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Abstract 
 
Wrinkling is one of the most common flaws that occur during textile composite reinforcement 

forming processes. These wrinkles are frequent because of the possible relative motion of 

fibres making up the reinforcement, leading to a very weak textile bending stiffness. It is 

necessary to simulate their onset but also their growth and their shape in order to verify that 

they don’t extend to the useful part of the preform. In this paper the simulation of textile 

composite reinforcement forming and wrinkling is based on a simplified form of virtual 

internal work defined according to tensions, in-plane shear and bending moments on a unit 

woven cell. The role of the three rigidities (tensile, in-plane shear and bending) in wrinkling 

simulations is analysed.  If in-plane shear stiffness plays a main role for onset of wrinkles in 

double-curved shape forming, there is no direct relation between shear angle and wrinkling. 

Wrinkling is a global phenomenon depending on all strains and stiffnesses and on boundary 

conditions. The bending stiffness mainly determines the shape of the wrinkles and it is not 

possible to perform a wrinkle simulation using a membrane approach. 

Key words: Fabrics/textiles (A), Finite element analysis (C), Buckling (C),  

Resin transfer moulding (RTM) (E), Wrinkling 

 

1 - Introduction 

To manufacture textile composite double-curved components, draping of pre-impregnated or 

dry textile sheets is required. In the case of dry reinforcement, a liquid composite moulding 

(LCM) process is applied, which consists of the impregnation of the formed reinforcement  
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and the consolidation of the resin [1, 2]. Textile reinforcement deformation can be significant. 

In particular, large in-plane shear could be necessary to obtain the required shape. Depending 

on part geometry, reinforcement type (weaving, material...) and on manufacturing parameters 

(tool loads, blank holder…), double-curved shapes may contain defects. Simulation software 

for composite forming has been developed to determine the process feasibility parameters [3-

6]. Among the defects that occur during textile reinforcement forming process, wrinkles are 

the most common ones. These wrinkles develop easily because of the internal composition of 

textile reinforcement made out of fibres. Possible relative fibre motions result in a specific 

mechanical behaviour that characterizes very low bending stiffness creating favourable 

conditions for wrinkles. 

Wrinkling is a major issue to be addressed in designing thin parts and forming parameters 

of sheet forming. Much research efforts have been made to predict wrinkling of isotropic [7-

10] and anisotropic sheets [11, 12]. In case of composite textile reinforcements, the internal 

structure of the fabric made of yarns and fibres makes the wrinkling phenomenon specific and 

frequent. Some in-plane shear experimental studies have analysed wrinkling focusing on the 

shear locking angle as onset of wrinkle condition [13-18]. Numerical analysis of onset of 

wrinkling has been proposed, mainly based on kinematic models (also called fishnet 

algorithms) [19-21], simplified truss representations [22] or membrane approaches of the 

woven material [23-25]. 

This paper considers a simplified form of the internal virtual work in the case of  textile 

composite reinforcements. Tensile, in-plane shear and bending virtual works are separated 

and added on a unit woven cell. The form of these virtual works is simple and close to textile 

material physics. The involved material data are directly identified through mechanical tests 

performed for the case of textile reinforcements. The mechanical tests include biaxial tests for 

tensile stiffness [26-29], picture frame and bias-extension tests for in-plane shear stiffness 

[13-18, 30-36] and bending tests [37-39]. This approach avoids determination of the material 

properties within the framework of a continuous mechanical approach [40-43].  
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A three node shell finite element for fabric forming simulations is based on this form of the 

internal virtual work [44, 45].  It is used to simulate textile reinforcements draping and 

forming processes and to analyse the onset and growth of wrinkles as a function of the three 

stiffnesses (tension, in plane shear and bending) 

Wrinkling can be due to compression in the yarn direction (this is usually avoided in forming 

process) or to large in plane shear strains. The in-plane shear stiffness of a fabric strongly 

increases when the shear angle becomes large, especially when it reaches and exceeds the 

‘locking angle’. Nevertheless wrinkling is a global phenomenon that depends on the set of all 

strains and stiffnesses. The example presented in section 5.5 shows that there is no simple 

relation between the shear angle and wrinkling. Especially tensions (created by blank holders) 

can avoid wrinkling even for very large shear angle. 

Bending stiffness plays an important role in the wrinkle shape. An increase of this rigidity 

leads to an increase of the wrinkle size. For some forming processes, there are zones where 

wrinkles cannot be avoided. In these cases it is important to simulate the shapes of these 

wrinkles in order to check they do not expand to the useful part of the preform. This is not 

possible for membrane approaches (no bending stiffness) that are common in textile sheet 

forming simulation. The examples of section 5 show that an effective simulation of wrinkling 

needs to take tensions, in-plane shear and bending strain energies into account. 

2 – Mechanical behaviour of textile composite reinforcements 

2.1. – Load resultants on a unit woven cell 

The textile composite reinforcement consists of woven unit cells. Its mechanical behaviour 

is specific because of the possible relative displacements between yarns and between fibres 

within the yarns. Let’s consider the loads on a unit woven cell (RUC= Representative Unit 

Cell) such as Fig. 1a. The following resultants of these loads are considered: 

- The tensions T1 and T2 are the resultants of the loads respectively on warp and weft yarns 

in the directions 1f and 2f of these yarns (Fig. 1b) 
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- The in-plane shear moment Ms is the moment at the centre of the RUC, in the direction of 

the normal to the fabric, resulting from the in-plane loads on the unit woven cell (Fig. 1c). 

- The bending moments M1 and M2 resulting on the warp and weft yarns (Fig. 1d).  

 

 

Fig. 1. (a) Loads on a unit woven cell and resultants: 
(b) tensions, (c) in-plane shear moment, (d) bending moments. 

It will be considered that the loading on the unit woven cell is characterized by these load 

resultants T1, T2, Ms, M1 and M2. This is a simplified modelling, but physical meanings of 

these quantities are clear. Furthermore these loads are directly measured as functions of the 

deformation of the fabric in standard tests for composite reinforcements (see sections 2.3 to 

2.5). Finally these loads T1, T2, Ms, M1 and M2 are conjugated respectively to axial strains ε11, 

ε22 in warp and weft directions, to in-plane shear angle γ, and to curvatures χ11 and χ22 of warp 

and weft yarns. Consequently this leads to the simple form of the internal virtual work 

presented below. 

2.2. – Principle of virtual work 

A textile composite reinforcement is made of Nc unit woven cells such as shown in Fig. 1. 

These figures have been drawn in the case of a plain weave for simplicity but the type of 

weaving can be different (twill, satin…). The principle of virtual work can be written: 

u/ 0 on ,∀η η = Γ ext accW ( ) W ( )η − η =        

cN
p p p p p p p p p p p p p

1 1 2 2 s 1 1 2 2
p 1

(b) (c) (d)

( ) T L ( ) T L ( ) M ( ) M L ( ) M L11 22 11 22
=

ε η + ε η + γ η + χ η + χ η�
������������� ����� ���������������

 

extW ( )η  and accW ( )η are respectively the virtual work of the exterior loads and the virtual 

work of the acceleration quantities in the virtual displacement field η  ( η  is equal to zero on 

(1) 
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the boundary with prescribed displacements uΓ ). The quantity A is denoted pA when it 

concerns the unit woven cell number p. Part (b) of the internal virtual work is due to tensions. 

( )11 ε η  and ( )22 ε η  are the virtual axial strains in warp and weft directions. L1 and L2 are the 

lengths of the unit cell in warp and weft directions. Part (c) is the internal virtual work due to 

in-plane shear. ( )γ η is the virtual angle variation between warp and weft directions in the 

displacement field η . Part (d) is the internal virtual work due to bending. ( )11 χ η  and ( )22 χ η  

are the virtual curvatures in warp and weft directions. The virtual strains ( )11 ε η , ( )22 ε η , 

( )γ η , ( )11 χ η  and ( )22 χ η are function of the virtual displacement field η . 

Remark 1. Equation 1 and wrinkling analysis 

The form of the principle of virtual work written in equation (1) is suitable to analyse the role 

of the three stiffnesses in wrinkle formation. The virtual works of tension (b) in-plane shear 

(c) and bending (d) will be considered in turn in the forming analyses presented in section 5 to 

outline their respective and combined effect.  

Remark 2, concerning the in-plane shear moment:  

In the case of textile deformation, the shear angle γ (i.e. the angle variation between warp and 

weft yarns) �is a significant and clearly defined quantity. It is used in all the studies concerning 

in-plane shear behaviour of textile reinforcement (see section 2.3). It is interesting to express 

the internal virtual work of in-plane shear as a function of this quantity. The load conjugated to 

this shear angle is the moment Ms (Equation 1c). As defined above, it is the component in the 

normal direction of moment at the centre of the RUC due to the loads on the yarns (Fig. 1c). 

Remark 3. concerning the load resultants:  

Defining the loading state on a woven unit cell by the load resultants T1, T2, Ms, M1, M2  is a 

simplified modelling. Nevertheless, we believe that it is better fitted to describe the load state 

in a textile than a standard stress field. This stress tensor σ defines a load T on an elementary 

surface according to its normal n (T .n= σ ). In the case of textile materials, the surfaces and 
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consequently, the normal vectors are not all well defined and the stress definition is 

questionable.  

Remark 4, concerning the twisting curvature:  

In addition to equation 1d, the bending virtual work should include 12( ) M12χ η coming from 

the twisting curvature. This term is neglected in the present approach mainly because of the 

lack of experimental data. Nevertheless this twisting term is probably small in case of woven 

material because of the structure of the fabric made of two warp and weft sets of yarns. 

The load resultants T1, T2, Ms, M1, M2 depend on the strains in the textile material. The next 

sections (2.3 to 2.5) briefly describe the experiments used to characterize the mechanical 

behaviours, i.e. the relations between the load resultants T1, T2, Ms, M1, M2 and the strains in 

the material. These experiments are specific to textile composite reinforcements. 

2.3. – In-plane shear behaviour 

Two experimental tests are used to determine the in-plane shear behaviour of textile 

composite reinforcements: the picture-frame (Fig. 2) and the bias-extension tests (Fig. 3). A 

great amount of literature is dedicated to those tests [13-18, 30-36] mainly because the in-

plane shear is the most dominant deformation mode in woven composite forming when the 

manufactured part is doubly curved. The shear angle can reach 50° (and even more in some 

cases such as presented in section 5.5). For large values, wrinkling can occur depending on 

the process parameters and on the material properties. In addition, the two tests are difficult 

both from the experimental point of view and concerning the interpretation of the results. For 

these reasons an international benchmark has been launched recently. Eight laboratories of six 

different countries have performed picture frame and bias-extension tests on the same textile 

composite reinforcements [36].  

The picture-frame (or trellis-frame) is made of four hinged bars (Fig. 2). The fabric 

specimen is initially square and the tows are parallel to the bars. Consequently it is 

theoretically subjected to pure in-plane shear. The shear angle for a given displacement d is : 
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�
�

�
�
�

� +−π=γ
L2
d

2

1
arccos2

2
        (2) 

The power P provided by the traction machine and the power absorbed by the sheared 

fabric are assumed to be equal ( d
•

 is the speed of the machine, Su is the surface of a unit 

woven cell in the initial configuration, L is the width of the specimen) :     

 

2

s
u

L
P F( )d M ( )

S

• •
= γ = γ γ  

Taking the geometry of the frame  

into account :  

( ) ( ) u
s

S � �
M � = F � cos - sin

2 22L
� �
� �
� �

 

Fig. 2. Picture frame test. (a) Experimental device. (b) Kinematics of the test 

The bias-extension test is an alternative to the picture-frame test. It consists of clamping a 

rectangular specimen of woven fabric with warp and weft directions initially oriented at 45° 

with respect to the tensile load applied by a tensile machine (Fig 3.). The initial length of the 

specimen L must be larger than twice the width � . The zone C in the centre of the specimen 

is submitted to a pure shear γ if the yarns are assumed to be inextensible. That is a correct 

assumption for the type of yarns used as composite reinforcements. This inextensibility 

imposes that the shear angle in the zone B is half the value in the central region C.   

 Fig. 3. The three zones of the bias-extension test 

D d2arccos
2 2D

� �
� �
� �

π +γ = −  (5) 

The power made through the clamping 

force, F, is dissipated in the zones B and C. 

 

   

Denoting Sb and Sc the original area of zone B and C [34, 36]: 

C B
s s

u u

S S
F( )d M ( ) M ( )

S 2 S 2

•
• • γ γγ = γ γ+        (6) 

From the geometry of the specimen this leads to: 

F 

 

�

F 

(3) 

(4) 

A A 
B 

B B 

B C 

(a) 

(b) 
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( ) ( )
u

s s
F( )DSM cos sin M2 2 2D 22D

� � � �
� � � �
� � � �

γ γ γ γγ = − − −−
�
�� �

              (7) 

A shear curve Ms(γ) measured in the case of glass plain weave is presented in Fig. 4. In the 

first part of the curve (i.e. for small shear angles), the in-plane shear stiffness is small. 
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Fig. 4.(a) Shear curve of glass plain weave, (b) relative displacement field inside a yarn 
 

For larger shear angles this rigidity increases and becomes significant. The optical field 

measurements performed within the tow show that during the first part of the loading, the 

tows rotate in a rigid body motion (Fig 4b). When the shear angle becomes larger lateral 

contacts between the yarns occur [35]. The tows are progressively compressed and the shear 

rigidity increases significantly. This increase of shear stiffness leads to wrinkling onset. The 

corresponding shear angle is called the locking angle (in order of 40°- 45° for textile 

composite reinforcements [13, 36]).  

2.4. – Biaxial tensile behaviour 
The tensile behaviour of woven material is specific mainly because of the decrimping of 

tows when they are stretched. This leads to tensile behaviour non-linearities. The fabric is 

much softer than the tow for small axial strains. Because of the weaving, the decrimping 

phenomenon in warp and weft directions are interdependent and the tensile behaviour is 

biaxial. Some biaxial tests have been developed in order to measure these properties [26-29]. 

Fig. 5 shows a biaxial tensile device using a cross shape specimen [47]. 

warp 
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Fig. 5 (a) Biaxial tensile device and (b) Biaxial tensile surface 

The measurements of tensions in warp and weft directions give two tensile surfaces T1(ε11, ε22) 

and T2(ε11, ε22) (Fig 5b. in the case of the balanced glass plain weave presented Fig. 4.) It has 

been experimentally shown that the influence of the shear angle on the tensile behaviour is 

usually weak and can be neglected [27]. 

2.5. – Bending behaviour 

      

 

Fig. 6. (a) ASTM, Standard test method for bending stiffness of fabrics [48],  
(b) A representative bending test result [39] 

The bending stiffness of textile sheets is very weak in comparison with continuous materials 

such as sheet metal or composite plates with hardened matrix. This is due to the possible 

relative motions of fibres. Consequently the relation given by the plate theory between the 

tensile and the bending stiffnesses is no longer valid. The tensile rigidities are so large in 

comparison with bending ones that a membrane assumption is often made for fabric 

deformation simulations. Nevertheless it will be shown in the examples presented below that 

the bending stiffness is important in wrinkling simulations.  

(a) 
(b) 

(a) (b) 
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Two main devices are used for the measurement of woven fabric bending properties. The 

KES-FB system [37] and the ASTM cantilever bending device developed from the work of 

Peirce [48, 49, 39] (Fig. 6a). In this test the fabric is cantilevered under gravity. The bending 

moment at the clamping section due to the weight of the fabric is related to the curvature 

calculated from the geometry of the specimen (Fig 6b).  

In the present work only the bending moments in the warp and weft directions are taken into 

account and they are assumed to only depend respectively on warp and weft curvatures  

3 – Shell finite element made of woven cells 

The three node shell finite element used in this paper is based on the simplified form of the 

principle of virtual works given in equation 1. The details of its formulation are given in [44, 

45]. It is summarized below. The tensile, in-plane shear and bending internal loads are 

separated in order to analyse their influence on wrinkling simulations. 

3.1. Dynamic equation and central difference scheme  

A finite element interpolation is introduced within the principle of virtual work (1). The 

displacement u and virtual displacement η of any point within an element is in the form: 

eu = Nu  and  eη = N�        (8) 

N is the interpolation matrix of the element under consideration and eu and e
� the single 

column matrices of its nodal displacements and virtual displacements respectively. Equation 1 

leads to: 

 ( )t s b
int int int ext 0+ + + − =Mu F F F F��        (9)  

M is the mass matrix, u is the single column matrix of the nodal 

displacements. t s b
int int int, ,F F F  are the single column matrices of the nodal internal forces 

respectively for tension, shear and bending. 

This dynamic equation can be solved using an explicit scheme (central differences): 

( )i 1 i 1 i ti si bi
D ext int int int ,+ −= − − −u M F F F F��  ( )i 1 2 i 1 2 i 1 i i 11

t t ,
2

+ − − += + ∆ + ∆u u u� � ��  
i 1 i i 1 2 it+ += + ∆u u u�  

(10) 
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There is no system to solve since MD is a diagonal matrix calculated from M [50]. This 

explicit scheme requires the time step to be small enough to insure the stability of the scheme 

[51]. It is effective for many dynamic applications and also in material forming. For the sake 

of numerical efficiency, the speed can be larger than the real one under the condition that the 

dynamic effects do not modify the solution. 

This explicit dynamic approach presents an advantage concerning the wrinkle simulation. The 

acceleration term in equation (9) avoids the instability that occurs with buckling in a quasi 

static approach. The wrinkle development shown in the examples presented in section 5 are 

directly simulated using the above explicit scheme. In the numerical scheme (10) the only 

quantities depending on the material properties are the nodal internal forces.  

3.2. Internal nodal forces 

      
Fig. 7. Three node finite element made of unit woven cells,  

A 3 node shell finite element M1M2M3 made up of ncelle woven cells is considered 

(Fig. 7). The vectors  k1=AM2  and  k2=BM3   respectively in warp and weft directions are 

defined. The internal virtual work of tension on the element (part (b) in equation 1) defines 

the element nodal tensile internal forces te
intF :   

ncelle
p p p p p p eT te

1 1 2 2 int
p 1

( ) T L ( ) T L11 22
=

ε η + ε η =� � F        (9) 

The internal tensile force components are calculated from the tensions T1 and T2: 

( )te 1 2
int 1ij 1 2ij 22 2ij

1 2

L L
F ncelle B T B T

k k

� �
= � + �

� �
� �

      (10) 

��� ���

���

��� ���

M4 
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i is the index of the direction (i=1 to 3), j is the index of the node (j=1 to 3). B1ij and B2ij are 

strain interpolation components. They are constant over the element because the interpolation 

functions in equation 8 are linear in the case of the 3 node triangle. 

The internal virtual work of in-plane shear on the element (part (c) in equation 1) defines the 

element nodal tensile internal forces se
intF :   

ncelle
p p eT se

s int
p 1

( ) M
=

γ η =� � F           (11) 

The internal in-plane shear force components are calculated from the in-plane shear moment: 

( ) ( )se
int ij sij

F ncelle B Mγ= γ        (12) 

In order to avoid supplementary degrees of freedom and consequently for numerical 

efficiency, the bending stiffness is taken into account within an approach without rotational 

degree of freedom [52, 53]. In these approaches the curvatures of the element are computed 

from the positions and displacements of the nodes of the neighbouring elements (Fig. 7). The 

internal virtual work of bending on the element (part (d) in equation 1) defines the element 

nodal bending internal forces be
intF :  

ncelle
p p p p p p eT be

1 1 2 2 int
p 1

( ) M L ( ) M L11 22
=

χ η + χ η =� � F        (13) 

The internal bending force components are calculated from the bending moments M1 and M2: 

( )be 1 2
int celle 1km 1 2km 22 2km

1 2

L L
F n Bb M Bb M

k k

� �
= � + �

� �
� �

     (14) 

3.3 Remark concerning ‘shear locking’. 

In recent years, there has been some debate on intra-ply shear locking [54, 55]. The finite 

elements for fabric forming simulation can lock (i.e. give a too stiff numerical result) if the 

fibres are not aligned with the element edges. In the present work fibres are edge-aligned in 

order to avoid this difficulty. This is possible because of the rectangular shapes of the fabrics. 

4 –Wrinkling in textile composite reinforcement forming 



  

  13 

The present study concerns forming of thin textile composite reinforcements (so called 2D 

reinforcements). The thickness is small in relation to the warp and weft lengths. 

Consequently, the wrinkling risk is high and strongly increased by the fibrous nature of the 

reinforcement. Thin structures are subject to wrinkling as their bending stiffness is much 

lower than the in-plane (membrane) one. For a given thickness, the bending stiffness of a 

woven fabric is lower than one of a plate made of a continuous material because of the 

possible sliding between its constituting fibres. The ability to develop wrinkles is thus very 

high for textile materials. Wrinkles are numerous in many forming processes, and the 

identification of the forming parameters avoiding those wrinkles in the useful part of the 

mechanical component is a key point. 

The tendency to generate out of plane deformation or wrinkle is a function of lower 

energy dissipation compared to in plane deformation. As a result the compression during 

forming process manifests itself as wrinkle (see section 5.1). The wrinkle increases the fabric 

length, therefore the strain energy corresponding to compression decreases. It is noted that in 

industrial settings compression (and thus wrinkles) can be prevented with the addition of 

forming constraints such as blank holders. These constraints apply a tension to the fibres 

which works to reduce the formation of wrinkles.  

In the case of fibrous reinforcements doubly curved shapes are obtained thanks to in-plane 

shear i.e. angle changes between warp and weft yarns. It is the primary mechanism of the 

textile forming. It uses the low in-plane shear rigidity (in comparison with the yarn tensile 

one). Nevertheless, when the shear angles become high (for example >40° for classical 

reinforcements), the shear stiffness increases because lateral contact occurs between adjacent 

yarns (Fig. 4.). A deformed shape of the fabric with wrinkles can lead to a decrease of the 

shear angles. The bending strain energy linked to the increase of curvatures due to wrinkling 

remains small with respect to in-plane shear strain energy. This leads generally to wrinkle 

onset for shear angles larger than the so-called locking angle. This locking angle has been 

highlighted from in plane shear experimental tests, especially picture frame tests [13-18]. In 
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these tests, the onset of wrinkles correspond to an angle of the frame which is called ‘locking 

angle’ and is considered in many works as a characteristic value for describing the potential 

of the fabric to be formed on a double curved surface. Some forming analyses and especially 

those based on kinematical methods compare the shear angle given by the draping simulations 

to the locking angle [19-21]. They conclude that there are wrinkles in the zone with shear 

angle larger than the locking angle. 

Nevertheless wrinkling is a global phenomenon and there is no simple relation between the 

shear angle and the wrinkles. Wrinkles are due to all strains and rigidities of the fabric 

(tension, in-plane shear and bending) and to boundary conditions. A blank holder can increase 

the tensions and consequently avoid wrinkling. 

The examples presented in section 5 confirm that in-plane shear strain state and rigidities are 

the main factor of wrinkling onset during a forming process. In addition it can be important to 

compute the shape of the wrinkles after forming in order to check that these wrinkles do not 

extend to the useful part of the preform. Many forming simulations are based on membrane 

approaches (no bending stiffness) [22-25 40-43]. It is shown in the next section that such a 

membrane assumption leads to a very large number of small wrinkles. The bending stiffness 

is necessary to compute the actual geometry of the wrinkles. When this bending stiffness 

increases, the wrinkle size increases too (and their number decreases). It is necessary to take 

the bending stiffness into account in order to check that the wrinkle do not extend to the 

useful part of the preform. 

5 –Simulation examples. Analysis of the influence of tensile, in-plane shear and 

bending rigidities on wrinkling 

The properties of the textile reinforcement considered in the different following examples 

are given in table 1. The friction coefficient is f = 0.2 in all these examples. The speed of the 

forming in the simulation is larger than the real one but it is checked that the kinematical 
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energy remains small enough to consider that the transformation is quasi-static. The size of 

the elements must be small enough in order to describe the wrinkles correctly.  

5.1. Wrinkling in compression 

Textile reinforcements are very sensitive to in plane compression loadings. Their very 

weak bending stiffness leads to buckling for small compression loads. When a woven fabric is 

submitted to compression in the yarn direction it tends to an out-of-plane deformation if this 

one is possible. The bending strain energy induced by this out-of-plane deformation is much 

smaller than the decrease of compression strain energy. 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8. Compressive deformation for 
different bending rigidities 

 

A fabric strip is considered Fig. 8a. The two edges of 

the fabric are moved closer. The prescribed displacement 

is 42.6 mm. Figures 8b,c,d show the deformed shape 

obtained for different bending rigidities (respectively 10, 

102, 103 Nmm). The size of the wrinkles increases with 

the bending stiffness. If the textile reinforcements are 

very sensitive to compression state for which buckling is 

quasi immediate, this situation is generally avoided in 

forming processes. Some tools such as blank holders are 

used in order to apply tensions and avoid compressive 

states in the fabric.  

 Initial dimensions 
of the fabric   
(in mm) 

Tensile 
stiffnesses 
(in N) 

In plane shear stiffness 
(in Nmm) 

Bending 
stiffnesses 
(in Nmm) 

Test 
5.1 

 
80 x 20  

3000  
(warp and weft) 

1000 (8b) 10  
(8c) 100 

(8d) 1000 
Test 
5.2 

150  x 150  1020 
(warp and weft)  

( ) 3 5

s
M 0.370 0.841 1.031γ = γ − γ + γ     

(9d) 0.51 
Test 
5.3 

 
330  x 330  

50 (warp) 
0.2 (weft) 

( )
( ) ( )c c

s

s

M 0.031 if 0.51rd

M 0.095 0.031 if 0.51rd

γ = γ γ ≤

γ = γ − γ + γ γ >

�
	



 
 
0.102 

Test 
5.4 

400x400 1020  
(warp and weft) 

( ) 3 5

s
M 0.370 0.841 1.031γ = γ − γ + γ  (11c)  0.15  

(11d)  1.5 
Test 
5.5 

 
900x1000 

2300  
(warp and weft) 

( ) 3 5

s
M 0.371 +0.416 2.428γ = γ γ + γ  
 

 
(12b) 0.504  

Table 1. Geometries and rigidities of the fabric blank in the tests presented in section 5. 

(a) 

(b) 

(c) 

(d) 
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5.2 Draping on an hemisphere 

The draping of a woven reinforcement on a hemisphere is considered (Fig. 9). The first 

deformed shape (Fig. 9b) is obtained only accounting for the tensile part (b) in the virtual 

internal work of equation (1). The draping is perfectly obtained without any wrinkle but the 

shear angles near the corners of the fabric are close to 90°. The obtained solution is similar to 

the one given by a fishnet algorithm. Only the axial strains due to tensions in the yarns can 

lead to a difference. But these strains are very small in the present case because there are very 

weak tensions during the draping. The second deformed shape (Fig 9c) is obtained when the 

tension (b) and in-plane shear (c) parts are taken into account in the virtual internal work of 

equation (1). The draping is performed but wrinkles appear. Those wrinkles are numerous and 

small. The third deformed shape (Fig 9d) is obtained when all the terms (tension (b), in-plane 

shear (c) and bending (d)) are taken into account. In this case too, the draping leads to 

wrinkles but they are less numerous and the deformed shape is realistic. 

 
  

  

Fig 9.  Draping on an 
hemisphere 

(a) initial geometry 
(b) Tensile rigidity only 
(c) Tensile and in-plane 

shear rigidities 
(d) Tensile + in-plane 

shear + bending 
rigidities 

(e) Isotropic membrane 

The size of the wrinkles becomes larger when the bending stiffness increases. Finally 

Fig 9e presents the deformed shape obtained when the in-plane shear stiffness corresponds to 

the one of an isotropic material (i.e. fixed by the tensile stiffness in order to have the same 

100 

150 

150 

 

(a) (b) (c) 

(d) (e) 
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axial rigidity in all the directions). In this case the draping on the hemisphere is not possible. 

The drapability of textile reinforcements on a double curved surface needs weak in-plane 

shear stiffness. 

5.3. Forming of an unbalanced fabric 

The textile reinforcement formed in Fig. 10 is very unbalanced (see table 1). The 

experimental forming by a hemispherical punch has been performed at the University of 

Nottingham. [56]. A 6 kg ring was used as blank-holder avoiding reinforcement wrinkling in 

the curved zone (Fig. 10a). The experimental shape obtained after forming is shown in Fig 

10e. In the warp direction (with the strongest rigidity) large fabric sliding is observed 

relatively to the die. On the contrary, in the weft direction (weak direction) no edge 

movement is depicted and the yarns are subjected to large stretch deformations.  

 

 
Fig. 10.  Forming of an 
unbalanced textile 
reinforcement 

(a) geometry of the tools 
(b) Tensile stiffness only  
(c) Tensile and in-plane 

shear rigidities  
(d) Tensile + in-plane shear 

+ bending rigidities 
(e) Experimental  forming  

Near the central point of the preform, squares drawn on the fabric prior to forming become 

rectangles with a length/width ratio of 1.8 (see Fig 10e). The computed shapes after forming 

are shown Fig. 10b, c, d.  In Fig. 10b, only the tensile stiffness is taken into account ((b) in 

equation 1). The dissymmetry of the shape in warp and weft direction is correctly obtained 

but there is no wrinkle. Fig. 10c shows the computed deformed shape when tension and in-

(b) 

(c) 

(d) (a) 

(e) 
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plane shear strain energies are considered (but no bending stiffness). A great number of small 

wrinkles are depicted. When the bending strain energy is added (Fig 10d), the wrinkles are 

much bigger and their shapes are in fairly good agreement with the experiment. It should be 

noted that, if the shape and number of the wrinkles are very different in the three simulations, 

the extension ratio at the centre of the hemisphere (lweft/lwarp = 1.8) is correctly computed in 

the three cases. This ratio depends on the tensile rigidities that are taken into account in all 

three cases. In contrast a fishnet algorithm that ignores the mechanical properties would lead 

to the same deformation in both warp and weft directions and the ratio in the central part 

would remain equal to 1. 

5.4. Forming with a cylindrical punch  

 

   

        

         

 

 
Fig. 11. Forming with a cylindrical punch. (a) geometry of the tools, (b) tensile stiffness only, 

(c) small bending stiffness, (d) higher bending stiffness 
 

The simulation of the deep drawing of a woven reinforcement with a cylindrical punch is 

presented Fig. 11. There are height independent blank holders (Fig. 11a). Fig. 11b show the 

computed deformed shape of the reinforcement when only the tensile stiffness is taken into 

(a) 

(b) 

(c) 
(d) 
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account. There is no wrinkle and the computed shear angles are very large. They reach 70°. 

Figure 11c and 11d show the computed deformed shape when all the rigidities are considered 

in equation 1. The bending stiffness is 0.15 Nmm in Fig. 11c and 1.5 Nmm in Fig. 11d. There 

are many wrinkles in both cases especially between the blank holders. These wrinkles are less 

numerous and their size is larger (but moderately) when the bending stiffness increases. 

5.5. Wrinkling and shear locking angle 
Fig. 12, a textile reinforcement is shaped on a tetrahedron [57] thanks to strong forces on 

blank holders (similar to those presented in Fig. 11a). There is no wrinkle in the tetrahedral 

part of the preform, but there are many wrinkles in the plane zone. In zone A (Fig 12a), the 

shear angles are very large (close to 60°) and larger than the locking angle of the textile 

reinforcement (40°). This is possible thanks to strong tensions in the fabric due to the blank 

holders. On the other hand there are many wrinkles in the plane part of the preform where the 

shear angles are much smaller but where the tensions are weaker too. The simulation is in 

agreement with these points.  

 

This example clearly shows that the comparison of the shear angle to the locking angle is not 

sufficient to predict wrinkling. The wrinkles are the result of a global mechanical problem 

(such as written in equation 1). Adequate tensions due to blank holders may lead to large 

shear angles without wrinkling. 

 

 

Zone A, γ=60° 

Fig. 12. (a) Experimental shape and zone A where γ=60° [55] (b) Numerical simulation 



  

  20 

6 – Conclusions 

Wrinkling of textile reinforcement during forming processes has been analysed using a 

simplified form of the internal virtual work where the tension, in plane shear and bending 

parts are separated and related to load resultants on a unit woven cell. Taking one two or the 

three parts of internal virtual work into account, the influence of the in-plane shear and 

bending stiffnesses have been analysed. Forming double curved parts requires large shear 

angles that lead to an increase of the in-plane shear stiffness and consequently frequent 

wrinkling. Nevertheless the onset and growth of wrinkles is a global phenomenon that 

depends on the set of all strains and stiffnesses. Especially blank holders can create tensions 

that avoid wrinkling even for large shear angles.  

Bending stiffness plays a main role in the shape of wrinkles. This rigidity must be taken into 

account in the simulations in order to verify that wrinkles do not extend to the useful part of 

the preform. This is not possible when the simulation is based on a membrane approach.  

The quality of the wrinkle simulation depends on the mechanical properties that are taken into 

account.  Some assumptions are made in the present work such as the independence of the in-

plane shear and bending rigidities on the tension state. Similarly the twist term is neglected in 

bending stiffness. Some further experimental data on these points will be taken into account 

in the internal virtual work in order to improve the wrinkle simulations. 
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