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Abstract: Tensegrity systems are the lightweight self-equilibrium structures that compose of a
series of tensioned cables and compressed struts. Of particular interest, adjusting the pretension of
the tensegrity can tailor the structural characteristics as needed without a basic configuration
change. By changing the length of cables or struts, the tensegrity system can morph while
maintaining its inherent strength and stiffness. This makes tensegrity systems an attractive
candidate for morphing aircraft wings. In addition, due to the influence of external forces on the
stiffness matrix, the deflection analysis of the tensegrity wing after being subjected to aerodynamic
forces are nonlinear. In this article, based on the aerodynamic shape of the RV-4 wing, we design
a feasible tensegrity morphing wing using the R-cross structures. A numerical example is provided
to simulate the aerodynamic load and static deflection on this three-dimensional tensegrity
morphing wing under different working condition. The results show that our tensegrity morphing
wing is 80% of the weight of the RV4 wing, while they have the comparable static deflection
with the rudder angle of 10°.The deflection of the tensegrity morphing wing is smaller than that
of the traditional wing under the condition of the rudder angle of 0°. In addition, when the rudder
angle has been changed from 0° to 10°, the torsion angle variation of the tensegrity morphing
wing is also smaller than that of the traditional wing, which is 1.5514° and 20.5714°, respectively.

1 INTRODUCTION

Tensegrity structure , also called tensegrity systems, is a self-equilibrium structure composed
of a series of tensioned cables and compressed struts [1]. It has the advantages of lightweight,
reasonable stress, controllable shape, and novel form. Common structural forms are shown in
Figure 1. In the 1940s, American architect R B. Fuller invented the tensegrity structure and applied
it in the field of architecture [2]. The study of its mechanical properties has been deeply explored,
including equilibrium[3], stiffness[4], preloading[5], and stability[6].
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(a) Two dimensional tensegrity structure ) Three dimensional tensegrity structure

Figure 1: Common tensioning structures

The load-carrying structure of aircraft wings mainly consist of stringers, ribs, and spars,
which are often made of heavy alloys. With the rapid development of the aviation industry, the
performance and quality requirements of aircraft are also increasing. In order to improve the flying
performance and fuel efficiency, the lightweight design and optimization of aircraft wings have
become an important research direction. The tensegrity structure not only effectively reduces the
wing weight due to its lightweight and high-strength characteristics, but also can be used in
morphing wing design due to its variable shape[7]. Moreover, the structural stiffness of tensegrity
systems is related to pre-tension, which allows the same tensegrity wing design to meet different
task requirements by changing the pre-tension to present different wing mechanical properties[8].

The tensegrity structure has many design applications in wings. In terms of underwater
biomimetic wings, Kemp et al.[9] studied the pectoral fins of the manta ray and designed a
biomimetic wing based on a class Il tensegrity structure. Yan[10] further analyzed and studied the
internal structural characteristics of the pectoral fins of manta rays, and designed a new biomimetic
wing structure using a multi groove motor driven pulley that can adjust the stiffness of the
biomimetic fins by changing the tension of the elastic rope in the biomimetic fins. In terms of
aircraft wing design, Skelton[8] displayed a concept for a tension wing that has the ability to alter
its twin. Chen et al.[11] utilized the tensegrity structure to design a novel two- dimensional
morphing airfoil. Myszka et al.[7] quantitatively compared the strength and stiffness of tensegrity
structures with some common traditional structures to evaluate their ability as aircraft wings. The
results indicate that the tensegrity structures have high strength and equivalent stiffness under all
loads, and the R-cross structure performs the best among all the tensegrity structures. On the basis
of Myszka's research, Mills et al.[12] proposed a tensegrity wing and its topology-optimized wing
based on R-cross structure, and compared them with traditional wing. The results show that, under
the condition of equivalent deflection and strain energy, the weight of a tensegrity wing is 59% of
the traditional wing, while the weight of a topology-optimized tensegrity wing is 49% of the
traditional wing. This greatly reduces the weight of the wing and provides a new research approach
for the development of aircraft wings towards lightweight and morphing capacity. It is worth
mentioning that the wing is a fixed structure and has no maneuverability.



IFASD-2024-XXX

60

4 } ° z-axis

60

y-axis

120

x-axis

2 > 2

(b) Topology Optimization Wing

Figure 2: Tensegrity wing and its topology optimization proposed by Mills[12]

This article is based on the research of Mills[12] and proposes a morphing scheme for
tensegrity wings to obtain control ability in flight. The tensegrity morphing wing is compared
with traditional wings under certain static aerodynamic conditions. The second part introduces the
basic theory of tensegrity systems. The third part introduces the design scheme of tensegrity
morphing wings. The fourth part shows the aerodynamic response of tensegrity morphing wing
and traditional wing under two operating conditions of rudder angles of 0° and 10°.

2 TENSEGRITY

2.1 Geometry

A general tensegrity structure is composed of n nodes joined by m members. Number nodes
from small to large. the coordinates of node i are represented by vector n, ={x;, y,,z} , and the

system node matrix is defined as
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For the member k, which connects node i to node j, the (k, p) element in the connectivity
matrix C is

1if p=j
-1,if p=i ,p=12,..,n (1. 2)
0, otherwise

C

k,p) —

The projection u, v, w of the direction vectors of each component in the x. y. =z
directions are

u=C_Cx
v=Cy,eR™ (1.3)
w=C_Cz

The length of member k is 1 =./u?+v2+w? . To improve computational efficiency,
diagonalize vectors

U =diag(u) V =diag(v)

. _ (1.4)
W =diag(w) L=diag(l)

2.2 Equilibrium ,Pre-Tension and Force-density Matrix

The cables must be kept in tension(t > 0)and the struts in pressure (t < 0)during the
stressing of the tensegrity structure. The internal forces of members are represented by vectors t,
and the initial pre-tension is defined as t,. The external force applied to node i is represented by a

vector f; ={f,, f,, .}, and the system external force matrix isF =[f,,f,,... f ' eR*". The

external force vector is f =vec(F) e R*".

The equilibrium equation for the tensegrity structure is[13]
At=f (1.5)

Among them, A is the equilibrium matrix. When the external force is 0, the initial pre-tension
solution equation can be obtained as

At° =0 (1. 6)
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According to matrix factorization theory, there exists unitary matrix R e R*™®" T e R™"

satisfies the equation[14]
A=R 5 0 T (1.7)
oo '

R, T are orthogonal matrix. Let r=rank(A), R=[R ,R,1,T =[T,,T,] where Ry, is the

orthogonal product of the node displacement space, known as the mechanism displacement mode;
T, is orthogonal product of the internal force space of the element, and is the self-tension mode;
p=3xn—-randS=mM-r are the mechanism displacement mode number and self-tension mode

number. The possible mechanical displacement of nodes d,, and the possible pre-tension of
structures t,,.. can be represented by:

dp = Rpa
tpre :Tsﬂ

where a, B are any column vector. It is worth mentioning that the mechanism displacement mode
and self-tension mode also satisfy the following conditions:

(1.8)

A'd = AR =0
At = AT, =0

(1.9)

The internal force density of member k is g, =t, /1, , and the force density vector is
q=[a,,9,,..-,q,,] . The force density matrix of tensegrity structure is constructed

E=C'QC (1. 10)

where the matrix Q =diag(q). In addition, the force density matrix can be also directly obtained
from the force density of the member. The (i, j)th entry E; ;, of the force density matrix E is
defined as:

E,. ~ =
@1 —qy> if nodesiand j are connected by member k

0, other cases

where K; is the set of members connected to node i.
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2.3 Stiffness and Deflection

The stiffness matrix K of the tensegrity structure consists of an elastic stiffness matrix Kg
and a geometric stiffness matrix K4 [15] :

K=K, +Kg (1. 11)
K. = AKAT (1.12)
Ke=1,®E (1.13)

where K = diag(E,A /1,,E,A, /L,,...E_A /1), E A s the tensile and compressive stiffness of

member k, I3 is a 3 X 3 identity matrix, ® is the tensor product. Define the node deflection as
d={d,,...d,.d,,...d dy,,...d } €R*™ Then,

nx? ny?

Kd = f (1. 14)

The relationship between node deflection d and member elongation e is

ATd=¢ (1. 15)

The change in member stress is

¢ = Ke (1.16)

Note that the stiffness matrix K of the tensegrity structure is related to the initial pre-tension,
and when an external force acts on the nodes, the displacement of the node causes a change in the
force density matrix, resulting in changes in the stiffness matrix. Therefore, the solution of the
above equation is nonlinear. The usual solution method is to use a small incremental gradual force
application method to ensure the equilibrium of the structure and update the stiffness matrix.
Maintain the positive definite of the stiffness matrix K at all times during the solving process to
ensure the stability of the structure.

3 TENSEGRITY MORPHING WING

3.1 R-cross structure and force-finding

The composition of the R-cross structure is shown in Figure 3. This structure consists of 6
struts (marked as m, to mg) and 12 cables (marked as m-, to m;g) connected at 7 nodes (marked
as n, to n,). The number of mechanism displacement modes and self-tension modes are p = 6
and s = 3.
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Figure 3: R-cross structure[12]

In the design of a tensegrity structure, the process of determining its geometric shape and
initial pre tension is called Form Finding. In specific form finding methods, the main variables can
be shape parameters or internal force parameters. Therefore, according to the different main
variables used, form finding methods can be divided into two categories: "shape finding" and
"force finding". The representative algorithms of the former include the well-known dynamic
relaxation method[16,17], force density method[18], and energy method[19], while the latter
mainly appears as the search for feasible pre-stress or pre-stress optimization algorithm[20-24].
This article is based on the content of the second part, using genetic algorithm to search and
optimize feasible pre-tension.

According to formula(1.8), the feasible pre-tension can be obtained by linearly combining the
self-tension modes, so different pre-tension can be obtained by using vectors B as optimization
variables. In general, the force finding focuses more on whether the obtained pre-tension meets
the constraint conditions, namely compression struts and tension cables, and does not put forward
too many requirements for the optimization objective, which is generally set asmin(| #||,). This

optimization objective has good universality when there is no actual optimization object or design
purpose, but for the convenience of saving raw materials and future production, we hope that the
internal forces of the members are as uniform as possible. Therefore, we use the root mean square
of absolute deviation to measure the uniformity of internal forces:

> (1415
m-1
t

h(B) = (2. 1)

[T |l

where t = 2 So the optimization objective function is
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F(8) =181, +h(B) (2.2)

Let the first 6 members as compression struts and the last 12 members as tension cables, with

a feasible pre-stress of t__ =[t,,t,,...,t,;]. The optimization problem corresponding to the process
of force finding is

min(F (4))

st. B e[-11]

t. <0,i=12,..,6
t;>0,j=78,..,18

(2.3)

3.2 Tensegrity Morphing Wing Design

The Van's RV-4[25], a manned aircraft produced by Van's Aircraft and sold as a kit, was
selected as the baseline aircraft for the presentation structural comparison study Its wing, referred
to as the traditional wing in the lower part, has a NACA23015 airfoil, with a single wing weight
of 25.7kg (with skin) and 10.08kg (without skin), a chord length of 1.47m, and a wingspan of
2.82m. The internal load-bearing structure of the wing is shown in Figure 4.

Figure 4: The conventional wing structure [12,26]

The tensegrity wing is composed of 32 R-cross structures, with 4 R-cross forming a chord
element and 8 chord elements distributed along the spanwise direction to form the wing. Each
chord element has a spanwise length of 350mm. The first step in wing design is to optimize and
determine the positions of the 10 nodes connecting the R-cross with the skin. The optimization
goal is to minimize the distance between the segmented curve defined by the nodes and the airfoil.
The optimized positions of 8 nodes with leading and trailing edge points are shown in Figure 5
and Table 1, and the four types of R-cross and chord element are shown in Figure 6.
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Figure 5: The optimal locations for 10 nodes to approximate a NACA 23015 airfoil

Table 1: Coordinates of the 8 optimal nodes

X 0.035839 0.166137 0.394436 0.702366
y/Upper Wing Surface 0.051459 0.086919 0.086253 0.052217
y/ Lower Wing Surface -0.026419 -0.050502 -0.059363 -0.038826

The final tensegrity wing designed based on the above optimization results is shown in Figure
7. The compression strut is composed of aluminum tubing, with an elastic modulus of 72GPa, a
density of 2700kg/m?, an outer diameter of 11.1mm, and a wall thickness of 1.8mm. The tension
cable is made of T700 carbon fiber, with an elastic modulus of 240GPa and a density of 1600kg/m?.
Most cables have a radius of 1mm, and some cables are reasonably thickened considering their
load-bearing capacity. The specific quantity and radius are shown in Table 2. The wing doesn’t
have currently morphing capability, with the overall weight of 6.23kg.

Table 2: Cable radius and quantity

Cable Rad(mm)

1.00

1.25

1.75

2.25

2.50

2.75

3.00

No of Cables

215

89

42

31

11
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(b) chord element

Figure 6: Four types of R-cross based on optimal nodes and chord element
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Figure 7: The tensegrity wing
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Based on the ReCTeR robot being developed by NASA Ames Research Center[27], we have
designed an actuator as shown in Figure 8. In order to achieve the morphing capability, we replaced
the internal structure of the R-cross. The specific design scheme is to replace the two cables with
actuators to achieve structural deformation. The actuator and deformation scheme are shown in
Figure 8-Figure 10. The total weight of a single actuator is approximately 0.12kg, and the weight
of the tensegrity morphing wing is 8.15kg.

Wire Spindle

| Carbon Fiber Cable ‘

| Motor Driver ’ Passive Spring ‘ | Actuated Spring | Carbon Fiber Cable

phebb WWHWLW.

Compression Sensor
Torque Sensor ’ P ‘

Figure 8: Actuator concept

‘ Rope Replaced by Actuator

0 e 0.8

01

Figure 9: Actuator location

11
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(a) 0° Rudder Deviation (b) 10° Rudder Deviation

Figure 10: Deformation of chordal element

4 RESULT AND DISCUSSION

The aerodynamic load condition is selected as a maneuvering speed of 71m/s, with the attack
angle of 5°, using standard atmospheric conditions at sea level. Solve the deflection of traditional
wings using Nastran's SOL144 when the ailerons and flaps are deflected downwards by 0° and
10° respectively.

Analyze the tensegrity wings of the fourth R-cross structure with 0° and 10° deformations
under the same aerodynamic conditions. The analysis method is to first use Fluent to calculate the
dynamic and static pressure distribution on the three-dimensional wing surface, then convert it into
aerodynamic force distribution, and finally interpolate it into the internal structure of the wing
according to a certain proportion distribution to analyze the response of the tensegrity morphing
wing. The specific interpolation method is shown in Figure 11. The aerodynamic pressure
distribution of wings under different deformation conditions is shown in Figure 12.

X

Figure 11: A diagram showing an aerodynamic force element f,in the y-direction, at an

arbitrary location on the wing surface, and the four closest internal structural nodes, labeled
1, 2, 3, and 4. The dimensions 8, and y, are measured along the z-direction, and the
dimensions B, and y, are measured along the x-direction[12].

12
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contour-1
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(a) 0° Rudder Deviation (b) 10° Rudder Deviation

Figure 12: Static pressure distribution under different working conditions

The final results are shown in Table 3 and Figure 13-Figure 14. It can be observed that under
the condition of 10° rudder angle, the tensegrity morphing wing can approximately match the
maximum deflection of a traditional wing with the same rudder angle at a lower mass, and the
maximum deflection caused by the transition of the two conditions is approximate. It is worth
mentioning that after the rudder angle changes from 0° to 10°, the traditional wing exhibits a
larger torsion angle, while the torsion angle of the tensegrity morphing wing is smaller.

Table 3: Structural comparison of the conventional wing and tensegrity morphing wing

Rudder Angle Conventional Tensegrity
Leading Edge Deflection -0.0868 m 0.0236 m

00
Trailing Edge Deflection 0.0485m 0.0190 m
Leading Edge Deflection -0.2457 m 0.2032 m

10°
Trailing Edge Deflection -0.3448 m 0.2384 m
Max Deflection 0.2962 m 0.2194 m

0° to 10°

Torsion angle variation 20.5714° 1.5514°

13
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Figure 13: The deflection of the tensegrity morphing wing with a rudder deviation of 10°.

The black wing is in the unloaded state, while the blue wing is in the loaded state

in the loaded state

structure with a rudder deviation of 10°. The black
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This article provides a conceptual scheme for wing with a variable curvature trailing edge
designed using the tensegrity structures, which can reduce the structural weight by about 20%
compared to the traditional wing design scheme. The static deflection of the tensegrity morphing

wing is in the unloaded state, while the blue wing is
CONCLUSIONS

Figure 14: The deflection of No.8 chordal
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wing and the traditional wing under typical operating conditions was compared through numerical
examples. The final result shows that the static deflection of the tensegrity morphing wing caused
by the aerodynamic force of the 10° is equivalent to that of the traditional wing, while the static
deflection caused by the aerodynamic force of the 0° is smaller than that of the traditional wing.
And its torsion angle variation is also smaller than that of the traditional wing.
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