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The prediction of yarn buckling and distortions require detailed modelling of the fabric and yarns deformations on the meso-level (level of the interlacing structure). 
In the current research, computationally viable meso-level simulation is achieved by coupling continuous macro draping simulation with a local meso-modeling in 
the location where the defects are expected to occur. The macro-simulation uses a membrane-shell continuous model of the fabric. A hyperelastic constitutive model 
for the yarns (Charmetant – Boisse) is used in the meso-mod-elling. The model parameters are identified and validated in independent tension, shear, compaction and
bending tests of the yarn and the fabric. The simulation reproduces local yarn slippage and buckling, e.g., the yarn distortion on the 3D mould corner. The simulations 
are compared with the local fabric distortions observed during draping experiments for two carbon plain weave fabrics (12K carbon-fibre tows and with spread tows) 
on a hemispherical and on a box-shaped moulds.

1. Introduction

Several defects can occur during draping of a textile reinforcement

over a mould. Wrinkling, the most severe of these defects, can be de-

tected in continuous simulations of the draping process, see the recent

review [1]. Apart from the wrinkling, yarn buckling and distortions of

the yarn interlacing during draping can be of serious consequence for

the local properties of the consolidated composite part and affect its

load-carrying ability. During draping of a reinforcement fabric over a

3D mould there always exist “problem” locations: e.g., corners, edges,

double-curvature spots, regions of high curvature, and negative cur-

vature. Whether such a location creates a problem also depends on the

stresses and especially on the tensions. The preform deformation in the

regions of “easy” draping, low-to-medium curvature can be simulated

with good precision in draping simulations, if an appropriate and suf-

ficiently detailed constitutive model of the fabric is used. This predic-

tion includes local fabric shear and wrinkling. When it comes to the

“problem” locations, then the main assumption of the draping simula-

tions, namely that the preform can be considered as a membrane/shell

with certain continuous laws of the shear, tension and bending/torsion

deformation resistance, loses its validity – just because the radii of

curvature become comparable with the structural scales of the re-

inforcement – yarn spacing and yarn width. This situation asks for

modelling to be on the meso-scale, i.e., replacement of a continuous

description of the preform with the detailed structure of the yarns in-

terlacing in the preform, accounting for differences in the local de-

formation conditions. Such simulations cannot be reduced to meso-si-

mulations of a textile unit cell. The latter normally assumes periodic

boundary conditions and is suitable for identification of the macro-scale

fabric constitutive laws based on meso-scale fabric structure and yarns

behaviour [2–4], rather than for modelling of the local fibrous structure

distortions, which by definition are not periodic.

The last decade saw an advent of modelling of macro-scale draping

problems with full representation of all yarns in the fabric, which can

be labelled “large scale meso”: meso-scale models which go beyond a

unit cell representation of a textile structure. These are models on non-

crimp (multi-layered warp-knit stitched) fabrics [5,6], braids [7] and

woven fabrics [8]. Large-scale meso-models are, of course, the most

representative; they, however, naturally demand significant computa-

tional resources and require days of calculations even on CPU clusters,

which can be prohibitive for their practical use for the draping strate-

gies selection.

A way to handle the computational enormity of a large scale meso-

problem can be the introduction of local modelling on the meso-scale,

i.e., replacement of a continuous description of the preform with the

detailed structure of the yarns interlacing in the preform at certain
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locations, with the boundary conditions for the meso-problem taken

from the local strain state predicted by the macro-model. The authors

will nickname such an approach a “macro-meso zoom” (MMZ) calcu-

lation. Such simulations were proposed as a general approach for solid

mechanics [9–12], mechanics of heterogeneous media [13,14], were

used for modelling of consolidated composites (see the pioneering work

[15] and a general description of the approach in [16]). To the authors’

knowledge, the MMZ modelling has not yet been attempted for forming

problems, most probably due to the complexity of the nonlinear ma-

terial models.

This paper presents a demonstration of the MMZ simulation for two

plain-weave carbon fabrics, very different in their parameters: one

fabric is woven of conventional 12 K carbon tows, whilst and the other

contains spread 12 K tows, which leads to a difference of the fabrics’

areal density of more than two times. Therefore, apart from the proof-

of-concept of the macro-meso-zoom draping simulations, the presented

experimental results and the simulations may be of interest in view of

the importance of thin ply laminate design [17]. The MMZ numerical

simulations use membrane – shell representation of the nonlinear fabric

constitutive behaviour in the macro-simulation [18,19], and Charme-

tant – Boisse hyperelastic model [20] for the yarns in meso-analysis; the

fabric geometrical models are created with WiseTex [21,22]. The cal-

culated local distortions of the yarns are compared with the experi-

mental observations for draping on a hemispherical and a box-shaped

moulds.

2. Fabrics and moulds. Draping experiments

Table 1 shows parameters of carbon-fibre fabrics used in experi-

ments and in the modelling. A geometrical model of the fabric, shown

in Table 1, was created using WiseTex software [21] and transferred to

Abaqus/Explicit as described by Lomov et al [22]. This model was the

basis for the meso-model comprising several unit cells. The parameters

of the model (ends/picks count, yarn width and thickness) are as shown

in Table 1; the fabrics are balanced, hence the crimp of the warp and

the weft is the same; the yarn cross section shape was assumed to be

elliptical. The WiseTex geometrical model has certain yarn inter-

penetrations, which were handled by solving the contact problem in

Abaqus/Explicit.

The draping experiments (see Fig. 1a) were performed as follows.

After the fabric was placed over the mould with fixed corner points,

where the fabric is fixed with double-sided tape (cf. images of the Fabric

After the draping in Fig. 2), the acrylic plate over the fabric was moved

down with steps of 10mm, and the fabric deformation at each step was

captured with a camera. The moulds, a hemispherical (radius 60mm)

and a box-shaped (four different radii of the corners, 10, 20, 30 and

40mm) are shown in Fig. 1b, c.

The aim of the test was to provide information of the local de-

formations of the Fabric and the yarns. The typical results of the tests

are shown in Fig. 2. The characteristic local distortions of the yarn are

the yarn buckling and slippage of the yarn. These distortions are more

evident for Fabric B.

The yarn buckling is out-of-plane. When compressed and im-

pregnated, these buckles will be flattened, leading to the local severe

fibre misalignment, thereby downgrading the local stiffness and the

strength of the composite. Yarn slippage creates wide gaps between the

yarns, which will become resin-rich pockets in the impregnated com-

posite. Such pockets can be initiation sites for matrix cracking, as this is

the case with non-crimp fabrics [23,24].

Fabrics A and B have very different yarn widths: spread yarns in

Fabric B are 2.5 times wider than in Fabric A, and almost three times

thinner; accordingly, areal density of Fabric B is 2.3 times lower than

that of Fabric A. The local distortions behaviour of the two fabrics re-

flects this difference in their architecture.

Fig. 2a shows forming test results on the hemispherical mould.

Fabric A can be formed without local distortions such as yarn buckling

and yarn slippage. Fabric A consists of non-spread yarns with relatively

large crimp and high areal density of fabric, which means that the

binding force between yarns is sufficiently strong to prevent yarn

slippage. The absence of yarn buckling can be attributed to the small

width of the yarns (3mm, see Table 1) and to their crimp. Yarns be-

tween the woven intersections have to accommodate the mould cur-

vature; on a small distance this accommodation means small displace-

ment of the crimp interval ends; the associated buckling is “absorbed”

by the already existing crimp of the yarn. On the other hand, Fabric B

consists of spread yarns with small crimp and low areal density. As

shown in Fig. 2a, Fabric B forms clear local distortions during draping

on the hemispherical mould, which are mainly yarn buckling. The

Table 1

Fabric parameters.

Parameter Fabric A Fabric B

Specified in the data sheet

Yarn and fibre type Carbon T700S 12K Carbon T700S 12K spread

Weave Plain Plain

Ends and picks count, yarns/cm 2.95 1.28

Areal density, g/m2 480 210

Measured

Yarn width, mm 3.00 6.75

Yarn thickness, mm 0.323 0.126

Crimp, % 0.6% <0.1%

Fabric image

WiseTex model
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buckling is possibly a result of the impossibility of the relatively large

(yarn width of 6.75mm, see Table 1) flat (because of low crimp) ele-

ments of the fabric to conform to the curvature of the mould. Notice-

ably the local buckling happens in the regions of low shear angle of the

fabric, where the main deformation mode is the yarn bending rather

than shear and lateral compression. The buckling zone is a zone where

the yarns are in transition from one high shear region to another. The

yarns are constrained laterally, hence elongation of the yarns, pre-

scribed by their out-of-plane movement during draping, cannot be

freely compensated by their shear. Hence the yarns are forced to de-

viate from the fabric surface thereby creating a buckle. Harrison et al

[25] have noticed the same phenomenon of buckling promoted by

wider yarns.

Fig. 2b shows forming test results on the box-shaped mould. Fabric

A can be formed without local distortions in spite of high curvature of

the corners. Of course, micro slippage and buckling of yarn could occur,

but clear local distortions are not seen. On the other hand, the Fabric B

develops yarn slippage and yarn buckling on the corners of the box. The

buckling is explained by the same factors as with the hemisphere (in-

tensified because of higher curvature). Yarn slippage and the creation of

gaps between the yarns is explained by the need for the fabric to ac-

commodate the increased width occupied by a given number of yarns

over the surface of the mould in comparison with the corresponding

width in the flat fabric. The same number of yarns has to be distributed

over increased width. With the high crimp and the high areal density of

Fabric A, the slippage is resisted by the friction forces between yarns.

The width increase is forced to redistribute over number of yarns,

which is high enough to create no noticeable gaps. In flat Fabric B, the

yarns are not well fixed in their positions and slip easily; the width

increase is hence accommodated locally and a gap is created.

The MMZ simulation in the present paper reproduces the buckling

and splitting modes of the yarn distortion on the two moulds and the

observed differences between the behaviour of the two fabrics.

3. Constitutive models and the identifying experiments

3.1. Constitutive model for the fabric

The macro-draping model, proposed by Nishii et al. [18,19], was

implemented in ABAQUS/Explicit. The model utilises the membrane –

shells description of the fabric, with a membrane responsible for the in-

plane deformation resistance (tension and shear) and two offset shells

defining the bending resistance of the fabric (see the schematics in

Fig. 3). The parameters of the model are defined as follows:

– Membrane: tension and shear resistance as defined by the experi-

mentally measured curves (Fig. 4). Coupling between tensile and

shear behaviour [26,27] is not taken into account in the present

simulations.

– Offset shell: Young’s modulus is calculated as

=
+

E B
t d t

48

(48 )
shell f 2 2

where Eshell is Young’s modulus of shell, Bf is bending stiffness of fabric,

t is thickness of Fabric and d is offset distance of shell.

The model was identified in uniaxial-tension, bias-extension and

bending tests of the Fabric As follows (the equivalence of the warp and

weft direction tension and bending deformation resistance for was

checked experimentally and the difference was found to lie well within

the data scatter).

Uniaxial tension tests were done using the method described in

[28,29]; The gauge length of specimens was 50mm and the width of

specimens depended on a type of fabric: for Fabric A, the width was

selected such that the specimens contain 8 warp yarns; for Fabric B the

number of yarns was 5. The test setup and typical stress-strain curve are

shown in Fig. 4a. The lower stiffness of Fabric A may be explained by its

higher crimp.

Bias extension tests were done for identifying shear parameters for

the macro-draping simulation, as described, for example, in [30]. The

bias-extension setup and test results are shown in Fig. 4b. The shear

tests were done up to appearance of wrinkling; the curves used for the

calculations were linearly extrapolated (as shown in Fig. 4b). Fabric B

has much higher (100 times higher shear resistance) shear deform-

ability than Fabric A, indicating easier movement of yarns in Fabric B.

The cantilever test [1,31] was applied to identify the bending

parameters. The test setup and test results are shown in Fig. 4c. Fabric A

has about two times higher bending stiffness than Fabric B, which may

be explained by higher weaving density of Fabric A and its higher

crimp, as theoretised in [32].

Friction coefficient tool-fabric of 0.2 was identified using KES-F

equipment.

3.2. Constitutive model for the yarns

For the yarns, the hyperelastic model of Charmetant-Boisse [20]

was used. The yarn is assumed to be a transversely isotropic material.

G̲1is the unit vector in the fiber direction and = ⊗G G G̲̲ ̲ ̲1 1 1 the asso-

ciated structural tensor. The second Piola – Kirchhoff stress tensor S̲̲

derives from a potential w of the Cauchy–Green deformation tensor C̲̲

which, in the case of transverse isotropic materials, depends on the

following invariants [33,34]:

= ∂
∂

=S
w

C
w w Tr C Tr C Det C Tr C G Tr C G̲̲ 2

̲̲
( ( ̲̲ ), ( ̲̲ ), ( ̲̲ ), ( ̲̲ · ̲̲ ), ( ̲̲ · ̲̲ ))2

1
2

1
(a)

In the case of a yarn made of parallel fibres the potential wwas

written as a function of the invariant of elongation Ielong, compaction

Icomp, distortion Idistand longitudinal shear Icis. These invariants, called

‘physical invariants’ are used because they represent the deformation

modes of the yarn and because they are measured during identification

tests. Their relation with the invariants of Eq. (a) are summarised in

Table 3. The stress S̲̲ is derived from the potential w in which the

cba

Fixed point for fabric 

Fig. 1. The draping experiment: (a) setup, moulds: (b) hemispherical; (c) box-shape. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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contributions of each deformation mode are decoupled:

= + + +w w I w I w I w I( ) ( ) ( ) ( )total elong elong comp comp dist dist cis cis (b)

⎜ ⎟= ⎛
⎝

∂
∂

∂
∂

+
∂
∂

∂
∂

+ ∂
∂

∂
∂

+ ∂
∂

∂
∂

⎞
⎠

S
w

I

I

C

w

I

I

C

w

I

I

C

w

I

I

C
̲̲ 2

̲̲ ̲̲ ̲̲ ̲̲
total

elong

elong

elong comp

comp

comp dist

dist

dist cis

cis

cis

(c)

The hyperelastic constitutive law is determined when the potentials

a

b

Fabric A 

Fabric B 

Fabric A 

Fabric B 

Fig. 2. Typical results of the draping tests: (a) hemispherical mould; (b) box-shaped mould. Local yarns distortions: b – buckling, s – slippage. (For interpretation of

the references to colour in this figure legend, the reader is referred to the web version of this article.)
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of extention welong, compaction wcomp, distorsion wdist and shear wcis are

fixed. They are chosen according to the experimental tests and for

convexity reasons. The potentials used in the present work and para-

meters identified for Fabric A and B are given in Table 2. The reader is

referred to [35] for detailed description of these deformation modes.

These parameters, which are related to elongation, compression,

distortion and longitudinal shear on a single yarn, were identified by

experiments and simulations as follows.

Elongation parameters are directly identified from the tensile test

of single yarns taken out of the fabric (Fig. 5a). The gauge length was

200mm and the strain rate was 2.0 mm/min. Because yarn breakage is

not considered, the linear part of the curves is shown. The stiffness of

the yarns taken from Fabric A is lower than the yarns out of Fabric B,

probably due to remaining crimp, as shown in Fig. 5a. Note a small

nonlinearity of the Fabric A curve, absent in the Fabric B case. This

feature is not relevant to the tensile deformation of small segments of

the yarn. Because of that the theoretical value of 108.5 kN for the yarn

stiffness was adopted for yarns in Fabric A and Fabric B.

Compressive parameters were defined by compression test on

single yarn [36,37]. Fig. 5b shows the test results of compression testing

on yarns from each fabric. The length of the compressed yarn (diameter

of the compressive platen) was 70mm. The non-spread yarns from

Fabric A were much more easily compressed than the thin and flat

spread yarns from Fabric B. The compression parameters for meso-scale

simulation were identified by curve fitting to stress-strain curve which

were converted from compressive force – thickness curve, the resulting

parameters shown in Table 2. The difference in compressibility of the

yarns between the two fabrics is reflected in the compressive stiffness

Kcomp.

The distorsion invariant Idist measures the change of angle of the

basis vectors in the transverse section of the yarns. The distortion

parameters are difficult to identify directly. Because transverse com-

pression involves yarn distortion, it is possible to identify the distortion

parameters by inverse identification based on a fabric compression test.

This was done with simulation of the fabric deformation in an FE model

and finding the parameters reproducing the test results in the best. With

the compression behaviour of the yarns identified, the transverse

compression diagram of the fabric is fitted by variation of the distortion

parameters. Elongation and longitudinal shear of the yarns was ne-

glected. The process is illustrated in Fig. 5c, and the resulting para-

meters shown in Table 2.

Longitudinal shear parameters were also defined using inverse

identification based on uniaxial tensile testing on fabrics (Fig. 5d). The

load-displacement diagrams up to 50-N load for Fabric A and Fabric B

are shown in Fig. 4d. The initial behaviour of a woven fabric under

tension test is nonlinear due to yarn crimp in the fabric. Naturally the

nonlinear range of Fabric A with large crimp in the tensile test is wider

than that of Fabric B with small crimp. Assuming the adopted para-

meters for the elongation, the longitudinal shear parameters for the

yarn were identified by fitting the results of ABAQUS/Explicit simula-

tion of the uniaxial tension test to the experimental load-elongation

diagram of the fabric. The process is illustrated in Fig. 5d, and the re-

sulting parameters shown in Table 2.

Friction coefficient for the yarns was set as 0.2, following [38].

4. Results and discussion: Macro-simulation of draping

The macro-draping simulation used boundary conditions, which

represent the actual interaction of the acrylic plate, the fabric and the

mould (Fig. 6a). The macro-simulation for the homogenised fabric

model exhibited a distribution of shear angle over the fabric and the

development of wrinkles around the mould (Fig. 6b–e).

The following features can be noted in the macro-simulation for the

hemispherical and box moulds.

Fig. 6b, c show macro draping simulation results of Fabric A and B

on the hemispherical mould. Both fabrics can follow the mould curved

shape and be formed without wrinkles. The maximum shear angle on

the mould surface, close to the base of the hemisphere, reaches rela-

tively high values at the final draping position of 43.5° for Fabric A and

47.2° for Fabric B. In spite of these high values, there are no wrinkles on

the mould surface. The out-of-plane deformations of the blank outside

the hemisphere are slightly larger for Fabric B than for Fabric A, which

probably is explained by lower bending rigidity of Fabric B.

For the hemispherical mould, the qualitative features of the draping

and the shear angles on the mould surface correspond well to the ex-

perimental observations. The final shape of the blank and wrinkling

pattern off the mould are quite close for fabrics A and B and do not

point to differences in the local distortions for the two fabrics, as dis-

cussed above and shown in see Fig. 2a.

Fig. 6d, e show macro draping simulation results of Fabric A and B

on the hemispherical mould. At the 10-mm and the final draping po-

sitions wrinkles are seen on the corners with small (10mm and 20mm)

radii for the both fabrics; these wrinkles for Fabric B are smaller and

more numerous than for Fabric A. The wrinkles can indicate a potential

for local distortions, but macro-simulations do not capture on one hand,

conformity of Fabric A to the corners, and on the other hand, local

distortions of Fabric B at the corners seen in experiments (Fig. 2b). The

simulated wrinkles on the corners were not stable when the element

size was changed. This instability can be interpreted as an indication of

a behaviour that is not representable by the macro simulation and the

Neutral axis for bending

Fig. 3. Schematics of the fabric constitutive model [18,19].

5



Acc
ep

te
d 

M
an

us
cr

ip
t

need for detailed meso-modelling.

As a trial exercise, a large-scale meso-model for Fabric A was cal-

culated. The result is depicted in Fig. 7a. This calculation took over

10 days of calculation (computer with four CPUs Xeon E5-2690v4,

2.6 GHz and memory size of 16 GB), which clearly prohibits the prac-

tical use of such models. It, however, provides a reference case for the

macro- and MMZ-simulation.

In the large meso-scale simulation for Fabric A, small wrinkles ap-

pear, which are not predicted in the macro-scale simulation (Fig. 7b).

These slight misalignments or small wrinkles in the region of the

highest shear near the base of the hemisphere are of the scale of the

yarn cross section size and are not seen clearly during the experiment,

as they affect only the shapes of the yarn surface, which is difficult to

see without cross sectioning.

Fig. 7c, d compare the results of macro-draping and large meso-

draping simulation for Fabric A on the hemispherical mould. Fig. 7c

depicts vertical positions on the wrinkled outer portion of the blank,

and Fig. 7d shows shear angles on the mould at the 10-mm position

Fig. 4. Identification of the constitutive model of the fabrics, the error bars show scatter (min to max) of the curves: (a) fabric tension; (b) bias extension (the dashed

lines show extrapolation of the measured curves); (c) bending. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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from mould surface.

Clear wrinkles which occurred in the outer portion of the blank can

be seen in both macro-draping and large meso-draping simulation re-

sults (Fig. 7c). In macro-draping and large meso-draping simulation, the

wrinkles are essentially the same profile. Large meso-draping predicts

almost no wrinkle near 0° and 90° directions of the blank (points 0mm

and 220mm of the profile); macro-draping shows a wrinkle of about

3mm depth at these points. Experimental observations (Fig. 2a) agree

better with the large-scale meso-draping.

Fig. 7d shows the comparison of shear angle distribution along a

path on the mould in macro-draping and large meso-draping. There is

no significant difference in the profiles; large-scale meso-draping pre-

dicts shear angles in the most deformed region higher by about 3°, and

more symmetric curve (hence closer to expected fully symmetrical so-

lution). The latter points to good stability of the meso-scale simulations.

These comparisons, apart from pointing out the additional features

of deformation predicted by large-scale meso-draping model, show that

the macro-draping simulation can be used for extraction of boundary

conditions for MMZ modelling.

5. Results and discussion: Macro-meso zoom simulation of

draping

The meso-calculations used the boundary conditions obtained from

the macro-calculations. The displacements along the edge of the meso-

“patch”, were extracted from the macro-calculation results along the

path corresponding to the edge. The yarns in the meso-calculation are

also under contact conditions with the mould and the acrylic plate.

5.1. Computational resources

To compare calculation cost of the macro-, large scale meso- and

MMZ-draping simulations, the calculations in the same computing

configuration were done for Fabrics A and B on the hemispherical

mould: computer with four CPUs (Xeon E5-2690v4: 2.6 GHz) and

memory size of 16 GB. Table 3 shows the comparison of total CPU time

among the calculation cases. In all cases 10 times mass scaling was

used.

The macro-scale simulation takes 36min for Fabric A and 31min for

Fabric B (both models have the same number of elements). Large meso-

scale simulation for Fabric A took around 11 days (the same computing

configuration), which is prohibitive for practical purposes, and did not

converge for Fabric B.

It took around 44 h (2 days, 1/6 of the large scale meso-draping

time) to complete the MMZ simulation for Fabric A and 15 h for Fabric

B. The size of meso-patch for Fabric A and B was almost same (around

80mm×80mm), but the number of elements for Fabric B was much

smaller than that of Fabric A, because of the rougher woven structure of

Fabric B. This lower number of elements explains the smaller calcula-

tion time for Fabric B. These times are still considerable, but tolerable

(as proclaimed by draping technology designers) for investigation of

“problem” locations on the mould.

In the present research we did not investigate how the calculation

time would change with change of the computing configuration, for

example, with the number of CPUs. This is the subject of the on-going

work.

5.2. MMZ, hemispherical mould

Fig. 8 shows results of MMZ simulations of the fabrics draping on

the hemispherical mould (the meso-region shown in Fig. 8a, calculated

meso-deformation in Fig. 8d, e) in comparison with the experimentally-

observed configurations (Fig. 8b, c). The MMZ simulation for Fabric A

(Fig. 8d) shows no local yarn buckling or other distortions. This result

corresponds well with the experimental observation (Fig. 8b) and is the

same behaviour as seen in large-scale meso-simulations. MMZ simula-

tion for Fabric B (Fig. 8e) shows yarn buckling with the same pattern as

observed in the experiment (Fig. 8c). As in the experiment, the buckling

happens in the low-shear-angle zone of the draped fabric. Note that

when macro-draping simulations are performed in a simple kinematic

Table 2

Parameters of the constitutive model for the yarns.

Deformation mode Physical invariant and the corresponding potential Identification test Identified parameters

Parameter Fabric A Fabric B

Elongation =I Iln( )elong
1

2 4

=w I K I( )elong elong elong elong
1

2
2

Yarn tension, stiffness defined as stiffness of the fibres Kelong, kN 108.5 108.5

Compression = ( )I lncomp
I

I

1

4

3

4

= >w I
K I

I
( )

| |

0 if 0
comp comp

comp comp
p

comp

Yarn compression, direct curve fitting Kcomp, MPa

Pcomp

0.87

1.20

1.25

1.84

Distortion

=
⎛

⎝

⎜
⎜
⎜+ ⎛

⎝
⎞
⎠

−

⎞

⎠

⎟
⎟
⎟

−

−
I ln

1
dist

I I I

I I

I I I

I I

1

2

1 4 5

2 3 4

1 4 5

2 3 4

2

=w I K I( )dist dist dist dist
1

2
2

Fabric compression, inverse parameters fit of the

compression diagram

Kdist, MPa 0.6 0.6

Shear = −I 1cis
I

I

5

4
2

=w I K I( )cis cis cis cis
1

2
2

Fabric uniaxial tension, inverse parameters fit of the force-

displacement diagram

Ksh, MPa 5 2

Table 3

Calculation cost, hemispherical mould.

Type of simulation Total CPU time

Fabric A Fabric B

Macro scale 36min 31min

Large meso scale 258 h No convergence

MMZ 44 h 15 h
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Fig. 5. Identification of the constitutive model of the yarns: (a) yarn tension; (b) yarn compression; (c) fabric compression, fit for the yarn distortion model; (d) fabric

uniaxial tension, fit for the yarn longitudinal shear model. Average curves are shown. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

8



Acc
ep

te
d 

M
an

us
cr

ip
t

modelling only the high-shear-angle regions attract attention, as the

places where wrinkles are likely to appear.

In more elaborate mechanical FE simulations, the wrinkles, the

tensions in the yarns, and all mechanical quantities (of a continuous

model) can be analysed. However, the draping is represented by the

fabric mid-surface. The MMZ simulation represent all effects of yarn

constraint during the draping (discussed in Section 2).

Fig. 5. (continued)
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Fig. 6. Macro-simulation setup: FE model configuration for the hemispherical and the box moulds (a); two stages of the fabric deformation on the hemispherical and

box moulds, Fabric A (b, d) and Fabric B (c, e): acrylic plate moves 10mm down from the mould top and the final position. Several highly distorted elements (shear

angle over 85°) are excluded from the plot (d). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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c 

d 

Small wrinkle 

Small wrinkle 

Fig. 7. Large scale meso-simulation, Fabric A on hemispherical mould: (a) a general view of the draped fabric; (b) zoom-in of the region around hemisphere, (c)

Comparison of wrinkle profiles (d) Comparison of the distribution of shear angle. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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b

b

b
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b

b
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c

Fig. 8. MMZ simulations for the hemispherical mould in comparison with the experimental draping: (a) the meso-zoom region; test results, Fabric A (b) and B (c);

meso-zoom simulation, Fabric A (d) and Fabric B (e). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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5.3. Box mould

Fig. 9 shows results of the MMZ simulations of the fabrics draping

on the box mould in comparison with the experimentally-observed

configurations. The MMZ region is defined in the corner of the box with

the radius of 20mm.

The MMZ models show the same defect patterns as in the experi-

ment. There are two types of defects: yarn buckling and yarn slippage,

R10

R20

R40

R30

s

s

b

b s

s

s

s

a 

cb

d 

e 

b

b

Fig. 9. MMZ simulations for the box mould in comparison with the experimental draping: (a) the meso-zoom region; test results, Fabric A (b) and B (c); meso-zoom

simulation, Fabric A (d) and Fabric B (e). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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both much more prominent for Fabric B.

The buckling is caused by the same lateral constraints for yarn de-

formation as were discussed for the hemispherical mould in the pre-

vious section. It is almost not seen for Fabric A, however, certain dis-

tortion of the yarns are noticeable in Fig. 9d. For Fabric B, buckling is

evident in the experiment (Fig. 9c) and the calculations (Fig. 9e); the

positions of yarn buckling in the experiment and the calculations are

the same.

The yarn slippage is a result of high local draping deflection of the

fabric on a corner with a small radius of curvature of 20mm. This ra-

dius is comparable with the dimensions of the yarns; local increase of

the draped surface of the fabric forces the yarns to move away one from

another. Gaps between the yarn are seen even for Fabric A (Fig. 9d);

however, high crimp and connectivity of the yarns in this Fabric and

tighter placement of the yarns prevent slippage. On the contrary, for

Fabric B the gaps are large (Fig. 9e), as they were in experiment

(Fig. 9c): low crimp and flat yarn shape allow “sliding” on a high-cur-

vature mould corner. With the correct representation of the gaps, the

MMZ simulation gives additional (in comparison with the macro-si-

mulation) information on the change (decrease) of local fibre volume

fraction in the preform.

6. Conclusions

The feasibility and usefulness of the macro-meso zoom (MMZ) si-

mulations of the woven fabric draping were demonstrated. The MMZ

calculations reveal the characteristic features of the yarns local de-

formations and defects of the draping. These features are not present in

macro-calculations by the very nature of the material approximation as

a continuous medium. Macro-meso coupling allowed incorporation of

the local features in the full-scale forming simulation. MMZ models of

both the hemispherical and box moulds draping represent well (1) the

differences in behaviour of Fabric A (high crimp, high areal density,

thick yarns) and Fabric B (low crimp, lower areal density, spread

yarns), hence is sensitive to the details of the fabric construction and (2)

localisation and character of yarn buckling and slippage, hence is sen-

sitive to local details of the yarn deformation.

In general, MMZ simulations:

– represent local features of the fabric deformation, e.g. yarn buckling

and yarn slippage, which would create a defect in the composite part

after impregnation and consolidation;

– allow estimation of the change of the local fibre volume fraction of

the preform due to the slippage and change of the yarn shapes and

fibre directions due to the buckling;

– calculate these additional draping features on a computational cost

which is not prohibitive for practical calculations and is several

times smaller than that of large scale meso-calculations.
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