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1. Introduction

The direct composite manufacturing process called Liquid 
Composite Molding (LCM) [1,2] has become popular for 
producing structural polymer-based composites. In this 
process, a liquid resin progresses through the dry fibrous 
preforms as the injection under some pressure (Resin Transfer 
Molding (RTM) process) and the infusion by a vacuum at the 
vent of the system (Liquid Resin Infusion/Resin Film Infusion). 
LCM process has been employed in many aeronautic industries 
to manufacture large, thick or complex aircraft structural parts. 
Especially RTM process has shown the potential to produce 
complex composite parts with double curvatures. At present, 
around 5–10% of composite parts are produced by this direct 
process and the current trend is clearly increasing. 

The preliminary phase in LCM process concerns the preforming 
stage. Forming of textile preform stacking has been described 
by some studies as this step has a strong influence on the resin 
flow impregnation, by the modification on the permeability [3-7], 
and on the characteristics of the final composite part [8,9]. In 
case of complex preforming shapes, the consequences of the 
choice of the process parameters, as the blank holder pressure 
or punch’s shape, on the feasibility to preform fabrics are 
described by numerical [10-15] or experimental approaches  
[16-22]. These process parameters influence the deformed state 
of the preform and consequently the generation of defects. An 
optimal preform should be free of defects [23], such as wrinkles 
[24-28] or buckles [16], with no misalignment of fibres according 
to the orientation expected and spatial homogeneity of the fibre 
density. The traditional process, carried out by classical tools 
as blank holder, punch and die [29-31], conduced to deform 

initial flat dry fabrics to a specific shape an.  This traditional 
automation step is fast (in the range of one minute). But for 
double-curved shape manufacturing the control of the process 
parameters may be difficult and can lead to defects, such as 
wrinkling, undulation, fibre fracture and porosities, when the 
composite parts have high curvatures and large deformations. 
On the other hand, an alternative to this traditional process 
concerns weaving the yarns directly on the three-dimensional 
(3D) surfaces. The surface 3D weaving process is based on 
the traditional weaving technology [32-39], but in our case, 
instead of weaving flat fibrous preform, we use the method to 
weave directly the shape of the final preform. Compared with 
the traditional preforming step, the main advantage of this 
manufacturing process is obtaining directly the preform from 
threads without deformation of the woven fabrics. The weaving 
in three directions could be completely designed. 

As an important piece of planes, the corner fitting part ensures 
the link between the plane body and wings (Figure 1). This 
aircraft component is typically made of aluminium. As weight 
saving is a key issue for aerospace industry, it is interesting to 
replace the aluminium corner fitting piece by a composite one, 
e.g. carbon/epoxy. In this paper, two important manufacturing 
techniques, surface 3D weaving and textile reinforcement 
forming, will be applied to produce a corner fitting composite 
part, and then a comparison between these two techniques will 
be performed. Some quality criteria of the deformed fabric will 
be analysed, in particular, the orientation of yarns and possible 
manufacturing defects. The conveniences and limits of each 
technique will be investigated. The analysis will exhibit a perfect 
corner fitting structure with homogeneous fibre volume fraction 
performed by the surface 3D weaving technique.
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2.2 The surface 3D weaving method

As the orientations of fibres must be assured (0°/90° or 
-45°/45°) and combined with complete continuity, a new device 
to carry out automatically the surface 3D weaving process has 
been developed [41-43]. The textile reinforcement ply is made 
of carbon fibres (Toho-Tenax, 12 K).  The corner fitting 3D 
fabric with the fibre direction of 0°/90° can be manufactured in 
the following three main steps.

The first step: as for traditional loom, the first step for 
manufacturing fabric concerns the fibre beaming and picking 
the direction X (Figure 3a).  

The second step: this step is still as in a traditional weaving 
loom process. The fibres in the direction Y are weaved with the 
ones in the direction X to build the face 1 (Figure 3b).

2. 3D weaving process

2.1 The traditional weaving technique

The traditional weaving technique produces essentially 
flat fabric. In order to perform a 3D geometry, a well-known 
technique, the pocket weaving technique is proposed first, as 
this textile technique is the only classical one to define a 3D 
structure in the technical history of weaving [40].

It is possible to obtain the final geometry of the 0°/90° or 
-45°/45° corner fitting plies from a flat double fabric by using 
the pocket weaving technique as shown in Figure 2. The 
orientations of the fibres on each face are almost correct. On 
the contrary, the continuity of fibres between each of two faces 
cannot be assured. In this case, it is necessary to develop a 
new 3D weaving method to control the orientations and assure 
the continuity of fibres.
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Figure 1. The aluminum (a) and composite (b) Corner Fitting parts.

Figure 2.  The corner fitting 3D ply with discontinuity obtained by the pocket weaving technique.
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tension applied on the X tows. Each “L” weft (inserted tow 
during the step 3) is also tensioned after its insertion between 
X and Y tows. Therefore, the tow is maintained in its right place 
and the desired orientations could be assured.  

The -45°/45° corner fitting 3D fabric can be produced similarly 
in the way presented previously. The X and Y fibres are posed 
initially -45°/45°. Then the “L” fibres are woven with XY fibres 
following -45° and 45° directions (Figure 4). The final 3D corner 
fitting plies with the fibre direction of 0°/90° and -45°/45° are 
shown in Figure 5. There are no winkles observed in these final 
3D surface structures. The fibres in warp and weft directions 
stay perfectly perpendicular to the three faces and the continuity 
between faces is free from defects.

The third step: the Z fibres are generated automatically by the free 
fibres in the directions X and Y. Then X and Y fibres are weaved 
with Z fibres as shown in Figure 3c. The insertion of X and Y fibres 
is not rectilinear but in the path of “L”.  In this way, the two faces 
(the faces 2 and 3) can be constructed at the same time. 

The desired orientations of fibre are set by controlling the tow 
tension during the whole structuring (interlacing) process, 
which is a traditional solution used in the textile industry. The X 
and Y fibres produced in the steps 1 and 2 are under tension. 
In order to guarantee the same tension force on each tow, 
a spring is employed for each loop of carbon tow during the 
step 3. All the X direction springs are connected together by 
a transverse bar self-controlled on tension to assure global 
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Figure 3. The different steps of surface 3D weaving process.
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inconvenience is that because this new technology is still at a 
laboratory-scale, productivity is limited.

3. Textile composite reinforcement forming 

3.1 Experimental set-up

The experimental forming with a tetrahedral punch is performed 
on a specific preforming device developed by GEMTEX 
laboratory and is shown in Figure 6 [44,45]. This device 
permits analysing the possibilities of the double-curved shape 
manufacturing with a given textile reinforcement in different 
forming conditions (shape and thread of punch, position and 
pressure of blank holder, etc). The given textile fabric is placed 
between the blank holder and die. Four pneumatic jacks apply 

The 0°/90° and -45°/45° 3D plies are produced and then 
laminated together (about 20 plies). The final carbon/epoxy 
composite corner fitting can be carried out by RTM process 
and is shown in Figure 1b. The surface 3D weaving technique 
defined a new way of designing the textile reinforcement for 
composite materials. Through this technology, 3D preforms 
from the fibre bobbin to the 3D pieces are made without the 
step of preforming. Indeed, the main advantage of this new 
technique is the control throughout the process of the orientation 
of the carbon tow. The preform is free from any local or global 
misalignment. Moreover, the manufacture of the preform is 
made in a single operation (divided into three simple steps) 
very similar to traditional weaving. This is a direct process to 
obtain the 3D preform. Also, this new technique limits the tows’ 
damage because they are less stressed than by the traditional 
weaving technique and preforming process. The only noted 

Figure 4. The directions of fibres in the 0°/90° and -45°/45° plies.

Figure 5. The 3D corner fitting plies obtained by surface 3D weaving process.
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of 3D corner fitting fabric presented in Section 2. The main 
material proprieties of the fabric are noted in Table 1 and the 
surface dimensions of specimen are 300 × 300 mm. 

The preforming of the corner fitting with 0°/90° and -45°/45° 
plain weave plies corresponding to a 65 mm displacement of 
punch is shown in Figure 9. The warp and weft directions on 
the deformed plies are figured out. The preforms are obtained 
without defects as the rupture or the buckle of the yarns. 
Moreover, no wrinkling is observed in these preforming tests. 
As one of the most common flaws that occurs during textile 
composite forming, wrinkling depends not only on the fabric 
characteristics but also on the manufacturing parameters 
[23,24].  

an adjustable pressure on blank holder (0.1 MPa in our corner 
fitting preforming). In order to monitor the important forming 
parameters by optical measurement such as the material 
draw-in, intraply shearing and wrinkles, the “open-die” forming 
system is used. An electric jack linked to the punch imposes a 
movement and a load sensor acquires the punch force during 
the forming. Figure 7 describes the dimensions of the punch 
used in experimental forming.  

 3.2 Corner fitting preforming

Figure 8 shows the specimen used in corner fitting preforming. 
This two-dimensional (2D) woven fabric was produced by using 
the same yarns and in the same machine as the manufacturing 

Figure 6. The experimental forming device with a tetrahedral punch.

Figure 7. The dimensions of tetrahedral punch.

 

 

Blank holder

Pneumatic 
jacks

Tetrahedral
punch

Load sensor

Blank holder

Pneumatic 
jacks

Tetrahedral
punch

Load sensor

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

125 mm

30
 m

m
62

.5
 m

m

R5 mm

125 mm

30
 m

m
62

.5
 m

m

R5 mm

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

AUTEX Research Journal, Vol. 14, No 2, June 2014, DOI: 10.2478/aut-2014-0007  © AUTEX 

http://www.autexrj.com/ 115



4. Discussion 

The two technologies, surface 3D weaving and textile 
reinforcement forming, applied to manufacture the corner 
fitting part were demonstrated in the previous sections. The 
3D corner fitting ply can be obtained directly by the surface 
3D weaving process: the yarns directions are completely under 
control. However, the textile composite forming is based on 
the 2D fabric. The angle between warp and weft yarns is not 
constant due to different local in-plane shearing effects.

Figures 10 and 11 show the warp and weft directions of the 
deformed 0°/90° and -45°/45° plies performed by surface 3D 
weaving and experimental forming, respectively. The warp and 
weft yarns remain strictly perpendicular in 3D corner fitting 
ply performed by 3D weaving process (Figures 10a and 11a). 
Consequently, the local fibre volume fraction of the fabric is 
constant. Regarding the preforming results, the angle between 
warp and weft yarns is changed due to in-plane or out-of-plane 
curvatures in the fabric. There is only a small zone where warp 
and weft yarns are (or quasi) perpendicular on each face of 
deformed ply (a small zone with zero in-plane shear angle 
around the middle line in Figures 10b and 11b). Furthermore, 
a positive in-plane shear angle (the angle between warp and 
weft yarns < 90°) in the left zone and a negative in-plane shear 
angle (the angle between warp and weft yarns > 90°) in the 
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Table 1. The principle material proprieties.

 
Type of fabric Plain weave

Manufacturer of filaments Toho-Tenax
Fibres 12 K Carbon

Yarns (warp/weft) 800 tex / 800 tex
Areal density of fabric (g/m2) 500 ± 5%

Thickness of fabric (mm) 0.1 
Number of warp yarns per cm 5 
Number of weft yarns per cm 5

Figure 8. The plain weave fabric used in experimental preforming.
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(b) Figure 9. The experimental forming with 0°/90° (a) and -45°/45° (b) 
plain weave fabrics.

right zone on both 0°/90° and -45°/45° deformed plies can be 
observed (Figures 10b and 11b). The in-plane shear angle can 
reach a maximum 25° after forming in both left and right zones 
on the deformed -45°/45° ply. On the deformed 0°/90° ply, the 
maximum in-plane shear angle of 25° and 20° can be observed 
in the left and right zones, respectively. These changes in the 
angle between warp and weft yarns lead to a variation of fibre 
volume fraction and local permeability of the textile fabric. 
Subsequently, it could result in a non-homogenous flow during 
the resin infusion or injection stage. In this case, it will have 
a negative influence on mechanical performance of the final 
composite part. As an essential manufacturing parameter in 
LCM processes, the permeability of the preform should be well 
controlled. 

 Wrinkling is a global phenomenon depending on all strains and 
stiffness and on boundary conditions of textile reinforcement 
forming [24]. It is frequent to experience the wrinkling 
phenomenon in both dry textile fabric [16,24] and prepreg 
composites forming [46] due to the possible relative motion 
of fibres and internal composition of textile reinforcement, 
causing a very weak bending stiffness [23,24,47]. Another 
forming example with a tetrahedral punch was performed by 
Allaoui et al. [16] who presented that it is possible to observe 
the wrinkles when a weak blank holder pressure was used 
(Figure 12a). The blank holder can create sufficient tensions to 
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Figure 10. The yarns’ directions of the deformed 0°/90° ply obtained by the surface 3D weaving (a) and the experimental preforming (b).

Figure 11. The yarns’ directions of the deformed -45°/45° ply obtained by the surface 3D weaving (a) and the experimental preforming (b).
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route to avoid certain manufacturing defects, such as wrinkling, 
porosities and slippage of the network. On the contrary, the 3D 
weaving process is time-consuming and difficult to implement.

Composites forming process is fast and more developed. It 
is used widely for dry textile reinforcements. Thermoforming 
under the resin cure temperature can be adapted not only for 
thermoplastic but also for thermoset prepreg materials [20,46]. 
However, the forming/thermoforming can lead to various 
defects depending on the process parameters (tool loads, 
blank holder forces, temperature, etc). Therefore, it is important 
to predict the feasible forming/thermoforming conditions by 
numerical simulation [13-16,49-53]. Compared with the 3D 
weaving technique, composites forming is more efficient for the 
manufacturing of multilayer laminates and interlock fabric [54]. 
The 3D weaving can manage well the tension of yarns, which 
can be an advantage compared with the preforming especially 
for natural fibres [17,18,22].

The numerical simulation analysis can not only predict the 
feasible forming condition but also provide some essential 
forming information to optimise the 3D weaving process, 
such as final shape of the laminate, position of the yarns, the 
angle between the warp and weft directions and the zones 
with the important interactions among yarns. In a future work, 

avoid wrinkling even if it leads to the large in-plane shear angles. 
On the contrary, other forming defects such as the buckles 
(Figure 12b) and the slippage of networks (Figure 12c) could be 
generated under a high blank holder pressure [48]. The surface 
3D weaving can avoid totally the forming defects mentioned 
previously on all of the surfaces of corner fitting part because 
of warp and weft yarns being always perpendicular and the 
tensions of yarns under control. These defects, in particular the 
wrinkles, developed in the useful zone will modify strongly the 
local permeability of preform and influence negatively the resin 
impregnation, which will reduce the mechanical performance 
of composite piece. Consequently, it is important to optimise 
the forming processes to minimise the wrinkling at least in the 
useful zone.

5. Conclusions 

The surface 3D weaving technique and its application to 
a corner fitting structure have been described. As a novel 
manufacturing technology of the composite materials, the 
surface 3D weaving technique seems very promising. It is 
possible by using this technique to produce the 3D composite 
fabrics with quite complex geometry. Compared with the 
traditional forming process, the surface 3D weaving is a direct 

Figure 12. The possible defects in textile reinforcement forming with a tetrahedral punch, (a) the wrinkling [15], (b) the buckling and (c) the sliding 
of network [37].
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