
2.1 Introduction

Composites with directionally oriented long-fibre reinforcement have
proven their potential for realizing high-performance, low-mass structural
components in the aerospace industry over the past 40 years. Starting from
the German glider ‘Phönix’, which was designed and manufactured using
glass fibre reinforced resin, right to the Airbus carbon fibre fin, the mater-
ial has helped to extend the limits of the performance and efficiency of
planes, helicopters and space structures further and further.The benefits are
reductions in fuel consumption and emission, improved payloads and
extended service lives due to higher mass-specific stiffness, strength and
energy absorption, as well as better fatigue and corrosion performance than
metals.

As a consequence, it is not very surprising that other fields of application
outside the aerospace sector have an increasing interest in applying this
kind of material, too. In the automotive industry, the need for cars with
higher efficiency and no losses in terms of safety and comfort has become
more and more important because of interest in improved environmental
compatibility – low mass is one of the key factors in reaching this goal.

Nevertheless, there are significant differences in the requirements for
manufacturing methods and structural performance which prevent an easy
transfer of know-how from aerospace to automotive applications. One of
the most crucial differences is that of production rates. While aerospace
components are usually manufactured at a rate of no more than a few
hundred, the high-volume automotive market has a need for some hundred
thousand components a year. Another difference is the costs allowed for
weight reductions. While the space industry spends up to some US$10,000
just to save 1kg of mass in a satellite, the automotive market currently
accepts no more than some US$10–20.

Thus, the big challenge for the next few years will be developing materi-
als, processing methods and structural concepts which allow cost-effective,

2
3-D textile reinforced composites for the

transportation industry

K. DRECHSLER

43

RIC2  7/10/99 7:24 PM  Page 43

C
op

yr
ig

ht
ed

 M
at

er
ia

l d
ow

nl
oa

de
d 

fr
om

 W
oo

dh
ea

d 
Pu

bl
is

hi
ng

 O
nl

in
e



D

el
iv

er
ed

 b
y 

ht
tp

://
w

oo
dh

ea
d.

m
et

ap
re

ss
.c

om



H
on

g 
K

on
g 

Po
ly

te
ch

ni
c 

U
ni

ve
rs

ity
 (

71
4-

57
-9

75
)



Sa

tu
rd

ay
, J

an
ua

ry
 2

2,
 2

01
1 

12
:2

9:
45

 A
M



IP

 A
dd

re
ss

: 1
58

.1
32

.1
22

.9





high-volume manufacturing of low-mass composite components. A very
promising approach to achieving this goal is the development and applica-
tion of advanced textile technologies, such as 3-D weaving, 3-D braiding,
knitting or stitching, offering the potential for automated manufacturing of
near net shaped fibre preforms with optimized fibre reinforcement in 3-D
space according to structural requirements.

In combination with appropriate impregnation or consolidation tech-
niques, a significant reduction of manual work can be realized compared
with state-of-the-art aerospace technologies based on unidirectional fibre
tapes or 2-D weavings. In this way, one of the most important requirements
for cost reduction in aerospace and the introduction of composites in high-
volume automotive applications can be fulfilled. Another very interesting
feature is the possibility to produce a 3-D fibre reinforcement in the com-
posite material. It has been shown that this results in significantly improved
damage tolerance and structural integrity.

The focal points in this chapter are the description of benefits and draw-
backs involved in composite materials with conventional and textile rein-
forcement compared with metals, the requirements for the material with
regard to aerospace and automotive applications, and discussion of first
exemplary applications demonstrating the potential of textile structural
composites for improving mechanical performance and reducing manufac-
turing costs.

2.2 The mechanical performance of conventional and

3-D reinforced composites

The mechanical performance of composites is mainly determined by the
fibre type and the reinforcing fibre geometry. The most important fibre
types are glass, carbon and aramide fibres. It has been shown that carbon
fibres offer by far the best potential in terms of stiffness. Therefore, they
represent the most important material for aerospace applications. They
have so far not been considered as a structural material for high-volume
automotive applications because prices are very high, ranging from $20 to
500/kg. In this field, glass fibres, which are priced at approximately $3/kg,
represent the most important material.

In the near future it can be expected that much cheaper carbon fibres
will be launched on the market. Nevertheless, the mechanical performance
and the textile processability of this new fibre class have to be proven,
because it may be necessary to use much thicker fibre bundles to reach 
the cost reduction goal. The second factor of influence is the reinforcing
fibre geometry, whereby composites can be broken down into two classes:
material with non-directional (short) fibre reinforcement (mats, injection

44 3-D textile reinforcements in composite materials
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moulding) and with directionally oriented long fibres (unidirectional tapes,
fabrics).

For aerospace components, only directionally oriented long fibres are
used, as this configuration alone allows full utilization of the fibre proper-
ties, and an optimal anisotropic design according to the structural require-
ments concerned. So far, use of this material in high-volume manufacturing
has been limited to easily shaped components, because the manufacturing
process requires a lot of manual work.

In Fig. 2.1, the most important mechanical properties of the composites
are compared with light metals and steel. It is shown that the most signifi-
cant mass reductions can be achieved using carbon fibres and a non-
isotropic fibre reinforcement, as required by the respective loads. When
comparing quasi-isotropic composites with metals, one will find that mass
savings of more than 30% compared with aluminium, and 60% compared
with steel are feasible.

Nevertheless, this comparison is based on ‘idealized’ laboratory-scale
values determined under the following conditions: unidirectional rein-
forcement, high fibre volume fraction (60%), tensile load, no fibre undula-
tion and no delaminations. In realistic applications several additional

3-D textile reinforced composites for the transportation industry 45

2.1 Comparison between mechanical performance of metals and
composite materials.
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factors of influence have to be taken into consideration which can be caused
by the series manufacturing process, the structural service conditions, the
component geometry and the fibre reinforcement. Figure 2.2 gives an idea
of the magnitude of the various factors of influence.

It is obvious that unidirectional tape-based composites offer the highest
utilization of fibre properties and therefore the highest in-plane stiffness
and strength, because the fibres are aligned without any curvature exactly
in the loading direction and no resin-rich areas cause strain inhomo-
geneities within the material.

All textile structures show a more or less high degree of fibre undulation.
In 2-D weavings this effect is caused by the mutual crosslinking of weft and
warp fibres, and weft knittings consist more or less of a mesh system with
curved fibres. Additional degradations of in-plane properties are caused
principally by a 3-D reinforcement, because the z-directional fibre fraction
reduces the share of load-carrying fibres and generates resin-rich areas.
Optimizing these effects is very important especially for aerospace appli-
cations: despite the growing need for cost savings, low weight is still the
driving force for research and development in this field of application.

In the past years, significant improvements have been realized for
example in the field of 3-D weaving. In Fig. 2.3 2-D weavings, ‘conventional’
3-D weavings and advanced 3-D weavings, manufactured by a process
recently developed by the North Carolina State University, are compared.
It is shown that, owing to reduced fibre undulation and fibre damage, the

46 3-D textile reinforcements in composite materials

2.2 Degradation of composite performance due to manufacturing and
in-service effects.
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effect of the 3-D reinforcement can be compensated and the stiffness and
strength of 2-D weavings can be achieved.

Naturally, no problems with fibre curvature occur in multiaxial warp knit-
tings, because the fibre layers are placed on top of each other without
crosslinking. Nevertheless, the stitching fibres, holding the single layers
together, can lead to a reduction of mechanical performance owing to fibre
damage or to disturbance of the reinforcing fibre alignment. The mechani-
cal performance of weft knittings can be improved by prestretching the
meshes before curing or by an additional fibre system running straight
through the mesh system.

High stiffness and strength are just two criteria for the evaluation and
selection of a structural material for automotive and aerospace applications.
In particular, components that are susceptible to impact or crash loads have
to be designed according to their mechanical performance after a first
failure. This can lead to the necessity of high safety factors, reducing the
weight reduction potential. Therefore, the ‘damage tolerance’ can be an
important material property.

Conventional 2-D reinforced composites based on tapes or weavings
tend to delaminate owing to impact loads, because the bonding between the
single layers is relatively poor, which leads to poor interlaminar per-
formance. A significant improvement is possible by a 3-D through-the-
thickness fibre reinforcement, which can be realized by 3-D-weaving,
3-D-braiding or stitching.

3-D textile reinforced composites for the transportation industry 47
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In Fig. 2.4, the damage tolerances of various composite materials, char-
acterized by the compression after impact test, are compared. In this test,
composite plates are impacted and afterwards compression tested accord-
ing to exactly defined specifications. The remaining strength and breaking
elongation represents a value for the damage tolerance evaluation and the
design of impact-susceptible structures.

It is shown that performance after impact can be improved significantly
by the 3-D fibre reinforcement. With a fibre share of below 5%, the design
goal of 0.5% after impact that is required in aerospace can be reached 
even with brittle resin systems. The parameters that influence performance
are type, thickness and distance of z-fibres as well as the reinforcing 
geometry. Figure 2.5 illustrates the reason for higher impregnation 
speed. Compared with 2-D composites, the z-fibres lead to a significant
improvement in bonding of the single layers, as demonstrated by the peel
strength.

The structural integrity is of major importance, especially for automotive
applications. After a crash, the structures have to maintain a minimum
mechanical performance. Complete debonding of component parts has to
be avoided. These criteria can be realized easily by metals owing to their
plastic deformation characteristics. The more or less brittle crush behaviour
of conventional, especially carbon fibre reinforced composites is much more
critical in this respect.

This performance can also be improved by a 3-D fibre reinforcement.

48 3-D textile reinforcements in composite materials

2.4 Damage tolerance of different composite materials.
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Figure 2.6 shows double T-shaped beams, typical structural components in
automotive and aerospace design, after longitudinal and transversal crash
tests. The preforms for the composite structures are integrally 3-D braided
by a new ‘n-step’ braiding process in an optimum configuration according
to the loads. The integral fibre reinforcement guarantees high structural
integrity with locally restricted damage area and high after-crash perfor-
mance. An additional feature is the high mass-specific energy absorption
owing to the complex, exactly controllable failure modes in the 3-D fibre
structure.

More complex preforms for composites with high structural integrity
which cannot be made by one textile technology can be realized by stitch-
ing several basic preforms together. A stiffened panel is discussed in
Chapter 5 as an example. It has been made by stitching the warp-knitted
skin to a 3-D braided profile.

2.3 Manufacturing textile structural composites

The diverse textile processes, such as advanced weaving, braiding, knitting
or stitching, allow the production of more or less complex fibre preforms.
While weavings and warp knittings are predestined for flat panels, braid-
ings allow the manufacture of profiles. The most complex preforms can 
be realized where warp-knitting is used. Tables 2.1 and 2.2 summarize the
most important features of textile process and composites as well as the

3-D textile reinforced composites for the transportation industry 49

2.5 Notch growth in 2-D and 3-D reinforced composites.
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2.6 Structural integrity of 3-D braided profiles after crash.
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development goals. A detailed description of the various textile technol-
ogies can be found in Chapter 1.

Impregnating the complex shaped 3-D fibre structures applies for suit-
able infiltration and consolidation techniques in order to obtain high and
constant fibre volume fractions with low void content during the composite
manufacturing process.

In general, the manufacturing methods used in both aerospace and non-
aerospace applications are quite different. While autoclave prepreg tech-
nology is the most important technique for aerospace components, injection
moulding and pressing techniques (SMC, GMT) are used for high-volume
applications. The reason is that the autoclave prepreg technique results in
large fibre volume fractions (typically 60%) and high performance. On the
other hand, there is a penalty in the form of extremely high cycle times,
typically lasting several hours. SMC, GMT and injection moulding tech-
niques allow cycle times of less than one minute. On the other hand, fibre
volume fractions are relatively poor (typically 30%).

In combination with textile preforms, the RTM process (resin transfer
moulding) is of special interest. In this process, a resin is pressed under
vacuum into a closed mould where the fibre preform is fixed. The achiev-
able fibre volume fractions amount to more than 50%, while cycle times of
less than 10 minutes can be realized with appropriate resin systems.

Although the density of the 3-D fibre structures can be very high, the
impregnation speed is more or less higher compared with conventional 
2-D structures. The reason for this effect is that the additional fibres in 
thickness direction form ‘flow channels’ which support resin transfer
through the thickness.

The continuous pultrusion process is of greatest interest for the impreg-
nation of profile-shaped fibre preforms with a constant cross-section. Inter-
esting developments are performed, especially in combination with 3-D
braiding.

The most important impregnation techniques are summarized in Fig. 2.7.
In general, thermoplastic matrix composites offer a high potential for

realizing short cycle times because no chemical reaction has to take place
in the mould, and quick hot-forming techniques, comparable to the press-
ing of metal sheets, can be applied. On the other hand, thermoplastics gen-
erally require higher temperatures and pressure, and thus more expensive
tooling and higher energy consumption. This is especially true of PEEK,
the only thermoplastic matrix material for aerospace structural components
with a melting point of 400°C.

The use of hybrid structures, consisting of reinforcing fibres and thermo-
plastic fibres, is of special interest in combination with textile technologies.
According to the level of fibre mixture, the process is called commingling,
or co-weaving (or co-braiding). In the commingling process, the com-

54 3-D textile reinforcements in composite materials
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bination of reinforcing fibres and thermoplastic ‘matrix’ fibres occurs at
fibre level. In the co-weaving or co-braiding process the two fibre types are
mixed during the textile process.

The advantage of the first approach is that the textile processing of 
the reinforcing fibres can be improved because the tough thermoplastics
protect the brittle glass or carbon fibres. Additionally, the composite 
quality is better than co-weaving and co-braiding, owing to increased 
homogeneity.

With a view to an overall cost evaluation, tooling may play an important
role in low- and medium-volume manufacturing. In general, composite tools
are much cheaper than steel tools. Therefore, part costs may be lower
because of the use of composites for small series production, although mate-
rial costs are much higher than those of steel.

Nevertheless, the tooling technology for impregnating very complex
textile preforms requires special developments to allow cost-effective com-
ponent manufacturing. Promising techniques are, for example, the differ-
ential pressure RTM or the so-called ‘Scrimp process’, where only one
tooling half is hard and the other one is formed by a vacuum foil.

Of special interest for complex hollow structures is the wax core tech-
nique. These cores can be melted in very complex geometries and act, for
example, as a braiding core during the textile process and as part of the
impregnation tool during composite manufacturing. After curing they can
be melted out completely.

3-D textile reinforced composites for the transportation industry 55

2.7 Impregnation techniques for textile structural composites.
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2.4 3-D composites in aerospace structures

Table 2.3 summarizes the most important requirements for a material to be
used in aerospace applications. While mechanical performance, long-term
behaviour and behaviour under special environmental conditions are of the
greatest importance, costs for production and service have also gained in
significance. The significance of the various requirements is, of course, dif-
ferent for military and civil aircraft.

Compared to the automotive industry, composites have a long history in
aerospace applications. In passenger planes, their share has reached 15%,
while in modern fighter aircraft more than 50% of the structural material
consists of composites. Helicopters are designed almost exclusively using
composites.

All major aerospace companies have launched technology programmes
to apply composites in structural components of passenger planes other
than just the fins. Fuselage structures and wing components are under inves-
tigation. The focal points are new design, material and manufacturing con-
cepts, and textile structural composites play an important role in the
research and development projects.

56 3-D textile reinforcements in composite materials

Table 2.3. General requirements for materials to be used in structural
applications

Product improvement Required material properties

Aerospace Payload High stiffness and strength
Range High damage tolerance 
Fuel economy (compression after impact 
Direct operational costs e > 0.5%)
Safety High reproducibility

High energy absorption 
(helicopter)

Processing cost reduction
Optimization of scrap

Ground Fuel economy Low cycle times (<<5min)
transportation Payload Low material price (<$10/kg)

Low noise level Limited manual work
Emission Medium stiffness and strength 

(E > 20GPa)
High energy absorption
High design freedom
Potential for recycling
Potential for low investments
Potential for improvements due to 

3-D textiles
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In order to demonstrate the advantage of textile structural composites,
Daimler-Benz has conducted a research programme to manufacture and
test a fin-leading edge of a fighter aircraft. The component was produced
using 2-D weavings and 3-D weavings with a thermoplastic and thermoset
matrix. Figure 2.8 summarizes manufacturing time estimates. It shows
impressively that the use of the 3-D woven textile preform may reduce
manual work significantly. Furthermore, the damage tolerance of 
the impact-susceptible component has been improved due to the 3-D 
reinforcement – no delaminations occurred after impact testing. On the
other hand, 3-D weavings do not allow a structural optimization of the com-
ponent, because the torsional stiffness of this material is relatively poor due
to the lack of ±45° fibres. A promising approach would be to apply new 
multiaxial 3D weavings or multiaxial warp knittings.

Another demonstrator component based on textile structural composites
has been produced independently by McDonnell Douglas, Daimler-Benz
and others.At Daimler-Benz stiffened panels have been manufactured with
3-D woven or warp-knitted skin and 3-D braided stiffeners stitched
together to a complex preform (see Fig. 2.9). The fibre structure was sub-
sequently impregnated in an RTM process by the DLR in Braunschweig.
Table 2.4 shows a cost and weight estimate for the typical aerospace com-
ponent, compared with aluminium and a tape-based structure. The textile-

3-D textile reinforced composites for the transportation industry 57

2.8 Manufacturing times for fin-leading edge.
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based part seems to represent a good compromise between costs and
mechanical performance.

In Fig. 2.10 the goals, typical structural components and possible appli-
cations of textiles for aeroplanes and helicopters are summarized.

2.5 Textile structural composites in automotive

structures

Table 2.3 summarizes the general requirements that materials for ground-
transportation applications have to meet. The most important features are

58 3-D textile reinforcements in composite materials

2.9 Stiffened panel consisting of braided profiles and warp knitted skins.

Table 2.4. Cost and weight estimates for stiffened panels

Material Labour Total Weight 
(US$) (US$) (US$) (%)

Aluminium (milled) 21 11 32 100
Hand-lay-up 45 120 166 70

(unidirectional-prepreg)
Automated tape lay-up 29 16 46 70
Integral preform 20 10 30 75

(3-D + stitched, RTM)
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3-D textile reinforced composites for the transportation industry 59

2.10 Textile structural composites in aerospace applications.
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costs, manufacturability, mechanical performance, long-term behaviour,
repairability and recyclability. As discussed before, composites offer some
important benefits over metals, such as mechanical performance, long-term
behaviour (no corrosion), high damping and low-energy expense for raw
material manufacturing. On the other hand, there are currently no adequate
solutions for high-volume manufacturing techniques for long-fibre rein-
forced composites, costs, repair and recycling. Therefore, no automotive
manufacturer has so far applied this class of material for structural com-
ponents in real high-volume models (50000 to 300000 cars per year).

Of special interest is the use of composites in chassis applications, as in
this field the anisotropy of the material can be used to create all-new design
concepts, allowing a significant reduction in component numbers and a very
marked weight reduction compared with steel. It is, for example, possible
to realize beam elements with a very high bending stiffness and low tor-
sional stiffness, or vice versa.

In order to evaluate the applicability of textile structural composites,
Daimler-Benz has manufactured and tested a 3-D reinforced engine mount
at laboratory level within the framework of a research project. One com-
ponent has been produced using 20 conventionally woven glass fibre layers;
the other one is based on a single 3-D weaving integrating these layers in
a single preform. The result is a significant decrease in manufacturing time
(see Fig. 2.11), which is due to a reduction in manual work (cutting and
laminating). It is expected that cycle times of less than 10 minutes are 
possible when applying an optimized RTM process.

Bending and fatigue tests have shown that the composite components

60 3-D textile reinforcements in composite materials

2.11 Manufacturing time for composite engine mounts.
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meet all requirements at a weight of less than 50% of the steel components.
A special feature of the 3-D reinforced component has been demonstrated
in crash tests. Energy absorption and structural integrity are higher and
prevent the component from separating into two parts (see Fig. 2.12).

Typical structural components in transportation engineering are knot ele-
ments for spaceframe-like structures. Because of the complex geometry and
loading of these parts, cost-effective manufacturing based on conventional
2-D composites is not possible. Metal casting is state-of-the-art or, if the
loads are low, injection moulding.

High-performance structural parts with a high weight-saving potential
can be realized using new braiding or knitting technologies. Figure 2.13
illustrates the principle. The braiding process, developed by Muratec in
Japan, allows positioning of fibres around a complex mandrel consisting of
foam or a replaceable material such as wax.

Completely different is the preform manufacturing concept based on the
knitting technology developed for example by Stoll in Germany. It allows
direct transfer of a CAD file of a structure into a knitted net shaped fibre
system. In highly loaded component areas additional straight fibres can be
integrated in order to improve mechanical performance.

Another interesting application field is that of exterior components. An
important requirement for such parts is high stiffness. A sandwich design
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2.12 Crash behaviour of 2-D (top) and 3-D reinforced engine mounts.

RIC2  7/10/99 7:26 PM  Page 61

C
op

yr
ig

ht
ed

 M
at

er
ia

l d
ow

nl
oa

de
d 

fr
om

 W
oo

dh
ea

d 
Pu

bl
is

hi
ng

 O
nl

in
e



D

el
iv

er
ed

 b
y 

ht
tp

://
w

oo
dh

ea
d.

m
et

ap
re

ss
.c

om



H
on

g 
K

on
g 

Po
ly

te
ch

ni
c 

U
ni

ve
rs

ity
 (

71
4-

57
-9

75
)



Sa

tu
rd

ay
, J

an
ua

ry
 2

2,
 2

01
1 

12
:2

9:
45

 A
M



IP

 A
dd

re
ss

: 1
58

.1
32

.1
22

.9





would therefore be very effective. Nevertheless, the manufacturing of con-
ventional sandwich structures based on foam or honeycomb cores is time
consuming and expensive. Additionally, the poor damage tolerance 
prevents these structures from being used intensively in transportation
applications.

An interesting new design and manufacturing concept is feasible by using
integrally woven sandwich structures. The integral structure combining the
two skins and the ‘core’ during the textile process offers a high potential
for automated, cost-effective manufacturing of sandwich structures with a
high damage tolerance because of the 3-D fibre reinforcement.

An exemplary demonstrator component is shown in Fig. 2.14. A hood for
a passenger car has been made by using a glass fibre weaving in one shot.
After impregnation in an epoxy resin bath and pressing to adjust the resin
content, the wet preform was placed in a negative mould and pressed in the
area of the structure borders by a frame. Owing to the sandwich design, the
3-D fibre reinforcement and the ability to realize very effective load intro-
ductions, the weight-saving potential of this structure is very high. Even
compared with an aluminium sheet hood a weight reduction of nearly 50%
is possible. Nevertheless, an important development goal for exterior 
applications is to improve the surface quality of textile-based composite 
materials.

The goals, typical structural components and possible applications of tex-
tiles are summarized in Fig. 2.15.

62 3-D textile reinforcements in composite materials

2.13 Braided, knitted and stitched knot elements for spaceframe
structures.
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2.6 Conclusions

High stiffness and strength at low density, high mass-specific energy-
absorption behaviour and good fatigue performance are the main features
that have led to the successful application of composite materials in the
aerospace industry over the past decades. Two typical examples are weight
savings of approximately 25% in the Airbus fin as compared with alu-
minium, and an extension of the service lives of helicopter rotor blades by
a factor of more than 40.

Textile structural composites with 3-D fibre reinforcement may facilitate
utilizing the unique material performance in other structural components
as well, e.g. the fuselage or wing components of new generations of pas-
senger planes, such as the ultra-high-capacity aeroplanes planned by Boeing
and Airbus.The main material improvements include enhanced damage tol-
erance due to 3-D reinforcement, and reduced manufacturing costs result-
ing from the application of highly productive textile technologies in the
manufacture of fibre preforms. This fact may also be a key aspect when
applying high-performance composites in high-volume automotive pro-
ductions, trucks or trains.

Nevertheless, the research and development work on textile structural
composites involves several technological fields (see Fig. 2.16). There is still
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2.14 Prototype of a sandwich hood based on an integrally woven
sandwich.
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2.15 Textile structural composites in ground transportation.
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a lot of work to do, starting with improving the productivity of the textile
processes and optimizing the stiffness and strength of 3-D composites, and
ending with fast impregnation processes and suitable simulation tools
describing the mechanical behaviour. But there is no doubt that 3-D tex-
tiles will be a key factor for future developments and for the successful
application of composites in aerospace and ground transportation 
engineering.
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