and 
carbon fiber respectively; Gs, Gk, and Gc are the shear modulus of silicone rubber matrix, 
Kevlar and carbon fiber respectively. Since the fiber reinforcement directions are orthogo-
nal to each other, the composite skin is equivalent to an orthotropic laminate. Based on the 
stress–strain relationship of single-layer composites [22, 23], the constitutive relations of 
different layers of composite skin can be obtained.

2.2 � Plate Equations

According to Hamilton’s principle, the control balance equation of the composite skins 
can be stated in an analytical form as:

where δU is the variation of strain energy; δV is the variation of potential energy. Based 
on variational method, the variations of strain energy relative to the initial configuration is 
expressed as:

where Nx, Ny and Nxy denote the total in-plane force resultants, Mb
x
 , Mb

y
 and Mb

xy
 denote 

the total moment resultants, Ms
x
 , Ms

y
 and Ms

xy
 denote the additional stress couples associ-

ated with the transverse shear effects. Nx, Ny, Nxy, Mb
x
 , Mb

y
 , Mb

xy
 , Ms

x
 , Ms

y
 and Ms

xy
 can all be 

expressed by the plate stiffness coefficient, which are defined in [22].
Since the composite skins mainly bears the in-plane shear loading, the variation of 

work done by external forces can be expressed as:

Substituting the expressions for δU and δV from Eqs. (4) and (5) into Eq. (3) and 
integrating by parts, and collecting the coefficients of δu0, δv0, δwb, and δws, the follow-
ing equations of motion of the plate are obtained:
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3 � Solution Procedure for Mechanical Properties

The composite skins are cross-ply symmetrical laminated plates. There are no tension-bending 
coupling, tension-shear coupling and bending-torsion coupling. The composite skin needs low 
in-plane shear stiffness to achieve high in-plane strain capacity, so it is necessary to analyze 
the shear-driving force of composite skin. With reference to Fig. 3, the composite skin bears 
the shear-driving force (PN) caused by shear-deformed parallelogram framework.

According to the deformation of the composite skin with the parallelogram frame, the 
strain of skin cells can be expressed as:

where α and β are the shear-angle of wide side and long side; αc and βc are the critical 
shear angle of wide side and long side; �N0x

 , �N0y
 , and �N0xy

 are the strain components asso-
ciated with shear angle.

where θ is the shear-angle of skin cells; θc is the critical shear angle of skin cells. By sub-
stituting the strain of skin cells into the constitutive relations of skin cells [22], the equa-
tions of in-plane force can be expressed as:
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Fig. 3   The shear-deformation of skin cells
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where A11, A12, A22 and A66 are the plate stiffness coefficients, which are defined in [22]. 
Based on the principle of virtual work, the energy balance equation of composite skins can 
be expressed as:

where W1 is the strain energy; W2 is the work done by the outside force. The strain energy 
and the work done by the outside force are expressed as:

where PN is the in-plane shear driving force of composite skins, ΔLd is the diagonal length 
variation of composite skins.

Substituting Eqs. (11) and (12) into Eq. (10), the shear-driving force can be obtained. 
The shear-driving force is related to the shear angle, length, width, and structural stiffness 
of the composite skin. According to the constraints of lines to the skin cell, the boundary is 
equivalent to the four sides simply supported. Following the Navier solution procedure, the 
displacement functions are expanded in the double triangular series [22, 23] to satisfy the 
simply supported boundary conditions of skins. By substituting the displacement functions 
into Eq. (6), the critical shear angle can be obtained. For this paper, although all the eigen-
values can be computed using the above method for each deformation mode of m (m is the 
half-wave number along the x-direction in the the double triangular series [22]) and n (n 
is the half-wave number along the y-direction in the the double triangular series [22]), the 
dominant eigenvalues corresponding to the minimum critical shear angle are of particular 
concern.

4 � Experimental Measurements and Analysis

In order to verify the accuracy of theoretical analysis of shear driving force and critical 
shear angle of composite skins, the external mechanical properties of composite skin are 
tested and verified in this section. The Kevlar/carbon fiber hybrid composite skin sample 
used in this experiment is prepared by a separated fixture as shown in Fig. 4.

According to the preparation method of aramid fiber-reinforced epoxy nanocompos-
ites [24], the preparation method of glass-fiber-reinforced epoxy nanocomposites [25] 
and the vacuum-assisted resin transfer molding method [26], the Kevlar/carbon fiber 
hybrid composite skin is manufactured as follows: (1) Evenly place the tensioned Kevlar 
ropes in the fixture; (2) Pour the liquid silicone rubber into the fixture and ensure that 
the Kevlar ropes are fully immersed; (3) Cover the pressing plate and wait for the rubber 
to cure; (4) Evenly place the carbon fiber rods orthogonal to the Kevlar ropes in the fix-
ture; (5) Pour the liquid silicone rubber into the fixture and ensure that the carbon fiber 
rods are fully immersed; (6) Cover the pressing plate and wait for the rubber to cure; (7) 
Repeat steps (1)-(3) to complete the laying of the upper Kevlar ropes; (8) Complete the 
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preparation of composite skin sample. It is worth noting that the fiber spacing is uneven 
and there is initial deflection, which will affect the shear-driving force and critical shear 
angle. The mechanical properties of carbon fiber rod, Kevlar rope and silicone rubber 
matrix in the composite skin sample are shown in Table 1.

4.1 � Verification and Analysis of Shear‑driving Force

The shear-driving force test device was established as shown in Fig. 5. Black dye was 
added to the silicone rubber for subsequent experimental measurement. A rigid paral-
lelogram frame (d1 = 0.12 mm, d2 = 1.0 mm, Lx = 310 mm, Lx = 230 mm) was used 
to simulate the framework cell, and the four sides of composite skins were stitched 
onto the framework to demonstrate the force state of the skin cells. Install the frame 
chuck on the diagonal rotating shaft of the parallelogram frame, and adjust the jaw of 
the electron tensile testing machine to lock the frame clamp. Through the change of 
the distance between the jaws of the electronic tensile testing machine, the composite 
skin is sheared, and the distance and the tensile force curve are measured at the same 
time.

As shown in Fig. 6, the test results of shear-driving force are in good agreement with 
the theoretical prediction results. It is proved that the combination of homogenization 
technique and the shear deformation plate theory is effective for Kevlar/carbon fiber 
hybrid composite skin structure. However, the theoretical solutions slightly underesti-
mate the shear-driving force compared with the experimental results, since the arrange-
ment of carbon fiber rods and Kevlar ropes is not completely uniform in the actual 
state, the contact effects between fiber and matrix and the driving force required for 
frame shear are not considered in the theoretical model. Typically, the theoretical pre-
diction results are smaller than the experimental results when the shear angle is small, 
since the driving force required for frame deformation is not included in the theoretical 
calculation.

(a) (b) (c)

Fig. 4   Preparation of a Kevlar/carbon fiber hybrid composite skin. a a separated fixture, b the fixture cov-
ered with carbon fiber and Kevlar fiber, c the composite skin sample

Table 1   Mechanical properties of 
base materials in the skin sample

Mechanical properties Silicone rubber Kevlar fiber Carbon fiber

Elastic modulus (Pa) 1.16 × 106 3.956 × 1010 9.667 × 1010

Poisson ratio 0.495 0.307 0.307
Shear modulus (Pa) 3.9 × 105 1.513 × 1010 3.698 × 1010
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4.2 � Verification and Analysis of Critical Shear Angle

In order to measure the critical shear angle of the composite skin during shear deformation, 
a critical shear angle measuring device was designed. As shown in Fig. 7, the diagonal struc-
tures of the parallelogram frame stitched with the composite skin are connected with the elec-
tron tensile testing machine. Through the movement of the electron tensile testing machine, 
the diagonal length of the parallelogram frame is changed to realize the shear deformation of 
the composite skin. In order to measure the smoothness of skin surface, digital image correla-
tion technology (DIC) is used as shown in Fig. 7. Due to the light transmission of the rub-
ber matrix, the image acquisition effect is poor. In order to get more accurate measurement 
results, black dye was added into silicone rubber for subsequent experimental measurement.

Fig. 5   Device for testing the shear driving force of composite skins: a the tensile testing machine, b the par-
allelogram frame with stitched a composite skin, and c the critical buckling state of composite skins

Fig. 6   Comparison of the shear-
driving force of morphing skin 
samples
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The curvature diagrams of three morphing skin samples (d1 = 0.12 mm, d2 = 1.5 mm) 
during the shear deformation process are shown in Fig. 8. The curvature of composite skins 
is close to zero in the initial state. As the shear angle increases, the fibers shear the rubber 
matrix and makes it extruded. Because the elastic modulus of fiber is much larger than that 
of rubber matrix, the deformation is mainly caused by rubber matrix. Moreover, due to the 

Fig. 7   Device for testing the 
critical shear angle of composite 
skins

(a) 1 24mm, 4mma a� � (b) 1 28mm, 8mma a� � (c) 1 212mm, 12mma a� �

Fig. 8   Comparison of critical shear angle of three morphing skin samples
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tight arrangement of fibers, the curvature increases but the change is small. As the shear 
angle continued to increase, the positive compressive stress of the rubber matrix increased, 
and the reverse flexural force of the fibers increased. When the shear angle increases to the 
critical shear angle, the fibers are deflected under the deformation and compression of the 
rubber matrix. At the same time, the curvature of the composite skin sample changes sud-
denly, resulting in the skin wrinkling.

The experimental results of critical shear angle of three skin samples are extracted from 
Fig. 8. As is shown in Table 2, good agreement between experimental results and theoreti-
cal predictions using CPT model is achieved. The effectiveness of the refined shear defor-
mation plate theory is thus demonstrated for Kevlar/carbon fiber hybrid composite skins. 
However, the theoretical solutions of the critical shear angle are deviated from the experi-
mental results, since the contact effect between the fiber reinforcement and the matrix is 
not considered in the theoretical model.

5 � Parametric Study of Mechanical Properties

5.1 � Effects of Carbon Fiber Diameter and Kevlar Diameter

As can be observed from Fig. 9, the shear-driving force the composite skins (a1 = 6 mm, a2 
= 6 mm) increase with increasing Kevlar diameter d1 and carbon fibers diameter d2. More-
over, it is apparent from Fig. 9 that carbon fiber diameter d2 is more pronounced for the 
shear-driving force compared with Kevlar diameter d1. This implies that the shear-driving 
force of the composite skins is mainly affected by carbon fiber due to the higher Young’s 
Modulus of carbon fiber material.

Table 2   Comparison of 
theoretical and experimental 
values of critical shear angle

Skin parameters Experimental 
results

Theoretical results

a1 = 4 mm, a2 = 4 mm 32.33° 34.88°
a1 = 8 mm, a2 = 8 mm 23.04° 27.38°
a1 = 12 mm, a2 = 12 mm 18.27° 21.63°

Fig. 9   Effects of the carbon fiber diameter and Kevlar diameter on shear-driving force: a Kevlar diameter; b 
carbon fiber diameter

1881Applied Composite Materials (2022) 29:1871–1887
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To explore the influence of Kevlar diameter d1 and carbon fibers diameter d2, Fig. 10 
plots the critical shear angle of the composite skins (a1 = 6 mm, a2 = 6 mm) with different 
fiber diameter and Kevlar diameter. It is striking to find that the increase of fiber diam-
eter and Kevlar diameter increases the critical shear angle of composite skins. However, 
increasing the carbon fiber diameter has a greater impact on the critical shear angle of the 
composite skin than increasing the Kevlar diameter.

5.2 � Effects of Carbon Fiber Spacing and Kevlar Spacing

Effects of the Kevlar spacing a1 and carbon fiber spacing a2 upon the shear-driving force 
of the composite skins (d1 = 0.12 mm, d2 = 1.0 mm) is presented in Fig. 11. It is seen 
from Fig. 11 that the shear-driving force decreases monotonically with increasing Kev-
lar spacing a1 and carbon fiber spacing a2, because the in-plane stiffness of the compos-
ite skins decreases rapidly as soon as the volume fraction of fiber decreases. Moreover, 
carbon fiber spacing a2 is more pronounced for the shear-driving force compared with 

Fig. 10   Effects of the carbon fiber diameter and Kevlar diameter on critical shear angle: a Kevlar diameter; 
b carbon fiber diameter

Fig. 11   Effects of the carbon fiber spacing and Kevlar spacing on shear-driving force with: a Kevlar spac-
ing; b carbon fiber spacing
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Kevlar spacing a1. This implies that the shear-driving force is mainly affected by carbon 
fiber.

To explore the influence of the Kevlar spacing a1 and carbon fiber spacing a2, Fig. 12 
plots the critical shear angle of the composite skins (d1 = 0.12 mm, d2 = 1.0 mm) with dif-
ferent the Kevlar spacing and carbon fiber spacing. It is striking to find that the increase of 
Kevlar spacing and carbon fiber spacing decreases monotonically the critical shear angle 
of composite skins, since the buckling load of the composite skins decreases as soon as the 
volume fraction of fiber decreases. Therefore, decreasing carbon fiber spacing has more 
influence on the critical shear angle of composite skins than decreasing Kevlar spacing.

5.3 � Effect of Skin Thickness

Influence of skin cell thickness t upon the shear-driving force and critical shear angle that 
plotted as a function of shear-angle change and skin cell thickness change for the compos-
ite skins (d1 = 0.12 mm, d2 = 1.0 mm, a1 = 6 mm, a2 = 6 mm) is presented in Fig. 13. It 
is striking to find that the increase of thickness slightly increases the shear-driving force 

Fig. 12   Effects of the carbon fiber spacing and Kevlar spacing on critical shear angle a Kevlar spacing; b 
carbon fiber spacing

Fig. 13   Effect of the composite skin thickness t on a shear-driving force and b critical shear angle
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of composite skins. This phenomenon is due mainly to the driving force required for the 
deformation of the reinforcing fiber being much greater than the driving force required. 
However, the critical shear angle of composite skin increases significantly with the increase 
of thickness. Therefore, increasing the thickness of composite skins can effectively increase 
the critical shear angle while keeping other parameters of the composite skin unchanged.

5.4 � Effect of Skin Cell Length and Width

Figure 14 shows the effects of the skin cell length Lx and width Ly upon the shear-driving 
force of composite skins for a1 = 6 mm, a2 = 6 mm, d1 = 0.12 mm, d2 = 1.0 mm, θ = 
20°. When the Lx or Ly is relatively small, the shear-driving force increases rapidly with 
increasing Lx and Ly. When the Lx or Ly is large, the shear driving force first decreases and 

Fig. 14   Effect of the composite skin length Lx and width Ly on shear-driving force: a 3D three-dimensional 
view and b two-dimensional contour view

Fig. 15   Effect of the composite skin length Lx and width Ly on critical shear angle: a 3D three-dimensional 
view and b two-dimensional contour view
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then increases with increasing Lx and Ly. Moreover, the composite skin width Ly is more 
pronounced for the shear-driving force compared with the length Lx. This implies that the 
appropriate length Lx and width Ly can effectively reduce the shear-driving force of the 
skin.

The effect of the length Lx and width Ly on the critical shear angle of the composite 
skins (a1 = 6 mm, a2 = 6 mm, d1 = 0.12 mm, d2 = 1.0 mm) is evaluated and shown in 
Fig. 15. With the increase of the composite skin length and width, the critical shear angle 
decreases. Moreover, it can be seen that the rate of change on the critical shear angle 
becomes smaller with the increase of the composite skin length and width. This implies 
reducing the length and width of skin cells can increase the range of smooth deformation.

6 � Utilization of Skin on Demonstrator Wing

A variable-sweep wing in which the Kevlar/carbon fiber hybrid composite skin is utilized 
has been manufactured and tested on ground. The morphing wing is composed of mor-
phing skeleton and multiple morphing composite skins. The wing skeleton consists of sev-
eral parallelogram morphing frames. The composite skins will be fixed on the upper and 
lower surfaces of the parallelogram morphing frames by mechanical connection to form a 
smooth and continuous surface. In order to make the variable-sweep wing smooth and con-
tinuous within the range of 20°-60° sweep angle, the composite skin parameters are set to 
a1 = 4 mm, a2 = 4 mm, d1 = 0.12 mm, d2 = 1.5 mm, t = 4 mm based on the above analy-
sis. The bending stiffness and torsion stiffness of the morphing wing are mainly provided 
by the morphing skeleton. The composite skin not only can realize large-scale continuous 
deformation, but also has certain bearing capacity which can keep the wing surface smooth 
and continuous under the aerodynamic force. The sweep angle is changed by changing the 
length of the parallelogram diagonal, and the motors are utilized as morphing actuators. 
The manufacturing and the morphing test on ground are shown in Fig. 16.

7 � Conclusions

In this study, the Kevlar/carbon fiber hybrid composite skin that can be smoothly and con-
tinuously sheared is proposed and applied. Moreover, the shear driving force and critical 
shear angle of the hybrid composite skin are theoretically investigated. Based on the prin-
ciple of virtual work and the classical plate theory, the mathematical model is developed 

Fig. 16   Morphing process of variable-sweep wing during ground test: a small sweep angle state; b large 
sweep angle state
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for the shear-driving force and critical shear angle of the Kevlar/carbon fiber hybrid com-
posite skins. The theoretical and experimental results of the shear driving force and the 
critical shear angle are in good agreement, which verifies the accuracy of the theoretical 
model. Aspects including the carbon fiber diameter, carbon fiber spacing, together with the 
length and width of skin cell affect significantly the shear-driving force of Kevlar/carbon 
fiber hybrid composite skins, but the influences of Kevlar diameter, Kevlar spacing and 
thickness are relatively non-significant. Aspects including the carbon fiber diameter, car-
bon fiber spacing, Kevlar diameter, Kevlar spacing, thickness, together with the length and 
width of skin cell affect significantly the critical shear angle of Kevlar/carbon fiber hybrid 
composite skins. Based on the above analysis, the Kevlar/carbon fiber hybrid composite 
skin(a1 = 4 mm, a2 = 4 mm, d1 = 0.12 mm, d2 = 1.5 mm, t = 4 mm, Lx = 310 mm, Ly = 
230 mm) was applied to achieve smooth and continuous deformation of a shear variable-
sweep wing in the range of 20°-60° sweep angle.
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