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Abstract
Flexible adaptive structures made from fiber-reinforced plastic
composites (FRP) with defined stiffness and flexibility have
repeatedly aroused the interest of international research groups
in the past. The motivation for the development of such structures
is to increase efficiency, save weight, extend the existing limits of
structure and tool design and integrate functions. One approach to
avoid the contradiction of implementing structural flexibility on the
one hand and stiffness, on the other hand, are pressure-actuated
cellular structures (PACS), which have so far only been investigated
theoretically. Weaving technology offers outstanding approaches to
the implementation of such complex 3D geometries. However, there
is a lack of methods for the formation of complex 3D geometries
such as PACS and for the technical implementation in weaving
processes. The aim of this paper is to describe theoretical and
experimental knowledge as well as necessary development steps
for the realization of woven PACs. The theoretical possibilities for the
technical weaving of PACS with necessary large gradients in wall
thickness are determined. A methodology for the weaving of cellular
structures composed of individual sections as well as a process
chain for geometry processing and pattern development for PACS
is introduced. The implementation of the PACS is demonstrated by
means of a woven example.
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Introduction
The use of fiber-reinforced plastics (FRP) is constantly increasing.
Textile structures (e.g. 2D weaves, stitch-bonded fabrics) are primarily
used as reinforcement structures. A current approach to increasing the
economic efficiency of fiber-reinforced plastics is direct preforming.
In contrast to sequential preforming, where the final geometry of a
component is realized from partial surfaces and cuts of a flat textile,
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the final geometry of the component is already realized during the
manufacturing process in direct preforming. Textile technology, and
in particular weaving technology, offers the possibility of realizing
highly complex preforms [1-7].
In addition to the geometry and the mechanical load capacity,
the functionality of the FRP is playing an increasingly important
role for many applications. Adaptive structures in particular have
moved into the focus of science. Adaptive structures can adapt to
different operating conditions and change their shape, for example.
One example inspired by nature is so-called pressure actuated cellular
structures (PACS). They use the principle of the Venus fly trap, whereby
a change in shape is caused by a change in the internal pressure of the
cells. If the transfer of such natural mechanisms into technical systems
succeeds, a multitude of application possibilities arise.
The motivation for the development of such structures is to
increase efficiency, save weight, extend the existing limits of structure
and tool design and integrate functions. In the aerospace sector, the
development goals include increased agility and increased aerodynamic
efficiency. Despite the high potential of adaptive structures, the
advantages of flexible structures are often outweighed by additional
peripheral or system-inherent efforts. Adaptive structures can only
be realized with conventional methods using complex systems with
complicated mechanics and drive technology.
One approach to avoid the contradiction of implementing
structural flexibility on the one hand and stiffness on the other hand
within the same structure are systems using structure-inherent
compliance instead of mechanical joints and external drives. Pressureactuated cellular structures (PACS-cf) (Figure 1) are adaptive
structures, generated through geometric design and locally structureintegrated flexibility (wall thicknesses and differences in stiffness), but
have so far only been investigated theoretically [8-11].
The aim of this project is to gain theoretical and experimental
knowledge which is necessary for the design, production and testing
of integral woven PACS made of FRP as well as to determine the
theoretical possibilities for the technical weaving of structures with
very large gradients in wall thickness.
There are only initial approaches to implementing such complex
structures in textile technology. Using the principle of terry weaving,
structures with different fabric lengths can be realized. Spacer weaving
is a technology developed for the production of spacer fabrics with
woven cross-sections, whereby constant lengths are realized in the
spacer surfaces in the production direction. However, these technical
possibilities have not been combined yet. Curved spacer fabrics,
which are necessary for the realization of PACs, are not yet known.
In addition, only terry weaves and spacer fabrics with constant wall
thicknesses can be produced up to now [12-15].
There is a lack of basic knowledge on geometry formation and
the transfer of geometry into a weavable structure. In particular,
the realization of large wall thickness gradients for the realization of
structure-integrated compliance and the development of a suitable
weaving process for the practical realization of PACS represents a
major scientific challenge.
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Materials, Methods and Procedures
Development of algorithms for geometric mapping of
cellular structures
The functionality of the PACS results from the targeted
combination of rigid areas (cell sides with high wall thickness) with
flexible areas (compliant sections with low wall thickness). The cellular
structures are subjected to an internal pressure (pneumatic), which
causes the PACS to deform. The deformation is adjustable by the
internal pressure. Hence the PACS are adaptive structures. In order to
guarantee the functionality of the PACS, the cellular structures must
have a defined geometry. A unit cell consists of a pentagon, whereby
the PACS are composed of several unit cells. For a textile-technical
implementation of the PACS, it must also be taken into account that
the PACS have inhomogeneous wall thicknesses. In concrete terms,
differences in wall thickness in a ratio of 1:12 have to be achieved. The
thin areas are so-called compliant sections. The thicker sides form the
cell sides. The differences in wall thickness result in different stiffness
in the individual areas, resulting in compliance in the flexible area. For
the functionality of the PACS, the defined spatial arrangement of cell
sides and compliant sections is required (Figure 2).
For the weaving of the PACS the geometry has to be formed
by fabric layers. For this purpose, an algorithm was developed that
composes the geometry of the PACS from partial surfaces. For this
purpose, the unit cell is broken down into elements (cf. Figure 3). The
number of fabric layers from which the PACS are to be assembled is
defined in a next step. Using the algorithm, the individual elements
are then combined with the number of fabric layers to form PACS.
This results in all solutions for the geometric formation of the PACS
by partial surfaces. Figure 3 (right) shows selected examples of the
geometry formation of the PACS through 1 to 4 fabric layers.

The developed solutions are evaluated with regard to their
suitability for the implementation of the PACS. The evaluation criteria
used for this result from the usage requirements of the PACS. For
example, to achieve the mechanical properties, a continuous fiber
arrangement is required in the compliant sections. In addition to the
formation of geometry by partial surfaces, it is also imperative that
the PACS are composed of cell sides and compliant sections. For this
purpose, individual technical textile solutions were developed for the
individual areas. Weave patterns for the compliant sections and for the
cell sides were developed and combined to form the overall structure,
taking into account the formation of geometry.

Weave structure development for individual sections of the
cellular structure
A special challenge in weaving the PACS is the realization of the
large gradients in the wall thicknesses. In concrete terms, a ratio of 1:12
is to be achieved, whereby the composite thickness in the compliant
section should be only 0.3 mm, resulting in a thickness of 3.6 mm for
the cell sides. In order to minimize the development effort, weaving
solutions have been developed for each sub-area. The compliant
sections can be designed as single-ply fabric in different weaves
(plain, twill, satin), as leno fabric or only with warp reinforcement.
In addition, a wide variety of materials can be specifically combined
with each other. Depending on the materials used, suitable weaving
parameters were identified and single-layer fabrics were produced
and thermo-pressed into fiber composite structures. Since no cutting
processes are to be used, weaving with inserts is to be preferred for
the practical realization of the cell sides of the PACS. The inserts are
made of the same type of material. For this purpose, individual layers
of fabric are arranged one above the other and pressed according to
consolidation parameters. These composite panels are then assembled
in accordance with the geometric requirements and made available for
the weaving process.

Figure 1: Geometrie change of PACS due to change of inner pressure [10].
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Methodology for weaving of cellular structures composed of
individual sections and development of a process chain for
geometry processing and pattern development for PACS
Based on the determined layer arrangements, the PACS must
be processed into the 2D level for weaving. In accordance with the
geometry, dimensions and arrangement of cell sides and joint areas,
the individual fabric layers must in turn be subdivided. With two or
more fabric layers, the PACS are realized in a pleat or spacer weaving
process. As a result, float areas must inevitably be integrated. In
the area of floats, the excess lengths are then retracted during the
manufacturing process and the fabrics are set up.
To implement the PACS for weaving, a process chain (Figure 4)
was developed which generates a complete weave pattern based on
the formation of the geometry. As already described, the geometry is
formed by fabric partial surfaces, which are then unwound into the
plane. In addition, the compliant sections and cell sides are integrated
within these partial surfaces. The development of the partial surfaces
into the plane results in a multi-layer structure with individual fabrics
and float areas. This 2D weaving arrangement is converted into a 2D
weave graphic.
The 2D weave graphic displays the individual subareas as colored
areas. According to the previous development in pattern technology
for the sub-areas of compliant sections and cell side, we develop weave
patterns for the sub-areas of weaving arrangement. The total weave

pattern of the PACS is created by assigning the individual patterns to
the color areas of the 2D weave graphic.
Since the PACS are lightweight structures, they are to be designed
as fiber-reinforced plastic composites. The reinforcement layer is
made of glass fiber. The matrix material is made of thermoplastic
material. Hybrid yarns are used to ensure an even distribution of the
matrix material.
Two different hybrid yarn materials are used for the development
of cellular 3D structures. For reliable processing of hybrid yarns in
the weaving process, it is necessary either to twist or pre-consolidate
the hybrid yarns. This is the basis for the selection and development
of the yarns. The first hybrid yarn was produced with a yarn count
of 900 tex, consisting of glass fiber 2 × 300 tex (GF, 67% by weight,
46% by volume) and polyamide 1 × 300 tex (PA, 33% by weight,
54% by volume) with 20 turns per meter. Twisting densifies the
yarn surface to ensure optimum yarn processing during the weaving
process. Another material used is TecTape with a yarn count of 1800
tex, consisting of glass fiber (GF, 67% by weight, 46% by volume) and
polyamide (PA, 33% by weight, 54% by volume). TecTape consists of
pre-consolidated spread multifilament yarns, with 2 × Pa with 300
tex on the outside and GF multifilament with 1200 tex in the middle.
TecTape has a tape shape with a width of 6-8 mm and a thickness of
0.2 mm and is therefore predestined for the production of very thin
fabrics.

Figure 2: Geometrie of PACS, Compliant sections.
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Figure 3: Elements of the partial surfaces for PACS and example solutions for the formation of the geometry of the PACS by one to four partial surfaces
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Results and Discussion

Weave trials for PACS composed of one woven layer

Weave trials for individual sections

For the practical realization of the PACS from a single woven layer,
the developed weave pattern is woven on a rapier weaving machine.
Pre-consolidated inserts are integrated in the two-layer structure. The
parameters of the woven structure are given in Table 1.

Based on the developments for the sub-areas, the solutions
were combined to meet the requirements and realized using the
example of a single compliant section. An example compliant section
and the corresponding weave patterns are shown in Figure 5. The
single compliant sections consist of a single-layer plain weave in
the compliant section and a two-layer fabric in the cell side area as
well as an insert integrated in the weaving process consisting of preconsolidated fabric.
The practical realization of a compliant section in the weaving
process allows the proof of the processability of the hybrid yarns.
Furthermore, it can be shown that a wall thickness gradient of 1:12
can be achieved through the weaving integration of inserts. Compliant
sections of different configurations were woven and subsequently
consolidated. Wall thicknesses of 0.3 mm in the compliant section
and 3.6 mm in the cell side area were achieved. There is a complete
consolidation without blowholes. Figure 6 shows exemplary woven
compliant sections and consolidated compliant sections with different
radii between compliant section and flank section (cell side).

First the entire length is woven, then the fabric layers of the twolayer fabric are separated on the machine side by bringing the warp
threads of the upper fabric into the high shed position and the warp
threads of the lower fabric into the low shed position. The insert is
then inserted into the resulting woven pocket. To form the PACS from
a single fabric part surface (Figure 7), the woven layer has to be fold
according to the determined arrangement.
Parameters

Flank section

Compliant
section

Insert preconsolidated
9 layer

Warp density
in cm-1

3,3 (1,65 eff. Per
layer)

3,3

3,3

Weft density
in cm-1

13,2 (6,6 eff. Per
layer)

6,6

3,3

DG in %

23

29

23

Weave pattern

Two layer weave

Plain weave

Plain weave

Table 1: Parameters of woven PACS.

Figure 4: Process chain for realization of woven PACS.

Compliant section
Flank section with
preconsolidated insert
Figure 5: Structure and weave pattern design of compliant and flank section of PACS.
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Flank
sections
with inserts

Compliant sections
6: Weaving of compliant and flank sections of PACS using hybrid yarns and consolidated compliant mechanism.
Figure Figure
6: Weaving
of compliant and flank sections of PACS using hybrid ya

Figure 7: Realization of PACS by folding a woven layer consisting of compliant sections and flank sections with inserts.

Conclusion
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