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Abstract
The production costs of aircraft primary structures made of carbon fibre reinforced poly-
mer (CFRP) are significantly higher than for comparable metal-based structures. Today 
substantial effort is made to achieve a sufficient reproducibility and parts’ quality in manu-
facturing processes of CFRP structures. Especially the sub process vacuum bagging for 
infusion processes is still expensive. One of the reasons is the complex positioning of the 
flexible auxiliary materials which have to be stacked on the preform. During the position-
ing on doubled-curved surfaces these materials tend to form wrinkles, which can lead to 
defects of the composite part. Yet, a defined description of the wrinkling behavior of the 
auxiliary materials on doubled-curved surfaces does not exist. In this work a characteriza-
tion of the wrinkling behavior on doubled-curved surfaces is investigated for the auxiliary 
materials of the Vacuum Assisted infusion Process  (VAP®): release film, perforated peel 
ply, flow media, membrane and vacuum foil. Therefore, an experimental test method is 
derived similar to established hemisphere deformation test methods. The wrinkling behav-
ior for the specific VAP auxiliary materials is empirically determined on differently curved 
surface geometries. It is shown that the draping behavior can be characterized by partial 
wrinkle-free surfaces between the wrinkles. A material specific threshold is derived to 
determine the appearance of wrinkles. The work shows that a characterization of the drap-
ing behavior of auxiliary materials on doubled-curved surfaces is possible. With the gained 
knowledge the potential for an increase of the vacuum bagging reproducibility is given.
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1 Introduction

Within the last decades the fraction of composite parts within the structure of aircraft 
increased. Primary structures of the Airbus A350 [1], the Boeing 787 [2] and the Airbus 
A220 (former Bombardier CSeries) [3] are manufactured using high performance com-
posite parts. One of the established manufacturing processes in industry is a resin infu-
sion process, the Vacuum Assisted Process  (VAP®) [4–6]. The  VAP® is used in series 
production of the rear pressure bulkhead of the A350 [7], the wing of the Irkut MS21 
[8] and Airbus A220 [9]. A process to produce an infused composite part is subdivided 
in dry fibre preforming, vacuum bagging, resin infusion and consolidation in a fur- 
nace [10]. This article focuses on the vacuum bagging process, in which research work 
was done to improve, simplify or automate the process. The main function of the vac-
uum bagging is to encapsulate the preform on the tooling. Vacuum, when applied to the 
preform enables to infuse the preform with liquid resin. In order to achieve an adequate 
evacuation of the preform, the vacuum bagging has to provide a sufficient permeability 
and areal air out-flow. Additionally the vacuum bagging has to ensure a defined surface 
of the composite part. Wrinkles in the vacuum bagging materials are symptomatic for 
the vacuum bagging process. The amount of wrinkles increases with the complexity of 
the parts’ shape. In Fig. 1 a typical wrinkle arrangement is shown for the vacuum foil. 
The arrangement is performed manually and therefore a high amount of effort is needed 
to arrange and control the wrinkle pattern to achieve a sufficient quality.

The wrinkles can lead to critical defects of the composite part. A reduction of wrin-
kles would increase the process robustness and therefore reduce production costs, espe-
cially for complex shaped composite parts. A prediction method of wrinkles and wrin-
kle free areas would allow the development of wrinkle reduction strategies and most 
likely enable automation solutions for vacuum bagging. But a method or simulation to 
predict the draping and wrinkling behavior of the specific auxiliary materials based on 
the preform shape does not exist yet.

Fig. 1  Wrinkling arrangement during vacuum bagging
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2  State of the Art

To perform a vacuum bagging several layers of auxiliary materials need to be stacked on 
the preform and tooling. After stacking the vacuum bag is sealed and vacuum is applied. 
Thus the auxiliary materials are compressed and draped to the preforms surface shape. The 
vacuum bagging for the  VAP® can be separated and classified as an inner vacuum bag and 
an outer vacuum bag (see Fig.  2). The sequence of the auxiliary materials for the inner 
vacuum bag is peel ply (PP), release film (RF) and flow media (FM). The sequence of the 
auxiliary materials for the outer vacuum bag is semipermeable membrane (M), distribution 
media (DM) and vacuum foil (VF) [12].

Auxiliary Materials Each of the auxiliary materials has a specific function in the vacuum 
bagging process, see following listing:

• Peel ply ensures that the parts surface is properly impregnated with resin and it creates 
an uniform surface structure for following processing steps, e.g. assembly processes

• Release film enables the demolding of the auxiliary materials after curing without 
removing the peel ply. The release film is uniformly perforated to allow the resin flow 
during the infusion process

• Flow media has a high permeability related to the preform even if vacuum is applied. 
Therefore flow media is used to increase the infusion velocity of the resin which is 
inevitable to infuse large composite parts

• Semipermeable membrane is permeable for the air flow but blocking for resin. The 
semipermeable membrane enables the evacuation of the preform over its entire top sur-
face. The application of a semipermeable membrane in the  VAP® is the key difference 
to most of the other infusion processes

• Distribution media has a high permeability related to the preform even if vacuum is 
applied. Therefore distribution media is used to enable a sufficient areal air-out flow 
over the entire surface of the semipermeable membrane respectively the preform. In the 
 VAP® process distribution media (DM) is the same material type as flow media (FM). 
In this article distribution media is subsequently considered by the flow media (FM)

Vacuum foil

Distribution media

VAP membrane

Flow media

Release film

Peel ply

Preform

Outer 
vacuum bag

Inner
vacuum bag

Fig. 2  Stacking sequence of the auxiliary materials with division in an inner and outer vacuum bag [11]
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• Vacuum foil completes the vacuum bag on top and is circumferentially sealed to the 
tooling. Therefore a vacuum can be applied below to evacuate the preform and the 
other auxiliary materials.

Draping Mechanisms The drapablity of the various auxiliary materials on doubled-
curved surfaces differs depending on their dominant draping mechanism. There are two 
main, material depended draping mechanisms to achieve a wrinkle-free placement of a 
material on a doubled-curved surface. First, draping by in-plane elongation respectively 
in-plane compression of the material. Second, draping by in-plane shear of the material. 
These draping mechanisms can occur in a material during draping at the same time. An 
additional, application-oriented draping approach is the deformation by partial forming of 
wrinkles. Wrinkles are necessary if the limits of draping through elongation, compression 
or shearing are exceeded. The additionally placement of wrinkles is necessary to avoid too 
high plastic deformations which negatively affect the auxiliary materials function.

The considered auxiliary materials are fabrics or foils [13], thus the draping mecha-
nisms and subsequently the drapability differs from one to the other:

• Peel ply is basically a woven fabric whereat the primarily appearing draping mecha-
nism is shearing which can be used for draping of peel ply.

• Release film is a foil whereat the primarily appearing draping mechanism is elon-
gation. However, release film may be elongated only to a minor degree in order to 
avoid infusion process critical changes of the hole pattern.

• Flow media and distribution media for complex shaped draping are usually knitted 
textiles whereat the primarily appearing draping mechanism is shearing, which can 
be used for draping of the materials.

• For the semipermeable membrane as a combination of a woven fabric coated with a 
mebrane the draping mechanism is a combination of shearing and elongation. How-
ever, the proper functionality of the membrane layer is highly sensitive to elongation 
and shearing as micro pores are increased and process critical resin passage is enabled.

• Vacuum foil is a foil whereat the primarily appearing draping mechanism is elonga-
tion. Vacuum foils have a significantly higher elongation at break which can be used for 
draping. However, even minor in-plane shearing leads to wrinkling of the foils.

Sancak investigated the shearability of the different auxiliary materials using the picture 
frame test method [14]. Merely for peel ply the maximum shear angle was determined to 
�
max

= 6
◦ . For the other auxiliary materials the determination of a maximum shear angle 

was not feasible due to the sensitivity of the test method. It is not sufficient to detect the 
low maximum shear angles of these auxiliary materials. Even though Sancak could not 
determine these maximum shear angles, he estimated that these angles are significantly 
lower than 6◦ . In comparison to woven carbon fabrics used for complex preforming the 
maximum shear angle of the auxiliary materials is significantly lower. The dominant drap-
ing mechanism of woven fabrics is in-plane shear [15]. The maximum shear angle depends 
on the specific web properties and often reach values in a range of �

max
= 30

◦
− 40

◦ , see 
exemplary Cao et al. [16].

In summary the draping of the auxiliary materials on doubly curved surfaces is a combi-
nation of areas where elongation and shearing allows a wrinkle-free deformation followed 
by areas with wrinkles. As the limits for elongation and shearing are very low, complex 
draping often results in widespread wrinkling of the auxiliary materials (see Fig. 1).
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It is qualitatively known that the amount of wrinkles increases with a higher double 
curvature of the preform surface. Klose shows in his thesis [17] that wrinkles in auxiliary 
materials appear in a reproducible manner if the positioning of the materials is performed 
reproducible. However, wrinkles can highly effect the infusion process and therefore could 
lead to defects in the composite parts [18, 19]. Hence it is beneficial if wrinkles could 
be controlled, minimized or even avoided. One proposed solution is the pre-tailoring of 
the auxiliary materials as shown by Faber [20] for single curved preform surfaces. Differ-
ent investigations were performed on the pre-tailoring of auxiliary materials for doubled-
curved surfaces by Faber [12], Wandinger [21], TransTextil [22] and Girdauskaite et  al. 
[23]. They show in different complexity that wrinkles can be avoided for the inner vacuum 
bag by inserting darts in the auxiliary materials. However, inserting darts is not a sufficient 
solution for the auxiliary materials of the outer vacuum bag as any insert needs to be reli-
ably sealed after. In all of the studies above the position and orientation of the wrinkles was 
determined by reverse engineering for each specific application. But a general principle or 
test method to detect the appearing wrinkle pattern of auxiliary materials was not targeted 
and derived by that studies.

Test Methods In order to characterize the wrinkle pattern of auxiliary materials it is viable 
to adapt an established test method which derives the wrinkling and draping behavior of 
textiles or fabrics. The textile industry developed a multiplicity of test methods. In context 
of textile deformation, the majority of the methods determine single deformation values 
like the bending stiffness or the shear stiffness [24]. However, the test method of Cusick 
[25] which had been improved by Vangheluwe and Kiekens [26] aims the determination of 
the wrinkling behavior of textiles. A circular textile specimen is placed overhanging onto 
a plane disc. The wrinkling pattern which forms merely by gravity in the overhanging part 
of the specimen is detected. As a measure of drapability a relative drape coefficient, D, is  
calculated between 0 and 1. This allows the comparison of the draping behavior of differ- 
ent textiles [27]. An absolutely quantitative value of the draping behavior cannot be deter-
mined. The test method of Cusick can not be adapted to investigate the draping behavior of 
auxiliary materials as no relation to the deformation on a doubled-curved surface is given. 
Another textile test method is the PhabrOmeter introduced by Pan et al. [28]. A circular textile  
specimen fixed at the edge and punched with a stick in the center. Determined is the drap-
ing behavior of the textile in the free hanging area between fixation and punch [29]. As the 
textile is not deformed on a doubled-curved surface the test method is not adequate as well.

The most common test method for composite fibre fabrics are shearing test methods like 
the picture frame test [30–33]. However, Sancak [14] showed that the picture frame test is 
not sensitive enough to characterize the wrinkling behavior of auxiliary materials due to 
their comparatively higher shear stiffness. Sancak developed an out of plane deformation 
test for auxiliary materials which showed the potential of out of plane tests. The test was 
not suitable to derive a general description of the draping behavior as the deformation was 
not performed symmetric and asymmetric effects appeared.

In summary there are several test methods to derive aspects or values of specific draping 
mechanisms. However, none of the test methods is adequate to determine the specific drap-
ing behavior of the auxiliary materials for a doubled-curved vacuum bagging. It requires a 
test method which determines the limit as far an auxiliary material can be draped wrinkle-
free through elongation or shearing before wrinkling appears. The application-oriented test 
method should be applicable for as many auxiliary materials with different draping mecha-
nisms as possible. Therefore, in this paper we subsequently present our newly developed 
test method, which considers the auxiliary material specific draping behavior. The method 
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is technically implemented on the DrapeTester (by TexTechno), which is a standardized 
test method [34] developed to investigate the draping behavior of fibre fabrics as shown by 
Bardl et al. [35] and Christ et al. [36, 37].

Curvature Within this paper a theoretical description of the curvature will be used. It is 
given by the Gaussian curvature [38], which is used in order to characterize and quantify 
the double curvature of surfaces. The Gaussian curvature K can be calculated for each sur-
face point as the product of the two main curvatures respectively the quotient of the two 
main radii: K = K

1
⋅ K

2
= 1∕R

1
⋅ 1∕R

2
.

3  Experimental

Test Equipment To characterize the wrinkling behavior of the auxiliary materials a sym-
metric hemisphere punch test is performed. The DrapeTester by TexTechno is used as test 
equipment (see Fig. 3). A test specimen (1) can be slowly deformed by a punch geometry 
with a centered top (2). A clamping system consisting of clamping ring with mechanical 
stoppers above (3) and a circular sealing ring below locks the specimen during deforma-
tion. An optical sensor (4) measures the deformed surface geometry. The DrapeTester ena-
bles a precise, reproducible deformation (max. deformation heigth 100 mm) of clamped 
circular cut-pieces of fabrics (spherical diameter: 330 mm) using one hemisphere punch 

Fig. 3  Deformation test of peel ply with the test machine DrapeTester
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shape (diameter: 50 mm). To measure the deformation the test equipment has the capabil-
ity to measure the punch force and to map (3-D) the surface of the deformed cut-piece with 
an optical sensor (4).

Adjustment of the Test Method The standardized test method is designed to determine 
the drapability respectively the shearability of flat materials with a relatively low shear 
stiffness focused on dry fibre preforming (e.g. woven dry fibre fabrics). Hence adjustments 
were necessary in order to investigate the draping of auxiliary materials with a signifi-
cantly higher shear stiffness and to additionally detect foils. First, instead of one, four hem-
isphere punch geometries with differing sphere radii were used. Therefore the dependency 
of the draping behavior on different doubled curvatures can be investigated. The radii are 
chosen to investigate the draping behavior on a widest range of doubled curvatures as pos-
sible. The maximum feasible punch shape diameter and the orientation of the optical sen-
sor related to the punch shape surface are limits. Within the geometric proportions of the 
DrapeTester equipment the radii 50 mm, 75 mm, 100 mm and 200 mm are reasonably feasi-
ble. Figure 4 shows the four punch geometries used to deform the auxiliary materials. For 
the punch shapes R = 50 mm and R = 75 mm geometric transition zones (1) are necessary 
to fit in the DrapeTester adapter below. Tested specimens are only deformed by the hemi-
sphere region at the top of the punch shapes and not influenced by the transition zones. 
Second, the functionality of the clamping ring was adjusted. In the original test method 
the specimens are locked during draping at the circular outer edge. This is achieved by a 
clamping ring with mechanical stoppers above (see Fig. 3) and a pressurized sealing ring 
below. For the auxiliary materials gliding during testing is required. Therefore, the pres-
surization of the sealing ring is deactivated and for all performed draping tests merely the 
net weight of the clamping ring (46 N) positions the specimens. Thus, a circular, uniform 
sliding of the auxiliary materials is enabled and plastic deformation of the auxiliary materi-
als during the punch test are minimized. Finally, to detect and assess the draping behavior 
of the auxiliary materials the optical 3D surface sensor was used and the analysis routine 
was adjusted to detect wrinkles and wrinkle-free areas of foils and textiles.

Fig. 4  Hemisphere punch shapes with different radii: 50 mm, 75 mm, 100 mm, 200 mm 
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Test Procedure The test specimens are circular cut-pieces of the auxiliary materials with 
an diameter of 330 mm. Circular and radial markings were added to ensure a reproducible 
orientation on the test machine. The test sequence was: 

1. Flat and centered positioning of the specimen on the test machine with non deflected 
punch (punch height: 0 mm)

2. Placement of the clamping ring without locking the ring
3. Stepwise deflecting of the hemisphere punch shape up to an height of 100 mm (see 

Fig. 5a))
4. Detection of the deformed auxiliary material surface as a 3-D point cloud (see Fig. 5b))
5. Deduction of the centered non-wrinkled area by analyzing the 3-D mapping (see Fig. 5c) 

and d) and description in next paragraph)

Measurement Method The measurement aims to determine the centered, wrinkle-free 
area of the deformed specimen which is achievable during draping. Therefore, the position 
of wrinkling initiation closest to the centered top is located. Hence, the detected 3-D point 
cloud is geometrically superposed with the ideal hemisphere surface (see Fig.  5c)). For 
each point the offset directed normally to the surface is determined. At points where the 
offset is higher than the auxiliary material thickness, wrinkling is detected. These points 
are visually marked red, see Fig. 6a). Subsequently, using the shortest path (1) from the 
centered top (2) to the closest wrinkling point, the initial wrinkling point (3) is located. 
The area which is certainly drapeable wrinkle-free is represented by the spherical calotte 
of the ideal surface from the centered top to the initial wrinkling point. The surface area of 

Fig. 5  Image sequence to show the measurement. a Punched and deformed peel ply specimen b Detected 
3-D point cloud c CAD superposition of punch shape and 3-D point cloud d Colorization of point cloud 
(red: wrinkling; green: wrinkling-free)
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the calotte A
calotte

 is determined by the hemisphere radius R and the height difference h of 
the initial wrinkling point to the centered top: A

calotte
= � ⋅ h(4R − h) (see shaded region in 

Fig. 6b)). To ensure the applicability of the measurements, the overlaying, green marked 
regions are neglected as they are unsteady.

Test Matrix In the study the draping behavior of different auxiliary materials, which are 
foils or woven fabrics, is determined. Figure 7 illustrates the considered auxiliary materials 
and Table 1 lists specific material data.

a)

2

1

3

3

2

b)

1

Fig. 6  Analysis of the wrinkle free area by using the shortest path (1) from the center (2) to the closest 
wrinkle (3). a Isometric view b Top view

1 -PP

2 -RF

3 -FM

4 -M

5 -DM

6 -VF

Fig. 7  Image of the considered auxiliary materials ordered in its common stacking sequence
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Each auxiliary material was tested with each of the four hemisphere punch shapes (radii: 
50 mm, 75 mm, 100 mm, 200 mm). Any test combination of auxiliary material and hemi-
sphere punch shape was repeated three times.

4  Results

The developed test method delivers viable results and a reproducible test procedure. For 
every combination of auxiliary material and hemisphere punch geometry, respectively dou-
bled curvature, measurements have been derived, except for one. The exception is the meas-
urement of flow media with the hemisphere of R = 200 mm , where the curvature is too low 
to form a wrinkle on the given surface area. Figure 8 shows the top view of the different aux-
iliary material specimens when deformed with the R = 50 mm hemisphere punch.

Figure 8a) displays a peel ply specimen in initial flat position. Figure 8b)–f) displays 
the different auxiliary materials in a deformed state. For each auxiliary material a uniform 
wrinkle pattern is identified with wrinkles running radially outward. Furthermore for each 
auxiliary material the centered, wrinkle-free area is identifiable and marked with a dotted 
line in the Fig. 8b)–f).

The surface area of these characteristic, wrinkle-free areas A
wf

 are listed in Table  2 
depending on the radius of the punch geometry. It is apparent that the different auxiliary 
materials can be deformed wrinkle-free in different size. In increasing order these are: 
release film, vacuum foil, membrane, flow media, peel ply. Furthermore it is shown that 
the wrinkle free area A

wf
 increases with an increasing hemisphere shape radius, for each 

auxiliary material.

5  Discussion

The results of the tests show that the draping behavior of auxiliary materials deformed on 
doubled-curved surfaces can be detected. Two characteristics are identified: first a circular 
distributed pattern of radial wrinkles and second a centered wrinkle-free area. The sec-
ond characteristic is the more usable and will be regarded in the following. As overlaying 
points are neglected (see measurement method in Section 3) the absolute values of Table 2 
reliably represent the minimum wrinkle-free drapable areas of a material on the given sur-
face doubled curvature. Regarding the low standard deviation (average of 6.3% and max. 

Table 1  Definition of auxiliary materials

Aux. material Type Material Thickness Grammage
[mm] [g∕m2]

Peel ply [39] 600001NAT Woven fabric (PET) 0.14 85
Release film [40] A6200 Perforated foil (ETFE) 0.03 30
Flow media [41] VI5-Net Knitted fabric (PET) 1.08 100
Membrane [42] C2003 Woven fabric (PET) 0.13 110
Vacuum foil [43] HS8171E Foil (PA6) 0.05 55
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Fig. 8  Images of the punch tests in top view. a Peel ply specimen in initial flat position b Deformed peel 
ply specimen c Deformed release film specimen d Deformed flow media specimen e Deformed membrane 
specimen f Deformed vacuum foil specimen
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15.9% deviation of the absolute value) of the measurements indicates that this newly devel-
oped test procedure achieves reproducible and usable results.

The test method allows the comparison of the draping behavior of different auxiliary 
materials. Even slight differences of the deformed, wrinkle-free area of different auxiliary 
materials can be detected and quantified (see e.g. release film to vacuum foil). The tex-
tile fabric materials peel ply and flow media enable a wrinkle-free deformation on a sig-
nificantly larger area than the foil based materials release film and vacuum foil. However, 
because the textile fabric material membrane is not drapable on a larger area, a simple clas-
sification of auxiliary materials by fabric textile or foil is not sufficient. Regarding to the 
behavior of the single auxiliary materials the results show, as expected, that the wrinkle-
free area increases with an increasing radius respectively a decreasing double curvature of 
the hemisphere surface.

Regarding the material flow media (FM) one measurement point is missing. This fact 
points out, that the resolution of the test method, given by the difference of the doubled 
curvature of the punch shapes, should be refined in future. Thus, the test method is usable 
for a wider variety of material draping behaviors.

Application of the Results The experimentally derived results allow, for a tested auxiliary 
material, to determine the area on which it deforms with no wrinkles. For that purpose the 
measured results are used to derive a dependency of the deformed area and the hemisphere 
radius in the range of R = 50 mm to R = 200 mm . In Fig. 9 the wrinkle-free area is plotted 
to the hemisphere radius for each auxiliary material and shows in first approximation linear 
dependency of the wrinkle-free area and the hemisphere radius for each auxiliary material.

This enables a practical application. For each auxiliary material the regression line rep-
resents the boundary line for wrinkle formation during the draping process. The wrinkle-
free area can be determined by means of the lines, depending on the hemisphere radius. 
A thought experiment allows a simply applicable description. Two peel ply cut-pieces are 
draped on a hemisphere with R = 150 mm . The area of cut-piece A is freely chosen to 
A
CutA

= 7000 mm
2 and for cut-piece B to A

CutB
= 11000 mm

2 . These areas correspond to 
Cut A and Cut B in Fig. 9. As point Cut A lies under the regression line of peel ply (blue) a 
wrinkle-free deformation can be achieved. As point Cut B lies above, wrinkling formation 
needs to be expected.

The linear regression lines were determined under the assumption of a zero-crossing at 
R = 0 . The assumption is justified as the area goes to zero for a radius which goes to zero. 
Thus, the equation A

wf
(R) = a

wf
⋅ R is the basis of the regression lines. Table 3 shows the 

gradients a
wf

 for each auxiliary material with the corresponding determination coefficient R2.

Table 2  Test results of the deformed auxiliary materials given by the centered wrinkle-free area Awf  for the 
different diameters of the hemisphere shapes

Wrinkle-free area [mm2
] R = 50 mm R = 75 mm R = 100 mm R = 200 mm

Peel ply Awf ,PP 3346 ± 44 4796 ± 118 6219 ± 466 12253 ± 301
Release film A

wf ,RF
588 ± 73 772 ± 123 1829 ± 88 3661 ± 144

Flow media A
wf ,FM

2633 ± 106 4208 ± 194 6001 ± 234 −
Membrane A

wf ,M
1041 ± 35 1735 ± 50 2183 ± 101 6081 ± 899

Vacuum foil A
wf ,VF

873 ± 26 1363 ± 76 2378 ± 139 4961 ± 766
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Approach for Generalization The represented results are based on spherical geometries. 
However, it is advantageous to apply the results and method for a wide variety of curved 
geometries in general. Therefore we suggest to consider the results depending on the dou-
ble curvature of the surfaces, the Gaussian curvature K. The Gaussian curvature of a sphere 
is K = 1∕R

2 , thus the conversion is R = 1∕

√

K . If R is replaced, the linear regression line 
is transformed to a regression curve A

wf
(K) = a

wf
⋅ 1∕

√

K . The conversion of the curves 
equations to a

wf
= A

wf
(K) ⋅

√

K shows the characteristic of the regression curves for each  
auxiliary material. The product of the wrinkle-free deformable area A

wf
(K) and the square 

root of the corresponding Gaussian curvature 
√

K is constant a
wf

 for a given auxiliary 
material. Figure  10 shows the plot of the scalar measurements and the corresponding 
regression curves in relation to 

√

K.

Fig. 9  Plot of the wrinkle-free area to the hemisphere radius for each auxiliary material inclusive regression lines

Table 3  Values of the linear 
regression for each auxiliary 
material

Aux. material a
wf

 [mm] R
2 [-]

Peel ply [PP] 61,9 0,997
Release film [RF] 17,2 0,932
Flow media [FM] 57,8 0,977
Membrane [M] 27,8 0,943
Vacuum foil [VF] 23,7 0,968
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Visually the area of the rectangle spanned from the origin (0/0) to any point of one 
curve is equal to a

wf
 for a given auxiliary material. As the regression curve represents the 

limit curve for a wrinkle-free drapability, the constant a
wf

= A
wf
(K) ⋅

√

(K) may be used 
as scalar limit value for variable doubled-curved surfaces. For each auxiliary material the 
specific constant a

wf
 can be derived by the presented, newly developed hemisphere punch 

test method.

6  Conclusion

Auxiliary materials are often needed within the composite manufacturing where the drap-
ing quality is crucial especially on complex shaped doubled-curved surfaces. In this study 
we enhanced a standardized test method, focusing on the determination of the specific  
draping behavior of auxiliary materials. The new test method primary detects the area 
which is wrinkle-free drapable on different hemisphere surfaces. Consequentially limits for 
curvature for wrinkle-free draping can be derived in a range of a hemisphere radius from 
50 mm to 200 mm for peel ply (PP), release film (RF), membrane (M) and vacuum foil (VF).  
Based on an unavailable measurement point for flow media (FM) (R = 200 mm) we recommend  
to increase the resolution of the test method through more punch shapes of different radii. 
It is shown, that for each auxiliary material the wrinkle-free area is linear linked to the 

Fig. 10  Plot of the wrinkle-free area to the Gaussian curvature for each auxiliary material inclusive regres-
sion curves
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hemisphere radius (see Table 3). Subsequently the basis for the prediction of wrinkle-free 
areas and wrinkle appearance is given for spherical surfaces. A promising approach is 
discussed to directly adopt the knowledge to predict wrinkle appearance on variable dou-
bled-curved surfaces considering the Gaussian curvature K. The test method is one of the 
first approaches to determine the draping behavior of auxiliary materials. Therefore the 
assumptions need to be refined on a wider geometric spectrum of curved surfaces, also on 
variably curved ones. Furthermore, the applicability of the test method to precisely deter-
mine the different draping behavior of specific auxiliary materials (e.g. different peel plies) 
needs to be investigated.

The gained knowledge can be advantageously used in the design of auxiliary material pat-
terns, enabling net-shaped, pre-tailored auxiliary materials calculated by the doubled-curved 
surface geometry. This leads to a considerable increase of the draping reproducibility of the 
auxiliary materials during the vacuum bagging process. Therefore, wrinkle position and 
appearance can be minimized and the risk for faulty composite parts in production is reduced.

Furthermore, the gained knowledge can be potentially applied to characterize the drap-
ing behavior of material with similar properties, for example for prepregs, thermoplastics 
and metallic foils.
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