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The paper deals with numerical optimiza-
tion of composite lattice structures without
skin, consisting of regular, dense and sym-
metric system of intersecting hoop and helical
ribs manufactured through winding technolo-
gies. This concept, if properly exploited, can
lead to highly efficient design for structures
having cylindrical or conical shape and ex-
periencing high compressive or bending loads
(i.e., interstages and load adapters for space-
craft launchers, fuselage barrels for aerial ve-
hicles).

Design of axially compressed cylindrical
lattice shells is deeply described in Ref. [1],
whereas design constraints for cylindrical and
conical lattice structures without skin are ana-
lytically formulated in Refs. [2], [3] with due
regard to the corresponding main failure
mechanisms of the structures. These formula-
tions allow us to set up a minimization prob-
lem for the mass of the shell based on four
design variables, i.e. the helical angle, the
shell thickness and the widths over distances
of hoop and helical ribs. The minimum mass
solution and the corresponding optimal de-

sign parameters have been analytically de-
rived for the general Anisogrid concept by
means of the minimization of the safety fac-
tors corresponding to considered failure
mechanisms [3]. In case of cylindrical shell,
Anisogrid concept can also include the more
specific Isogrid configuration just forcing
hoop and helical ribs to have the same width
and the cells to be equilateral triangles [4].

Nevertheless, since the minimum mass
solution is based on buckling and strength
constraints, axial or bending stiffness of the
shell can not be addressed. In order to over-
come this possible limitation of analytical de-
sign, an optimization routine has been imple-
mented. The routine adopts the same formu-
lated buckling and strength constraints used
for analytical design, but is based on five de-
sign variables which characterize the struc-
ture, i.e., half the total number of helical ribs,
ny, the number of hoop ribs, n., the shell
thickness, H, and the widths of hoop and heli-
cal ribs, b. and by, respectively. The routine
allows us to explore all the suboptimal con-
figurations that are located in the vicinity of



SESSION 4.2: COMPOSITE STRUCTURES

the minimum mass solution and to show
which of these configurations can be used to
satisfy also the stiffness and the manufactur-
ing constraints [5].

Thus, obtained solutions can be substan-
tially different from those following from the
strength design, but in any case, the mass in-
crease can be effectively minimized. More-
over, the routine can prospectively add the
possibility to control directly the stiffness of
the shell by imposing the stiffness require-
ment as additional constraint.

In order to demonstrate numerical optimi-
zation of composite lattice structures, a pre-
liminary design is finally carried-out for a
launch vehicle interstage structure.

Numerical versus analytical optimization

Analytical optimization allows us to ad-
dress the minimum mass solution under
strength and buckling constraints. The ob-
tained results demonstrate an infinity of opti-
mal isomass solutions as functions of applied
loads and basic material properties (compres-
sive strength and elastic modulus of ribs). All
these solutions show the same helical angle
and shell thickness. The last two design vari-
ables, i.e., the widths over distances of hoop
and helical ribs are dimensionless. Thus, only
one parameter needs to be preassigned to spec-
ify all of them. This parameter can be used to
take into account some practical conditions
(e.g., the manufacturing constraints) and to
provide the adequate density of the grid cells.
If, for example, the width of hoop ribs is pre-
assigned, the spacing of hoop and helical ribs
is consequently found, so that the number of
hoop and helical ribs is approximately known
as well. This means that for the unique optimal
angle many optimal configurations exist.

Structural configurations can be also
geometrically described in terms of discrete
variables depending on the given shape of the
shell. In this case, the helical angle is no more
regarded as a design variable but turns out to

be linked to the other variables, namely, the
number of hoop ribs, n., and half the total
number of helical ribs, ny.

To simplify the geometrical description,
we presume that the lattice structure end cross
sections coincide with the first and the last
hoop ribs. Equations for the constraints and for
the objective function are the same that those
used for the analytical minimization.

Optimization routine has been initially
verified by analytical results corresponding to
minimum mass solution for both the general
Anisogrid concept and for the particular Iso-
grid case.

Cylindrical shell

In case of the cylindrical lattice structures
(Fig.1), the helical angle ¢ is expressed in
terms of the rest design variables with the aid
of the following equations:

n,d, =27R; d, cos@=2a,sing (1)
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Fig. 1
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in which R, L and d, are the cylinder radius
and height, and the hoop distance between
two consecutive helical ribs.

As follows from the foregoing equations,
the helical angle can take only discrete values
as a function of two discrete variables of the
structure. Thus, the optimization problem can
be approached imposing the discrete variables
and finding the optimal values for the con-
tinuous variables, i.e., the widths of hoop and
helical ribs, b., and b;, and the shell thick-
ness, H. In this procedure, the number of
hoop ribs is fixed once for all the structural
configurations, whereas the number of helical
ribs is varied within a certain range.

So each step of the design procedure in-
volves only three continuous variables (b,, by,
H) and finds the suboptimal solution for a
particular configuration (nj, n.). Plotting the
structure mass as a function of the number of
helical ribs, we can obtain the family of
suboptimal configurations which are located
in the vicinity of the minimum mass and thus
simplify the choice of the proper design.

This approach is rather efficient because,
as stated above, for a fixed number of hoop
ribs, there exists one only optimal number of
helical ribs and the structure mass can be
minimized changing this number. Moreover,
some additional constraints can be readily in-
troduced in the design procedure. For exam-
ple, the Isogrid configuration can be designed
introducing the 30° helical angle into Eq.(4)
7 mR(n, 1) N V3R(n, —1)

6 Ln " L
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and presuming that the helical and the hoop
ribs have the same width (b.= by,).
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Conical shell

For conical lattice structures (Fig.2) in
which the hoop ribs are regularly located be-
tween the points of intersection of symmetric
helical ribs, we can arrive at the following
equations for geodesic angles at the small end
cross-section, ¢y . and the large end cross-
section, @ [6]

R, siny
=g | —L 7 5
Po =18 {Rfcosy—Ro ©)
Pr ==Y (6)
7=7rsin,5(n"—_1) 7

ny

in which f is the angle between the meridian
and the axis of the cone, Ry and Ry, are the
cone radii at the small and the large cross-
sections, respectively.

Fig. 2
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Stiffness requirements

Analytical design does not allow for the
stiffness requirements which can be imposed
on the structure. In some cases, this restriction
can become a serious drawback because the
natural attempt to increase shell stiffness in-
creasing the cross-sectional area of helical ribs
from the area corresponding to the minimum
mass solution can result in a rather inefficient
design.

The proposed numerical optimization of-
fers the possibility to provide the shell stiff-
ness for each suboptimal configuration. Thus,
the preliminary optimal design is simply iden-
tified with the suboptimal configuration which
matches the stiffness requirement.

Application

Consider a preliminary design for a launch
vehicle interstage structure which is mainly
subjected to compressive and bending loads.
Shell radius and height are respectively R =
1.5 m and L = 6.0 m. Bending load is reduced
to an equivalent compressive force and added
to the pure axial force, so that the total axial
load for shell dimensioning is P = 2.5 MPa.
Composite material is supposed to be the same
for both hoop and helical ribs. Basic material
properties of ribs are E = 80 GPa (elastic

modulus), o= 450 MPa (compressive
strength) and p = 1580 Kg/m3 (mass density).

Suppose to initially find minimum mass
solution under strength and buckling con-
straints. Figure 3 represents results of numeri-
cal optimization in terms of mass with n. = 16.
The red spot highlights the best solution (n;, =
24, M =145 Kg, ¢ = 26°) which is also given
by analytical solution. Corresponding optimal
design parameters for each configuration are
shown in Fig.4. Figure 5 represents Eq.(4) for
the current geometry of the shell. Moreover,
axial compliance of found solutions is plotted
(Fig.6). In particular, axial compliance in the

minimum mass solution turns out to be about
11e-9 m/N.
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Suppose we need to obtain an axial compli-
ance requirement of the shell not greater than
6.0e-9 m/N. The first natural attempt is to start
from the minimum mass solution and to in-
crease cross-section of helical ribs. It can be
verified this way that required compliance
would be achieved for a mass of the shell
greater than 210 Kg and corresponding mass
increase with respect to analytical design
would be more than 50%. Conversely, if we
consider results of Fig. (6) the suboptimal so-
lution which satisfies also compliance re-
quirement exists. It is quite far from the mini-
mum mass design in terms of angle and opti-
mal parameters (n, = 37, M =170 Kg, ¢ =
17.5°) but mass increase would be only 17%.
From a qualitative point of view it is reason-
able to expect more axial stiffness from a con-
figuration having orientation of helical ribs
closer to the shell axis.

Conclusion

Numerical optimization of composite lat-
tice structures overcomes some drawbacks and
limits of analytical design by exploring subop-
timal configurations that develop around the
minimum mass solution (which is based on
buckling and strength constraints). This possi-
bility is especially true when also compliance
requirement of the shell, manufacturing con-
straints and integration of substructures
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(namely, end rings) need to be considered and
optimized for the specific application. In the
present study the problem of axial compliance
of a cylindrical structure has been approached
showing the substantial weight saving that can
be achieved by means of numerical optimiza-
tion with respect to the configuration based on
analytical design.

References

[1] Optimal Design - Theory and Appli-
cations to Materials and Struc-
tures, Edited by V.V. Vasiliev and
Z. Glirdal, Technomic Publishing
Co. Inc., Lancaster, Basel, 1999.

[2] V. Vasiliev, V. Barynin, A. Rasin,
Anisogrid Lattice Structures -
Survey of Development and Applica-

tion, Composite  Structures, 54
(2001) 361-370.
[3] A.F. Rasin and V.V. Vasiliev, De-

velopment of Composite Anisogrid
Spacecraft Attach Fitting, Proc.
of the 11 European Conf. on Com-—
posite Materials, May 31 - June 3,
2004, Rhodos, Greece, CD-ROM, 9p.
[4] G. Totaro, V.V. Vasiliev, F. De
Nicola, A.F. Rasin, Optimized De-
sign of Isogrid and Anisogrid Lat-—
tice Structures, 55 International

Astronautical Congress, Vancouver,
Canada, October 2004.
[5] F. De Nicola and G. Totaro, Pre-

liminary Design, Manufacturing and
Testing of Grid Stiffened Struc-—
tures,C.I.R.A.,TR-04-358, Capua,
Italy, 2004.

[6] V.V. Vasiliev, A.F. Rasin, G. To-
taro, F. De Nicola, Anisogrid
Conical Adapters for Commercial
Space Application, 13" AIAA 1In-
ternational Space Planes and Hy-
personics Systems and Technologies
Conference, Capua, Italy, 16-20
May 2005.



