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Finding appropriate prestresses which can stabilize the system is a key step in the design of tensegrity structures. A semidefinite
programming- (SDP-) based approach is developed in this paper to determine appropriate prestresses for tensegrity structures.
Three different stability criteria of tensegrity structures are considered in the proposed approach. Besides, the unilateral property
of members and the evenness of internal forces are taken into account. The stiffness of the whole system can also be optimized by
maximizing the minimum eigenvalue of the tangent stiffness matrix. Deterministic algorithms are used to solve the semidefinite
programming problem in polynomial time. The applicability of the proposed approach is verified by three typical examples.
Compared to previous stochastic-based approaches, the global optimality of the solution of the proposed approach is theoretically

guaranteed and the solution is exactly reproducible.

1. Introduction

Tensegrity structures are stable self-stressed pin-jointed
structures. Because of the unique features and remarkable
appearances of tensegrity structures, they are attracting
more and more interest in the fields of science and engi-
neering [1-3]. In the view of mathematics, in any stable
prestressed pin-jointed systems such as prestressed trusses,
cable net structures can be seen as tensegrity systems [4]. The
above general definition of tensegrity systems is adopted in
this study; that is, the term tensegrity structure is the same as
the stable prestressed pin-jointed structure.

A statically and kinematically indeterminate pin-jointed
assembly can be converted to a stable tensegrity structure if
appropriate prestresses and gain adequate stiffness could be
introduced. Therefore, finding appropriate prestresses which
can stabilize the system is a key step in generating tensegrity
structures from statically and kinematically indeterminate pin-
jointed assemblies. There are two main stability criteria,

i.e,, super stability and prestress stability, of tensegrity struc-
tures [5, 6]. Prestress stability of a prestressed pin-jointed
structure can be tested by using the Geometry force method
proposed by Calladine and Pellegrino [7]. Super stability is a
stronger stability criterion for prestressed pin-jointed struc-
tures compared with prestress stability because it is irrespective
of selection of materials and level of self-stresses [5, 8].

If a statically indeterminate pin-jointed assembly has
only one independent self-stress state, the real prestress state
introduced into the system must be in accordance with the
self-stress state and only the level of prestresses needs to be
designed. However, if a statically indeterminate pin-jointed
assembly has more than one independent self-stress state,
how to find a feasible self-stress state that can stabilize the
system becomes a challenging problem, especially when the
unilateral features of some specified members (i.e., they are
appointed to be in tension or in compression in advance) are
considered. Many studies have been carried out towards this
problem. Tran and Lee [9] and Zhou et al. [10] used iterative
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methods to design initial prestress of tensegrity structures,
but these iterative methods can only find a feasible solution
but not an optimized solution for a specified objective
function. In order to find optimal initial prestress for a
tensegrity system, Ohsaki et al. [11, 12] used an optimization
method by enumeration of the vertices of feasible region of
the prestresses in the self-equilibrium state. However, not all
the three kinds of stability criteria of tensegrity structures
were taken into consideration in their approach and the
enumeration method may be not very effective when the
structure systems become more complex. Besides these
deterministic algorithms, many stochastic or heuristic al-
gorithms have also been used to solve this problem. El-
Lishani et al. [13] and Lee et al. [14] used a genetic algorithm
(GA) to find feasible self-stresses of pin-jointed structures.
Xu and Luo [15], Zhang and Ohsaki [16] both used a
simulated annealing algorithm (SAA) to find optimal pre-
stress of tensegrity structures. Chen et al. [17, 18] converted
this problem into a modified traveling salesman problem
(TSP) and used a new heuristic search method, ant colony
system (ACS), to search feasible solutions. Although these
approaches have been verified capable to deal with the
problem, they all only considered the prestress stability
criterion and did not take super stability criterion into
consideration. Moreover, they are all heuristic algorithms
with randomness. There is no mathematical convergence
theory for these algorithms and thus no assurance of global
optimality of the final solution found [19]. And due to their
stochastic basis, it is difficult to reproduce results from the
method. Running the same algorithm, on the same problem,
may result in widely different solutions [19].

It is also worth mentioning that recently the topology
optimization of tensegrity structures has been intensively
studied by using mixed integer linear programming (MILP)
[20-23]. The prestress design problem is also a critical sub-
problem in the topology optimization of tensegrity structures.
But the stability test cannot be incorporated into the current
MILP-based formulation due to its nonlinear formation, not
to mention incorporating the heuristic algorithms with
randomness into the MILP-based formulation.

Semidefinite programming (SDP) problems are an im-
portant class of mathematical optimization problems which
are applicable to a wide range of areas such as control theory,
circuit design, sensor network localization, and principal
component analysis [24]. In the field of graph theory, SDP
was used by So and Ye [25] to realize 3-realizable graphs
based on a tensegrity framework. In their approach, SDP is
only used as a tool to find 3-realizable graphs which can be
treated as a kind of unyielding tensegrity system, so stability
conditions and evenness of prestresses of members in the
tensegrity systems are not considered. Therefore, the ap-
proach is not suitable for the application of prestress design
and optimization of tensegrity systems in the field of en-
gineering application. In this paper, SDP is also adopted to
solve the prestress design problem of tensegrity structures
which includes both stability condition and evenness of
internal forces of members. Because SDP is an optimization-
based method, it can be used to find optimized solution
corresponding to a specified objective function. Moreover,
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SDP problems can be solved efficiently in polynomial time by
implementing a suitable algorithm. Compared with heuristic
search methods with randomness, there is no randomness in
the process of solving SDP problems; therefore, no repetitive
computation is needed. Another advantage of using SDP
formulation for the prestress design problem of tensegrity
structures is that it has the potential to be incorporated into or
to be extended to incorporate the MILP formulation of the
topology optimization of tensegrity structures.

The motivation of this study includes (a) providing an
alternative approach for prestress design of tensegrity
structures, (b) incorporating the different stability criteria
into the prestress design approach, and (c) formulating the
stability test within a frame of mathematical programming
and thus potentially being able to incorporate with the
topology optimization formulation.

2. Formulations for Tensegrity Structures

Equilibrium condition and stability condition are necessary
conditions for a tensegrity structure. Considering a d-di-
mensional tensegrity structure with m members and »
nodes, the equilibrium condition and stability condition of it
can be derived as follows.

2.1. Equilibrium Condition. The topology of the tensegrity
structure can be expressed by a connectivity matrix C° € R"™"
defined in the field of graph theory [26]. Suppose that member
k connects node i and node j (i<j), then the ith and jth el-
ements of the kth row of C* are set to 1 and -1, respectively, as

1, for p =1,
for p = j, (1)

0, otherwise.

S —
Cikp =7 b

Take partitions of matrix C* so that
C= (Cx>Cfx) :(Cy>cfy) = (Cz’cfz)’ (2)

where C, € R™"+, C, € R™", and C, € R™" relate to the
free DOFs and C;, € R™, C¢, € R™®, and Cy, € R™
relate to the fixed DOFs in x direction, y direction, and z
direction, respectively [27].

If all the DOFs of a node are restrained, then assume that
re=t,=r,=r and s,=s,=s,=s and that C;, = G =Cp, =
Ci e R™* and C, = C, = C, = C € R™, thus equation (2)
can be simplified as

C =(C,C). (3)

Let t, and [, denote the internal force and length of
member k, respectively. The member force vector and
member length matrix are defined as t={t;} and

L =diag(l},...,l,...1,). Then, the coordinate difference
matrices U,, U, U, € R™" are given as
U, = diag(CX + C;X¢), (4a)
U}/ = dlag (CY + Cfo), (4b)
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U, = diag(CZ + C;Z;), (4c)

where X € R™*!, Y € R»*!, and Z € R"=! are the nodal
coordinate vectors of the free DOFs in the x direction, y
direction, and z  direction, respectively and
X; € R%Y; € R%, and Z; € R%*! are the nodal co-
ordinate vectors of the fixed DOFs in the x direction, y
direction, and z direction, respectively. r,, r,, and r,
represent the number of free DOFs in the x direction, y
direction, and z direction, respectively. Similarly, s, s, and
s, represent the number of fixed DOFs in the x direction, y
direction, and z direction, respectively. There exists

Tt Se=Ty,+s, =1, +s,=n.

The equilibrium matrix A € R*™ can be written as
c'u. !
A=| c'uL" | (5)
c’u, !

The equilibrium equations for a tensegrity structure
without external loads can be written as [28]

At = 0. (6)

Note that the internal forces of a tensegrity system can
also be expressed as the combination of its independent self-
stress modes [28]. For symmetrical systems, symmetry
representations can also be used to simplify the equilibrium
equation [29]. In this paper, the symmetry of systems is not
considered; therefore, only equation (6) is used to express
equilibrium equations.

2.2. Stability Condition

2.2.1. Stiffness Matrices. The tangent stiffness matrix K of a
pin-jointed structure can be described as

K = K& + KS, (7)

where KE and K are the linear elastic stiffness matrix and
the geometrical stiffness matrix, respectively. K* and K are
defined as
K = AKL'AT,
. (8)
K'=1® D,

where K is the diagonal matrix, I is the identity matrix, ® is
the tensor product, and D is the force density matrix. Di-
agonal matrix K and force density matrix D in equation (8)
are defined as

K =diag(E A, ..., EA ..., ELA,),
D =C’QcC, )
t t t
=diag| L,...,2% ..., ),
Q ‘ag<ll L lm)

where E; and A; are Young’s modulus and the cross-
sectional area of member k, respectively. More details on
stiffness matrices can be found in the literature [6, 30-32].

2.2.2. General Stability Criterion Based on Tangent Stiffness
Matrix. Based on the general theory of elastic stability [33],
if the tangent stiffness matrix K is positive definite, then the
structure is stable. That is, d'Kd > 0 holds for any nonzero
vector d. In order to simplify the formulation expressions,
N >0 is used to denote that matrix N is positive definite in
the following content. Similarly, N > 0 is used to denote that
matrix N is positive semidefinite. Therefore, positive defi-
niteness of tangent stiffness matrix K can be simply
expressed as

K> 0. (10)

Note that if the structure is free standing, the global rigid
body motions should be eliminated beforehand.

It can be seen from equations (7)-(9) that this general
stability condition for a given tensegrity structure not only
depends on the material properties of members but also
depends on the level of prestress.

2.2.3. Prestress Stability. If the material properties of
members and the level of prestress are not considered, a
reduced stability criterion, prestress stability, for prestressed
pin-jointed structures was presented by Connelly [5]. For a
prestress stable system, the stiffness degradation can be
induced by a relatively high level of prestress [34, 35].
Prestress stability can be tested by using the Geometry force
method proposed by Calladine and Pellegrino [7]. Let M
denotes the inextensional mechanism modes of a statically
and kinematically indeterminate pin-jointed structure. It has
been proved that the matrix used by Calladine and Pelle-
grino (7] for the stability test is equivalent to MY K°M, which
can be seen as a reduced form of geometrical stiffness matrix
K [30]. Note that if the structure is free standing, the rigid
body motions are excluded from M beforehand. Therefore,
from the definition of prestress stability, if MTKSM is
positive definite, then the structure is prestress stable. This
condition can be written as

M K°M > 0. (11)

Note that a structure may be unstable in practice even if
it satisfies the prestress stability condition because the
material properties and the level of prestress are not con-
sidered in the prestress stability condition. That is to say that
the positive definiteness of MTK®M is not a sufficient
condition but only a necessary condition for the stability of
kinematically indeterminate structures when the material
properties of members are taken into consideration. More
details on this issue can be found in the literature [36].

2.2.4. Super Stability. Super stability is a stronger stability
criterion for prestressed pin-jointed structures compared
with prestress stability [5]. The stability of a super stable
structure is ensured irrespective of the material properties
and the level of prestresses, if yielding and buckling of
members are excluded. Therefore, super stability systems
may be more preferred in practical applications.



Based on the super stability criterion [5], a pin-jointed
structure is super stable if the geometrical stiffness matrix
KC satisfies equation (11) and meanwhile is positive
semidefinite. The positive semidefinite condition can be
written as

K°>0. (12)

Note that the three stability criterions mentioned above
are not independent of each other. The relationship of them
can be described by a diagram shown in Figure 1. The shaded
part which is the intersection region of the three parts
denotes super stability condition.

3. Mathematical Optimization Model

The problem of finding appropriate prestresses which can
satisfy the equilibrium condition and stability condition for a
pin-jointed assembly can be formulated into an optimization
model. The optimization variables of the optimization model
are internal forces of members, and the constraints of the
optimization model are equilibrium constraint, stability
constraint, and additional unilateralism constraint of
member forces.

3.1. Equilibrium Constraint. By using optimization variables
t and the equilibrium matrix A, the equilibrium constraint
can be expressed as equation (6).

3.2. Stability Constraint. Depending on which kind of sta-
bility is expected to be satisfied by the tensegrity structure
under design, equations (10), (11), or (12) can be selected as
the stability constraint.

Note that the strict inequalities cannot be dealt in
continuous numerical optimization. Hence, if equation (10)
is adopted, a transformed expression is used, that is,

K>yl (13)

where 7 is the small positive value as a margin and I is the
identity matrix whose dimensionality is the same as the
matrix K. Note that if the minimum eigenvalue of tangent
stiffness matrix K is needed to be optimized, 1 can be also
treated as an optimization variable.

Similarly, if equation (11) is adopted, a transformed
expression as follows is used:

M KM > ul, (14)

where p is the small positive value as a margin and I is the
identity matrix whose dimensionality is the same as the
matrix MTKCM.

3.3. Unilateralism Constraints of Member Forces. 1f there are
some members that are appointed in advance to be in
tension or compression, unilateralism constraints should be
added. Suppose that the set of labels of members appointed
to be in tension is denoted as P, the set of labels of members
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MTKSM >0 K>0

Super stable

FIGURE 1: Relationship of stability criteria.

appointed to be in compression is denoted as Q, and the set
of labels of the rest of members is denoted as N. Then, the
unilateralism constraints can be expressed as

Vk € P and P+ &,

Vk € Q and Q+ J,

tk =&,
(15)
tk <-g

where ¢ is the small positive value as a margin.

In practical design, the evenness of internal forces of
members in tension or compression is sometimes needed to
be considered. For this purpose, equation (15) can be
converted to another form by using additional optimization
variables:

t,<tp<t,+e Vk € Pand P+ @,

p’
tpzs, eP20,

(16)
Vk € Q and Q+ @,

tq_qutkgtq’

<-— >
ty<—¢ €,20,
where e, e,, t,, and £, are the continuous variables. In this
way, smaller e, or e, means more even tension forces or

more even compression forces, respectively.

3.4. Objective Function. If the objective function is not
adopted in the optimization model, the solution which
satisfies above constraints is a feasible solution. If optimi-
zation objective is considered, different objective functions
can be used to realize different design intentions. For ex-
ample, if the evenness of the member internal forces is
required to be optimized, the corresponding objective
function f; can be expressed as

fi=e,te, (17)

If the minimum eigenvalue of the tangent stiffness
matrix K is needed to be optimized, it is equivalent to
maximize variable # in equation (13) in the optimization
process. To realize this purpose, # in equation (13) can be
treated as an optimization variable, and the objective
function f, can be expressed as

fr=n (18)

3.5. Optimization Model. The optimization model of the
problem can be expressed as
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min  f, (19a)
st.  At=0, (19b)

Stability constraint,
t,<tp<t,+e, Vk € Pand P+ O, (19¢)
ty—e <t <t,, VkeQand Q#d, (194d)
t,2¢ €,20, if P+, (19¢)
ty<—6 €,20, if Q+0, (191)

where W denotes the set of optimization variables, f denotes
objective function which can be chosen as f; or f, by
designers according to actual needs and constraints con-
sidered, and stability constraint denotes constraint on sta-
bility which is chosen from equations (10)-(12) by designers.
If P = &, then constraints (19¢) and (19¢) are not considered.
Similarly, constraints (19d) and (19f) are not considered if

Q=9.

4. Semidefinite Programming

Semidefinite programming (SDP) refers to the class of
optimization problems where a linear function of a sym-
metric matrix variable Y is optimized subject to linear
constraints on the elements of Y and the additional con-
straint that Y must be positive semidefinite. The linear
programming (LP) problems can be deemed as a special case
of SDP, namely, when all the matrices involved are diagonal.
Similar to LP problems, SDP problems also come in pairs.
One of the problems is referred to as the primal problem,
and the other one is the dual problem. Let R-S denotes the
standard inner product of matrices R and S in the linear
space §", ie, R-S=tr(R'S) = Yie12 i1 R;;S;;. The most
common standard formulation of the SDP primal problem is
given as follows:

(Pspp): min B Y,
s.t. Ei.Y:gi (i: ]-,~~~>m)) (20)
Y >0,

where Y is the variable vector, E; € §"(i=1,...,m) and
B € §" are the symmetric matrices, and g = (g;) € R" is the
column vector. The dual problem of Pgpp is formulated in
variables z € R™ as

(Dspp): max gT "z

i (21)
st. B- ) Ez>0.
i=1

More details on the primal problem and the dual
problem can be found in the literature [24].

SDP has been applied in a wide range of fields [37-39].
The primal-dual interior-point methods, which were de-
veloped to solve linear programming problems [40] at first,

have been widely used to solve SDP problems [41]. It is
theoretically guaranteed that the pair of SDP problems
(Pspp) and (Dspp) can be solved to the optimal solutions in
polynomial time [38, 41].

Both linear constraints and matrix semidefinite con-
straints are included in equation (19); therefore, it is a SDP
model, and primal-dual interior-point method can be ap-
plied to solve it.

5. Numerical Examples

In this paper, the SDP problems are solved by using SeDuMi
[42], which implements the primal-dual interior-point
method. Computations are carried out on a Dual-
Processor Intel(R) Xeon(R) CPU (2.80 GHz with 32 GB
RAM) computer. The parameters y and & are set as
p=e=1x10"". Without loss of generality, the range of
prestresses is set as [—1, 1], and the elastic modulus and
cross-sectional areas of members are both set as unit.

5.1. Example 1: Planar Pin-Jointed Assembly I. A planar pin-
jointed assembly, as shown in Figure 2, is considered in this
example. The system consists of eight nodes and seven
members and has three mechanism modes and two self-
stress states. It has been analytically studied by Calladine and
Pellegrino [7] and later used as an example in numerical
prestress design by the heuristic algorithms [13, 15, 17].

The objective function f, is adopted in this example. Two
computations using the prestress stability condition and the
super stability condition, respectively, are conducted. In
addition, P=Q = & (i.e., N = {1, 2,3,4,5,6,7}) is used in
both computations.

The normalized computation solutions together with the
analytical result given by Calladine and Pellegrino [7] are
listed in Table 1. It is worth noting that no repetitive runs are
needed in both computations because the primal-dual
interior-point method is a deterministic algorithm rather
than a stochastic algorithm.

Let C1 and C2 denote the two computation cases sep-
arately. It is found that computations C1 and C2 have the
same solution, which means that the solution is not only
prestress stable but also super stable. It is also shown that the
solution obtained by SDP exactly agrees with the analytical
result reported by Calladine and Pellegrino [7].

5.2. Example 2: Planar Pin-Jointed Assembly II. In order to
demonstrate that the positive definiteness of the reduced
form of the geometrical stiffness matrix M'KM is not a
sufficient condition for the stability of kinematically in-
determinate structures, a planar pin-jointed assembly
(Figure 3) used by Ohsaki and Zhang [36] is considered here.
This system has one self-stress state and one mechanism
mode.

No objective function was used in the computations
carried out in this example. At first, the prestress stability
condition was adopted in computation C1. Then, the general
stability condition instead of the prestress stability condition
was adopted in computation C2. The results of the two
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FIGURE 2: Planar pin-jointed assembly considered in example 1.

TasLE 1: Computation solutions and analytical result of example 1.

Member prestresses
1 2 3 4 5 6 7
Cland C2  1.000 1.000 1.000 1.000 1.000 1.000 0.000

Analytical ) 050 1000 1.000 1.000 1.000 1.000 0.000
result [7]

Solutions

FIGURE 3: Planar pin-jointed assembly considered in example 2.

computations are listed in Table 2 where AxmK Mand AKX,

denote the minimum eigenvalue of matrices M KM and K,
respectively.

It can be seen that the system found in computation C1 is
prestress stable (AM KM 5 0) but does not satisfy the general
stability condition (Amm 0). This result demonstrates that a
prestress stable system does not necessarily lead to a general
stable system, and positive definiteness of M' KM is not a
sufficient condition for the stability of kinematically in-
determinate structures. When the general stability condition
is adopted (computation C2), the found system is a general
stable system ()me >0) and of course also a prestress

MTKM
‘min >0)

stable system (A

5.3. Example 3: Three-Dimensional Pin-Jointed Assembly.
A three-dimensional pin-jointed assembly, as shown in
Figure 4, is considered in this example. This system consists
of 40 nodes and 132 members and has one mechanism mode
and nineteen self-stress states. In this assembly,
P=1{1,2,...,96}, Q = {97,98,...,132}, and N = &, which
means that all the members are divided into two groups:
members 1-96 in tension and members 97-132 in
compression.

This assembly consists of nine identical four-strut prism
tensegrity units. The prism tensegrity unit has one self-stress
state which can be analytically determined [9]. The analytical
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solution of the unit can be extended to the whole assembly
due to the symmetry of the whole system. The solution
obtained based on the analytical solution of the tensegrity
unit is a feasible solution and is listed in Table 3 where T, and
T. are the number of magnitudes of compression prestress
and the number of magnitudes of tension prestress, re-
spectively. Because there is more than one self-stress state in
the whole assembly, there may be other feasible prestresses
besides the analytical one.

This pin-jointed assembly has been used as an example
by Chen et al. [17] to search stable prestresses by using ACS
algorithms. Chen et al. carried out 60 individual runs, and all
of them converge to the analytical solution. The average
runtime for the runs was 1.981s. Because of the stochastic
basis of ACS algorithms, the computation efficiency and the
solution quality of ACS algorithms are sensitive to parameter
settings such as the number of ants used [17]. Four com-
putations using different stability conditions and objective
functions are carried out in this example, as shown in Table 4
where “Yes” means that the corresponding item is adopted
by the computation and “No” means that the corresponding
item is not adopted by the computation. No repetitive runs
are needed because the algorithm used in this paper is a
deterministic algorithm. Table 5 g1ves the results of the four
computations. AxmK M /\ﬁ and AX, denote minimum
eigenvalue of matrices MT C?M K¢, and K, respectively. The
runtime used by each computation is also given in the table.

When the prestress stability constraint is used (com-
putation C1), the found system is a prestress gtable system
M XM 5 0) but not a super stable system (AX <0). When
super stability constraint is used (computation C2), the
minimum eigenvalue of geometrical stiffness matrix K¢
equals to zero, which means that K is positive semidefinite,
and thus, the corresponding system is a super stable system.
In both solutions of computation C1 and computation C2,
the numbers of prestress magnitudes in members (i.e., T
and T.) are large. This observation indicates that the final
prestresses in members are very irregular. When objective
tunction f; is used (computation C3), the found prestresses
become more regular. The results of member prestresses
corresponding to this computation case are listed in Table 6.
It can be seen from Table 6 that the normalized solution of
computation C3 is the same as the analytical result given in
Table 3. The purpose of computation C4 is to maximize the
minimum eigenvalue of tangent stiffness matrix K. It can be
seen that although the found prestresses in computation C4
is very irregular, the value of AX, increases a lot compared
with other computations, which means that the corre-
sponding system has higher stiffness.

It is also shown that the runtime used in each compu-
tation is less than 0.5s. In particular, the runtime for the
computation C3 which obtains the solution same to the
analytical solution is 0.299 s which is considerably less than
the average runtime 1.981s needed by the ACS algorithms
[17]. Noting that different computers have been used in this
paper and in the previous study [17], the above comparison
on the runtimes is not rigorous. But emphasis is also given to
the fact that both runtime needed and solution obtained by
the proposed approach are assured and reproducible.
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TaBLE 2: Results for computations carried out in example 2.

Member prestresses TKG
Computations AM KM 2K
P 1 2 3 4 5 6 7 8 9 min min
Cl1 1.000 1.000 0.200 0.200 1.000 -0.510 -0.510 -0.510 -0.510 0.8000 —0.0093
C2 0.288 0.288 0.058 0.058 0.288 -0.147 -0.147 -0.147 -0.147 0.2301 0.0077

()
4 +
35
3+
W25
2+
15}
1 L
1 15 2 2.5 3 3.5 4
XI
(b)
1
15
o
1 ; : .
1 15 2 2.5 3 3.5 4
Xl

FIGURE 4: Three-dimensional pin-jointed assembly considered in example 3. (a) Perspective view. (b) Plan view. (c) Vertical view.
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TaBLE 3: Analytical result of example 3.

Member prestresses T
1-12 13-24 25-96 97-132 ’ i
0.408 0.816 0.577 -1.000 1 3

TaBLE 4: Constraints and objectives used by computations in
example 3.

Compu  Equilibrium  Stability ~ Unilateralism Objective
tations constraint  constraint constraint function
Cl1 Yes ii:gﬁi;s Yes No
C2 Yes stsalgi)leiiy Yes No
C3 Yes stsalllalzﬁiy Yes i

C4 Yes g:&e}?}} Yes £

TABLE 5: Results for computations carried out in example 3.

Computations T, T AX;IKGM /\ﬁn AKX Time (s)
C1 28 67 0.0041 -0.0068 0.0020  0.361
C2 20 41 0.0125  0.0000  0.0048 0.290
C3 1 3 0.0010 0.0000 0.0006 0.299
C4 13 43 0.0204 -0.0703 0.0071 0.476
TABLE 6: Result of computation C3.
Member prestresses
I Te
1-12 13-24 25-96 97-132
Original result 1.000  2.000 1.414 -2.450 L 3
Normalized result 0.408 0.816 0.577 —1.000

6. Conclusions

Finding appropriate prestresses which are able to stabilize
the system is an important step in design of a tensegrity
structure. In this paper, this problem has been formulated
into a semidefinite programming (SDP) model. In the SDP
model, different stability criteria and different objective
functions can be adopted to realize specific design in-
tentions. The proposed approach is verified by three typical
examples.

As an optimization-based framework, the SDP model
can be used to get more even prestress distribution and
larger system stiffness. Besides, the SDP model is solvable in
polynomial time, and the optimality of the solution is
theoretically guaranteed. Compared to the previous heuristic
and stochastic algorithm-based approaches, the approach
proposed in this paper is based on a deterministic algorithm.
For a given prestress design problem, the solution obtained
by the proposed approach is unique and is totally re-
producible. Hence, no trial or repeated computations are
needed in the solving process. It is also worth noting that the
SDP formulation is compatible with the MILP formulation
used for topology optimization problem of tensegrity
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structures. It is believed that this work will be helpful in
incorporating the stability test into the topology optimiza-
tion model within the frame of mathematical programming.
This will be the interest of the authors” future work.
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