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Abstract; An idea to develop a family of cellular cores for sandwich panels using a technology of prepreg folding is
presented. Polar folded quadra-structures are regarded as a geometric basis for these cores whose standard frag-
ment has the fourth degree of axial symmetry. The classification of the polar structures are described and a method
of various quadra-structure synthesis is developed. A possibility to provide high strength of the structure due to
preservation of faces reinforcement pattern is presented. Arrangement of the plane core on a bi-curvature surface is
also introduced. Besides, provision of isotropy of the core in two or three directions are described. Finally, exam-
ples of cellular folded cores manufactured from basalt reinforced plastic are demonstrated.
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0 Introduction

This paper proposed a subclass classification
of folded cores for sandwich panels with cellular
structure. Cellular structure is a structure formed

by periodically repeated cup-shaped elements.

Unlike honeycomb structures composed of tubu-

Fig. 1 Cellular core

lar elements (honeycombs), standard units of

cellular structures create cavities that are separa-

ted from each other and distribute on one side of Limited application of cellular cores is associ-

the skins™ (Fig. 1). Despite being inferior to ho- ated with high-strength material processing prob-

neycombs in strength, cellular structures have a lems. Only plastic materials with increased ulti-

range of advantages. For example, they may be mate extensional strain are applicable for cup-

arranged on bi-curvature surfaces from the initial shaped cells molding. These materials usually

two-dimensional state. Cells may be interconnec- have rather low specific mechanical properties.

ted, providing the possibility to remove moisture Currently, cellular cores are produced from a

from the panel. Cellular cores have a large skin range of materials, including thermoplastic ones
bonding area. There is a possibility to develop ef- using vacuum molding or automatic injection ma-
ficient energy absorbing panels based on cellular chines and casting mold (Fig. 1(a)). These cores
structures. have low strength and cannot be used in aerospace
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or naval structures.

At the same time, there is a case of so-called
"hypar” cellular structure (Fig. 1(b)) application
in the nosing of An-124 aircraft. It is produced
from glass-fiber prepreg using complex technolo-
gy. Due to the fact that glass fiber does not allow
large elongation values and it has a limited drap-
ability, the process has low quality stability. Be-
sides, it is impossible to produce a core with deep
relief.

In recent years, braided cellular cores started
to appear (Fig. 1(¢)). The main disadvantages of
such structures are thin fiber placement as well as
large fiber bending, which decrease the strength
of the structure.

Therefore, creating a technology that will al-
low implementation of the ultimate properties of
composites in cellular cores is essential.

Considering the fact that drawing with large
elongation is not allowed for composites, a pro-
cessing scheme based on a blank (a prepreg of dry
fabric) folding into a cellular core seems to be an
efficient way.

Folded structure is a faceted surface that can
be unfolded into a plane sheet and consists of re-
peating uniform fragments, composed of polygo-
nal faces™!,

Folded structures are formed from a sheet by
means of isometric transformation, i. e. faces are
not deformed. Herein this property provides per-
manence of faces reinforcement pattern in the
process of cellular structure manufacturing. As a
result, ultimate composite properties are guaran-

teed in the faces of the folded core.

1 Types of Folded Structures

Each folded structure has its own standard

repeated fragment™, a so-called elementary unit

(EU). EU defines all geometric properties of the
structure as well as the kinematics of its transfor-
mation™*,

An EU has a minimum required amount of
faces, which is enough for identification of the

(2]

structure' One of the main EU characteristics

is its degree of symmetry**!.

There are two large subclasses of folded
structures based on the type of symmetry and the

alignment of EUsM!, which are row structures

and polar one (Fig. 2).

Fig. 2 Examples of elementary units in folded struc-

tures

Degrees of symmetry of the row folded struc-
tures are less than three, i. e. they have only one
mirror symmetry, Their geometric properties are
different in two orthogonal directions. As a re-
sult, EU of these structures is located in rows
(Figs. 2(a, b)), thus giving their name' %%/,

EU of polar structures has a geometric cen-
ter—A pole, and geometry of the structure is
formed around it (Figs. 2(c—e)). EU has a de-
gree of symmetry corresponding to this or that
structure. The degree of symmetry is defined by

a factor k.
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where ¢ is the minimum angle of EU rotation
around the pole that is required for its complete
alignment with a stationary one.

Polar structures have identical geometric
properties in two or three directions and it is con-
venient to examine them in orthogonal and hexa-
gonal grids, respectively (Figs. 2(c—e)). Their
EUs are always located in the nodes of two- and
three-axes grids at regular intervals from each
other.

As for the configuration of the structures,
the row ones may be characterized as crimped and
polar ones as cellular. The polar structures are
discussed in the paper as a geometric basis for

sandwich panel's cellular cores' .

2 Polar Structures with Various De-

grees of Axial Symmetry

Currently we can talk about three groups of
polar structures with third, fourth and sixth de-
gree of axial symmetry, and we will call them tri-
0-(T), quadra-(K) and hexa-(G) structures, re-
spectively.

Figs. 2(¢c—e) show random structures repre-
senting each group. For EU to be aligned with its
initial position in a trio-structure, it should be ro-
tated 120°. Tt is rotated around Pole A in the tri-
angle. EUs
(Figs. 2(d, e)) should be rotated 90° and 60°, re-

in quadra- and hexa-structures
spectively.

It should be noted that trio- and hexa-struc-
tures will have uniform properties in three direc-
tions relative to the pole, while quadra-structures
will have uniform properties in two directions.
Thus, polar structures will have a higher nominal

isotropy compared with row structures.

3 Cellular Structures Synthesis

Various structural configurations are con-
cerned when folded cellular structures are being

developed. It appears that there is an infinite

multitude of polar folded structures and the archi-
tectures are not logically related. This paper pro-
poses a feasible approach to classify polar folded
structures.

This method is based on the following princi-
ples:

First, it has been a consensus that there are
only three large groups of polar folded structures:
trio-(T), quadra-(K) and hexa-(G). However,
it has not been proved yet.

Then, each group has a primary structure,
so called "maternal structures”. Maternal struc-
tures have a certain peculiarity: none of them can
be obtained from another by the reduction of
amount of structural elements. In other words, if
we compare relative structures based on the
amount and location of structural elements, the
maternal one will be the simplest and will contain
a minimal amount of faces and ribs.

A compensator is a fragment of a structure
that is composed of a few connected faces. When
they rotate around the ribs, the structure will be
converted. Thus, compensators make the trans-
formation of a plane surface into faceted possible.

By far, three types of compensators are

known. Compensators applied on quadra-struc-

tures are shown in Fig. 3.

Fig. 3 Compensators of quadra-structures and their

transformation
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Z and V compensators obtain their names
due to a similarity to the primary row four-axis
structures™ ; Azimuthal—Z-crimp and reverse—
V-crimp. S compensator is another type. It has
not previously been used in row structures.

Peculiarity of maternal structures is entirely
determined by the compensator they are com-
posed of.

The amount of compensators and their loca-
tion corresponds to the degree of axial symmetry
of the structure. For example, Fig.4 demon-
strates elementary units of three existing types of
quadra-structures with Z, V and S compensators.
In all three cases, the logic of compensators for

placement is defined by the orthogonality of the

grid.

Fig. 4 Elementary units of quadra-structures

It should be noted that all three groups of
structures—trio, quadra and hexa are built on the
same Z, V and S compensators. Degree of sym-
metry and compensator define the abbreviation of
the structure: TZ, TV, TS for trio-structures;
KZ, KV, KS for quadra-structures and GZ, GV,
GS for hexa-structures.

As an example, Fig. 5 illustrates three possi-
ble maternal quadra-structures with Z, V and S

compensators.

Fig. 5 Maternal structures generated from compensa-

tors

Finally, a feasible method to develop new
structures by maternal modification is studied.

Modification methods are borrowed from row
structures technology'®!. Basic methods of modi-
fication are as follows:

Global—drawing the ribs apart parallel to the
initial position. As a result, a new rectangular
face appears between the initial faces (Figs. 6(a,
b)) .

Local—fan-type drawing of the ribs, when a
rib on one side stays still. As a result, there are
new triangular faces (Fig. 6(c)).

Combined global and local-——simultaneous
drawing up and angular motion of template lines
(Fig. 6(d)). As a result, trapezoid faces appear.

Parametric—modification of the length and
angle of the rib on the template. The total a-
mount of faces and angles in each face does not
vary. As a result, only initial shape of the faces is
distorted.

Symbols, shown in Figs. 6 (a, b), illustrate
global modification, such as drawing coordinate
and diagonal lines up, respectively. Symbols of
Fig. 6 (¢) demonstrate local modification for the
line that has an end on one side, so it is a fan-type
drawing up. Symbols of Fig. 6 (d) show that the
line is modified both locally and globally.

X,

(a) Global
modification
(coordinate)

(b) Global
modification
(diagonal)

(c) Local (d) Combined
modification modification

Fig. 6 Symbols for modification methods

4 Examples

4.1 Z compensator based quadra-structures modi-

fication

KZ and KV maternal quadra-structures (Fig. 5)
have a flat relief and low concentration of struc-

tural elements. These peculiarities make them
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unattractive for application as sandwich panel
cores. They may be applied in the structure of
heat-exchanging lamellar devices or as a decora-
tive facing.

The structures developed by modification
methods are more attractive.

Fig. 7 illustrates the results of KZ maternal
structure modification. Elementary units are loca-
ted on the orthogonal grid and have the fourth de-
gree of symmetry as shown in the figure.

Modification can be carried out in the follow-
ing way.

Maternal structure (Fig.7(a)) is entirely
composed of triangular faces. It is a set of pyra-
mids, when compressed.

After global modification along orthogonal
lines of the template (Fig. 7(b)) rectangular tilt-
ed faces as well as square faces in the pole zones
appear. Relief of the structure becomes deeper
and the volume of the structure becomes more
saturated with faces.

Global modification along the diagonal lines
(Fig. 7(c¢)) also leads to development of rectangu-
lar side faces and square faces. Square faces are
rotated 90° toward coordinate lines.

Unlike the previous example, relief corre-
sponding to the plane state of faces in this struc-
ture is more sloping. The volume of the structure
has a small concentration of faces.

Local modification (Fig. 7(d)) provides squ-
ares in the pole zones. All faces are triangular.

Fig. 7 (e) shows a structure, developed by
combined modification—global and local.

As a result, octagonal faces appear in the up-
per surface and square faces appear in the median
surface. There are still triangular faces, while
trapezoidal faces are still the majority.

It should be noted that all developed KZ
structures have a double mirror symmetry about
coordinate and diagonal lines apart from the

fourth degree of axial symmetry.

4.2 Synthesis of quadra-structures with V com-

pensator

Application of V compensator lies on the ba-

Fig. 7 Modifications of KZ structure (templates and 3D

models)

sis of KV structures (Fig. 3(b)). V compensator
is borrowed from the technology of row reverse
structures. It consists of two four-axis nodes that
provide a transformation of the structure.

Similar to the case of KZ structure, peculiar
geometry appears as a result of modification:
Square areas appear in the upper and lower sur-
faces in the nodes of the grid, while side faces be-
come tilted and obtain rectangular and trapezoid
shape. Most of the structures have a sloping sur-
face and low concentration of structural elements
when folded.

Fig.8 demonstrates structures developed
from the maternal one via modification.

Only two structures (Figs. 8 (b, e)) have
deep relief and may be useful for practical applica-

tion.
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Fig. 8 Modification of KV structure (templates and 3D

models)

4.3 Synthesis of quadra-structures with S com-

pensator

Maternal structure based on S compensator is
significantly different from KZ and KV structures
in its involuntary properties. It does not get
double mirror symmetry and that is why in this
case it is not possible to apply global and local
modification.

Size compensation during transformation is
provided by the rotatory movement of a square
face 1 around its center and folding of Faces 2, 3
(Fig. 3(e)).

Fig. 9 shows a process of maternal KS struc-

ture modification, which includes drawing the

. / / 14 /
lines a-a” s b-b", c-¢" and d-d’ of each compensator

Vol. 33

up on a double width of a square. As a result,
rectangular faces with sides a-a,, b-b,, ¢, and d-
d, appear (Fig. 9(b)). This procedure reminds of

global modification of KZ and KV structures.

(4

Fig. 9 Modification of maternal KS structures

Fig. 10 demonstrates the examples of cellular
structures developed from maternal KS structure
(Fig. 10(a)) by modification similar to the global

method.

Fig. 10  KS structures
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4.4 Parametric modification of quadra-struc-

tures’'”

Quadra-structures as well as row structures
can be parametrically modified. When the struc-
ture is parametrically modified, the contents of
the structure do not change, i. e. the amount and
type of faces as well as connection between the
faces keep unchanged. Angles at the faces and
proportions between ribs length are modified ac-
cordingly. These modifications, seems insignifi-
cant, may result in a considerable change of the
structure architecture.

Parametric modification must be very effi-
cient in case it is necessary in order to synthesize
a structure with practically applicable geometry.
A few examples of parametric modification and its
capabilities are reviewed below.

Fig. 11 demonstrates two KV structures de-
veloped by global modification. Obviously, it is
reasonable to introduce significant changes into
geometric properties of the structures, varying

the size of triangle and square.

Triangle Square

S

Fig. 11  Modification of relief by variation of template

parameters during global modification of KV

structure

As for KZ structure, the same result can be
observed by combined modification.

Fig. 12(a) shows globally modified KZ struc-
ture. If Triangles 1, 2 are uniform and propor-
tions between the sizes of structural elements are
modified, we get a structure, indicated in Fig. 12
(b). This structure has a very dense relief with
compact arrangement of cubical elements with
vertical side faces.

A large variety of architectures may be devel-
oped via modification of KS structures.

Fig. 13 illustrates possible variants of KS

structure No. 3 modifications. These modifica-

Triangle |  Lriangle2

Vo

Triangle 1 Triangle 2

T

Fig. 12  Modification of relief by varying template pa-

rameters

Face1l Face?2

Vi

Fig. 13 Possible schemes of parametric modification of

KS structure No. 3

tions are performed by transformation of a right
triangle (Fig.13(a)) into an distorted triangle
(Fig. 13(b)) and an
(Figs. 13(c, d)).

As a result of such transformations, it is

isosceles triangle

possible to change the mutual orientation of
square faces 3 and 4 as well as their sides’ size
proportions.

Parametrically modified structure No. 3 has

amazing geometric properties. Fig. 14 shows a
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Fig. 14 Parametrically modified KS structure No. 3

template and the structure itself.

It is obvious that the structure has solid up-
per and lower surfaces and consists of closed
chambers that have a shape of pyramids or
prisms. During transformation right-triangle
faces are replaced with isosceles-triangle ones and

square faces 1 and 2 are rotated 90°.

4.5 Comparison of properties of quadra-struc-

tures

The geometric properties of quadra-struc-
tures are reviewed from the point of possibility
and aptness of their application as light cores for
sandwich panels.

The majorities of KZ and KV structures, de-
veloped via modification, have a sloping relief and
low concentration of structural elements. It
makes them unattractive for such application as
light cores for sandwich panels. They may be ap-
plied as heat exchange lamellar devices or decora-
tive coating, with the exception of structures, lo-
cally modified along coordinate lines (Fig. 7(d)—
KZ structure and Fig. 8 (d)—KV structure).
Their advantages are large depth of the cell and
the possibility to increase the ratio between the
height of the structure and the area of supporting
square elements. This is how large concentration
of vertical structural elements may be achieved.
The disadvantages are as follows: Connection of
faces creates a lock with penetration of a few faces
into truncated tetrahedral pyramids. Such config-
uration makes it difficult to produce such core u-

sing existing methodsH"!.

There is an interesting KV structure, devel-
oped via combined modification along coordinate
axes and diagonal lines (Fig. 8(e)). Its configura-
tion is close to "hypar” structure, which is applied
in the aerospace industry (Fig. 1(b)). Function-
ality of KZ and KV structures may be increased
by variation of template parameters (Figs. 11,
12). The same applies to the structures obtained
via combined modification along coordinate axes.

Geometric properties of KS structure fit bet-
ter for their practical application, for example, as
light cores in sandwich panels.

Advantages of these structures are as fol-
lows:

(1) Close arrangement of cubic cells.

(2) Absence of tilted elements (faces).

(3) Close contact between the vertical faces.

(4) Regular alternation of square faces in up-
per and lower surfaces of the structure.

(5) Absence of lock-type contacts between
the faces.

Aforementioned advantages define superior
mechanical properties of the core, including
strength of "core-skin” connection.

Disadvantages are a rigid connection between
the sizes of vertical and horizontal ribs. These
structures (unlike KZ and KV ones) cannot have
a various height while the size of horizontal faces
keep unchanged. Structural element concentra-
tion cannot be changed when the height of the
structure is fixed.

Trio-(T) and hexa-(G) structures are not
considered in this paper. Methods of modification
for those structures have much in common with

the method used for quadra-structures.

5 Practical Applications of Polar
Structures

The most prospective area of polar structures
application can be a geometric basis for the cores
of sandwich panels.

Main advantages of the presented idea of cel-
lular cores development are obviously a possibility
to achieve the maximum mechanical capabilities
of composite material due to the thing that rein-

forcement pattern is not distorted in the faces and
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the faces stay plane?!.

Geometrical backgrounds for high perform-
ance of the structures are:

(1) Large concentration of vertical structural
elements.

(2) Large area of the faces in enveloping sur-
faces.

(3) Uniform stiffness in two or three direc-
tions.

(4) Uniform transformability in a few direc-
tion, that allows arranging them on bi-curvature
surfaces!*,

Figs. 15, 16 show quadra- and hexa-struc-

ture, that illustrate a possibility to develop sand-

wich bi-curvature shells.

Fig. 15 Quadra-structure

Hexa-structure

Fig. 16

Fig. 17 shows specimens of the cores from
basalt reinforced plastic with quadra- and hexa-
structure, that are manufactured using synchro-

nous folding technology™*'*,

6 Conclusions

A technological idea of cellular cores manu-
factured using the folding method for sandwich
panels is suggested.

Also, a method of classification of polar
structures with various degrees of axial symmetry
is developed. This classification is based on selec-

ting the simplest structures as maternal ones.

Fig. 17 Examples of basalt reinforced plastic cores

And all other structures are developed from ma-
ternal via a set of standard modification methods.

From a practical point of view, polar struc-
tures are quite promising, because it is possible to
forecast high mechanical properties. Besides,
while being plane in initial state, they can be ar-

ranged on a bi-curvature surface.
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