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local buckling of slit tape in the Automated Fibre Placement process for a cir-
alytical approach that accounts for prepreg tack and stress distribution. Curing
in this study. The main objective is to define the critical buckling load and

ering radius for which no tow wrinkling occurs. Simulations are performed
ply, using a tack parameter governing the interaction between tool and mate-
f the most relevant parameters of the model is performed. Numerical results

he steering radius are obtained for lower tow width values and higher prepreg
investigations show that the estimation of wrinkling occurrence in steered
y taking into account certain additional parameters, such as lay-down rate,

mic behaviour of the resin.
1. Introduction

Composite materials have been used for 30 years to replace var-
ious aluminium alloys in modern aircraft, resulting in a significant
positive effect on performance, weight, design and energy con-
sumption. Carbon fibres are mainly used to manufacture airframe
structures because of their high stiffness and strength. Preimpreg-
nated plies, or prepregs, are sheets of unidirectional fibres coated
with a thermoplastic or partially cured thermoset resin. Prepreg
generally performs better structurally than the corresponding dry
fabric/resin impregnation method, thanks to better manufacturing
controls [1].

Earlier composite airframe structures were manufactured by
hand lay-up. The hand lay-up technique is a time-consuming pro-
cess, especially for large components. It is a labour-intensive pro-
cess in which the quality of the parts is based on the skills of the
operators. The chemical emission of this open process is high,
which may lead to safety and environmental issues. The first auto-
mated manufacturing technique developed to enhance product
quality and increase productivity is the so-called Automated Tape
Laying (ATL) method. ATL uses large wide tapes (150 mm or
300 mm width) which are suitable for producing parts with flat
or single large curvature radius surfaces (i.e. keel beam, cross
beams, center wing box). For complex parts with double curvature
.
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radius surfaces, steering of prepreg tapes might be required to
maintain the desired fibre orientation. Then an innovative tech-
nique, Automated Fibre Placement (AFP), was developed, combin-
ing the advantages of tape laying and filament winding with
advanced computer control and software in order to produce eco-
nomically high-quality contoured structures [2–4]. AFP, also called
ATP for Automated Tow Placement, consists in laying down simul-
taneously a large number (up to 32) of tows of 3.175–12.7 mm
width (Fig. 1a) to manufacture laminates with a continuously vary-
ing fibre orientation angle. AFP is a promising technology that
enables designers to enhance the performance of composite struc-
tures. Lopes et al. demonstrate the advantages of variable-stiffness
over straight-fibre laminates in terms of compressive buckling and
first-ply failure [5]. In Ref. [6], Blom et al. use different path defini-
tions for variable-stiffness shells to optimize conical shells for the
maximum fundamental frequency. The authors show that it is nec-
essary to take the manufacturing constraints into account in the
design phase of composite structures.

However, automated manufacturing techniques have their lim-
itations. If the turning radius of the placement head is too small,
the fibres tend to wrinkle out-of-plane (Fig. 1c), which could lead
to defects that degrade the structural load-carrying capabilities
of the cured laminate. Adam and Hyer showed a decrease in
strength as great as 36% [7]. These fabrication-induced defects
are called ‘‘ply waviness’’ and belong to the group of so-called
‘‘marcel defects’’ referring to Marcel Grateau’s hair style. Fig. 1d
shows actual marcel defects in a composite part [8].



Fig. 1. Automated Fibre Placement and ply waviness. (a) AFP placement head with 32 fibres of 6.35 mm width. (b) Streered fibres in the first ply. (c) Local buckling of streered
fibres. (d) Ply waviness in a compsite part [8].
Most studies focus on the effects that ply waviness have on
cured composite structural properties; stiffness, static strength
and residual strength after low-cycle fatigue loading [7–12]. The
ply waviness formation mechanism has not given rise to many
studies and remains unclear, since these defects occur at different
steps in the manufacturing process. Aircraft companies have devel-
oped technological expertise to avoid ply waviness formation.
Studying the optimization of fibre paths for composite design,
Nagendra et al. suggest a minimum turning radius of the place-
ment head of 635 mm to avoid local fibre buckling [13]. However,
it is still necessary to conduct a thorough study to establish the
relationship between the process parameters and waviness forma-
tion. Ng and Vizzini used a fibre optic based process measurement
technique to determine the time and compaction pressure at
which waviness formation occurs [14]. Zhou used high-powered
ultrasonics to establish the critical material and process parame-
ters that affect waviness formation during the curing step in com-
pression molding [15]. The author found that a higher mold
temperature and a lower pressure rate lead to reduced waviness.

To summarize, waviness formation is studied in the literature
using mostly experimental or semi-empirical approaches. To our
knowledge, there is no paper using analytical modelling to deter-
mine the conditions of tow waviness occurrence in the AFP
process.

Tow wrinkling formation is a local phenomenon as it arises
from tool/prepreg interaction during material lay-down. It results
2

from the buckling of a tow element compressed between the tool
and the placement head in rotation. Compaction force strongly
influences the level of adhesion of the prepreg, also called prepreg
tack [16,17]. The latter expression will be used in this paper. To
efficiently take into account the interaction between tool and
material, an element of the steered tow resting on elastic founda-
tions must be considered. Seide was amongst the earliest research-
ers to study the buckling of plates resting on elastic foundations
[18]. Most practical applications are encountered in civil engineer-
ing and are based on the local buckling of composite steel-concrete
using one half wave [19,20]. An extensive review of the research on
composite plate buckling behaviour is presented in Ref. [21]. In
aeronautics and marine engineering, analytical tools based on ex-
plicit closed-form solutions for both isotropic [22] and orthotropic
[23] materials are used to estimate buckling load and post-
buckling behaviour in the preliminary design phase of stiffened
panels.

In this paper, we propose to investigate the formation of tow
wrinkling in the AFP process for a circular fibre path using an ana-
lytical approach that accounts for prepreg tack and stress distribu-
tion. Our research is limited to the first ply (Fig. 1b) and curing
effects are not studied. The main objective is to define the critical
buckling load and therefore the minimal radius of curvature for
which no tow wrinkling occurs. Moreover, a sensitivity analysis
of the most relevant parameters is performed and experimental
investigations are undertaken to validate the model. The paper is



divided into four parts. In the first part, we present the governing
equation for local buckling of anisotropic plates resting on elastic
foundations. The second part is dedicated to the identification of
model parameters: geometrical parameters, mechanical properties
of materials constituting the prepreg and the interface parameters
between the prepreg and the tool. Stress distribution will be taken
into account using a load parameter a. In the third part, we per-
form numerical simulations to evaluate critical buckling loads
and analyse the influence of the most relevant parameters. Finally,
in the fourth and last part, estimated and measured values are
compared and concluding remarks are made.

2. Modelling approach

In the context of the local phenomenon studied, let us consider
a thin anisotropic plate made of carbon prepreg of length a, width
b/2, thickness h, resting on an elastic foundation of normal stiffness
kN which is a measure for the adhesion of the tow to the underlying
surface. We take the coordinate system of the thickness direction
of the plate, such that the reference plane is placed in the central
plane of the plate (Fig. 2). The material used is an M21/35%/268/
T700GC provided by Hexcel Composites, Dagneux, France. The
material is transversely isotropic in the global coordinate system.
The dynamic modulus of uncured M21 resin is measured by
DMA. Identification of the normal interaction stiffness kN will be
described in Section 3.

2.1. Assumptions

� According to the processing conditions and testing observa-
tions, the edge of the plate at the inner radius of curvature
should be free in order to allow wrinkling out of plane. We
assume that the three others edges are simply supported to
allow for an analytical solution. It is worth noting that when
buckling occurs, the tow waviness is first compressed by the
roller and then recovers after the passage of the placement
head.
� The plate is subjected to combined in-plane bending and ten-

sion in the slit tape transported by its guidance systems from
the magazine creel to the placement head. Then the position
of the neutral axis of the resulting in-plane stress distribution
varies and is controlled in this study by a load parameter a.
� Given the plate dimensions, classic laminated plate theory will

be applied with the Kirchhoff–Love hypothesis (normals to the
mid-plane before steering remain normal to the deformed mid-
plane) and von Kármán approximations (in-plane effects are
infinitesimal compared to the effect of the deflection w) [22].

2.2. Variational formulation and the Ritz method

Instead of FE analysis, the Ritz method is used in this section to
evaluate the critical buckling load because closed-form solutions
Fig. 2. Anisotropic plate on one-parameter elastic foundation.
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can be derived, giving insight into the parameters influencing the
manufacturing process. This method has the added advantage of
high accuracy and computational efficiency in the study of vibra-
tion and buckling of orthotropic plates when efficient admissible
functions are used [24,25].

Assuming the Kirchhoff–Love hypothesis and von Kármán
approximations and denoting w the deflection of the plate, the Ritz
method requires that the functional P(w) be minimized.

PðwÞ ¼ UðwÞ þ VðwÞ � TðwÞ ð1Þ

U(w), V(w) and T(w) are the elastic strain energy of the plate, the po-
tential energy of the foundation and the potential energy of the in-
plane compression stress distribution, respectively.
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2
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EL, ET, mLT and GLT are the elastic properties of the prepreg and they
are calculated from the volume fraction of the constituents and fi-
bre and matrix properties using homogenization techniques.

Commonly, the following deflection shape is used when plate
buckling problems are solved by the Ritz method.

wðx; yÞ ¼
X1
m¼1

X1
n¼1

amn sin
mpx

a

� �
sin

2npy
b

� �
ð2Þ

where amn are free constants.
This function satisfies the boundary conditions for a plate with

four simply supported edges. In this study, we have one edge free,
and the three others are assumed simply supported, so we perform
a mirror symmetry of the plate around the edge y = b/2 (Fig. 3).
Therefore, calculations will be performed on a plate of length a
and width b, simply supported on all four edges, and Eq. (2) is
rewritten as:

wðx; yÞ ¼
X1
m¼1

X1
n¼1

amn sin
mpx

a

� �
sin

npy
b

� �
ð3Þ
Fig. 3. Mirror symmetry of the plate.



Fig. 4. Distribution of applied in-plane stress for a = 0, a = 1 and a = 2; a is expected
to have a value between 1 and 2.
Then the in-plane compressive load can be expressed as:

NxxðyÞ ¼
No ð1� aÞ þ 2ay

b
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The distribution of applied in-plane stress NxxðyÞ is controlled by the
load parameter a. No is the maximum stress value. Fig. 4 represents
the distribution of NxxðyÞ for a = 0, a = 1 and a = 2. The fibre place-
ment system is designed to minimize the tension in the tows to en-
able the placement of fibres on concave surfaces. Steering adds a
bending component, and therefore a is expected to have a value be-
tween 1 and 2.

Using Eqs. (3) and (4), Eq. (1) is rewritten as:
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and n – q and n ± q even.
Equilibrium conditions require that the first variations of func-

tional P, which represents the total potential energy of the plate,
are set at zero, that is to say

@P
@amn

¼ 0 for all ðm; nÞ 2 ðN�2Þ

This condition leads to
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n – q and n ± q even.
In this study, only the first buckling mode is required, so m = 1.

Next, we can expand Eq. (7) for 1 6 n 6 2k to obtain

2ðE11 þ H11Þ 0 0 ..
.

0 2ðE12 þ H12Þ 0 ..
.

0 0 2ðE13 þ H13Þ ..
.

� � � � � � � � � � � �

0 0 0 2ðE1ð2kÞ þ H1ð2kÞÞ

2
6666666666664

3
7777777777775

0
BBBBBBBBBBBB@

� N0

2F11 0 G113 � � � 0

0 2F12 0 � � � G12ð2kÞ

G131 0 2F13 � � � 0

..

. ..
. ..

. ..
. ..

.

0 G1ð2kÞ2 0 � � � 2F1ð2kÞ

2
66666666664

3
77777777775

1
CCCCCCCCCCA

a11

a12

a13

..

.

a1ð2kÞ

8>>>>>>>>>><
>>>>>>>>>>:

9>>>>>>>>>>=
>>>>>>>>>>;
¼

0

0

0

..

.

0

8>>>>>>>>>><
>>>>>>>>>>:

9>>>>>>>>>>=
>>>>>>>>>>;
ð8Þ
4

Eq. (8) can be rewritten concisely in the form:
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where [K] is the stiffness of the plate and the elastic foundation. [S]
represents the stress–stiffness matrix. Then Eq. (8) appears as a
generalized eigenvalue problem. Only the lowest eigenvalue, Nocr ,
which represents the critical buckling load, is of interest to our
work. The accuracy of the critical load depends on the size of the
matrices. A convergence study, carried out in our research group,
shows that (3 � 3) is the optimal matrix size.

2.3. Expression of the critical steering radius of the fibre

Once Nocr has been calculated, the corresponding steering radius
is deduced by using the relation between the bending moment and
the curvature of the tow. For this purpose, the tow is treated as a
beam of width h and height b/2. The adhesion between the prepreg
and the tool is neglected.

Using Eq. (4), the distribution of the normal stress rxx is written
in the form:

rxx ¼
NxxðyÞ

h
¼ Nocr

h
ð1� aÞ þ 2ay

b

� 	
; 0 6 y 6

b
2

ð10Þ

Denoting ro
xx ¼ rxx

b
4

� 
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h 1� a
2

� 
, the normal stress rxx is

rewritten as: rxx ¼ rb
xx þ ro

xx where rb
xx ¼

aNocr
2h �1þ 4y

b

� �
is the nor-

mal stress resulting from pure bending.
The relation between the bending moment Mz and the curva-

ture 1
r is expressed as [26]:

1
r
¼ d2y

dx2

Mz

ELI
ð11Þ

where EL is the longitudinal Young’s modulus of the tow and I ¼ hb3

96
the second moment of area of the tow cross section.

The bending moment Mz is expressed as:

Mz ¼ 2
Z b=4

0
hrb

xx
b
4
� y

� �
dy ¼ 2

Z b=2

b=4
hrb

xx y� b
4

� �
dy ¼ aNocr b

2

48

ð12Þ

Finally, using Eqs. (11) and (12), the critical radius of curvature
of the tow is expressed as:

r ¼ ELbh
2aNocr

ð13Þ

In the following section, we will identify the various parameters
involved in the problem in order to carry out numerical
simulations.



Fig. 5. Schematic of a probe tack test [32].
3. Identification of model parameters

3.1. Geometrical parameters

� The width b/2 and the thickness h of the plate are measured
during the slit tape acceptance tests; the mean values obtained
are b/2 = 6.35 mm and h = 0.26 mm. Tow width is one of the
more important parameters that aircraft manufacturers can
vary. Therefore, sensitivity analysis will be investigated for a
tow width b/2 varying between 3.18 mm to 12.7 mm (1/8–
1/200). The length a must be small enough for the rectangular
approximation of the plate to be acceptable; let amax = 6.35 mm.

3.2. Elastic properties of the prepreg

Unidirectional prepregs are transversally isotropic. The theory
of transversally isotropic thin plates requires only four elastic con-
stants, namely EL, ET, mLT and GLT. In this paper, these elastic prop-
erties are calculated from the volume fraction of the constituents
and fibre and matrix properties using Puck’s formulas [27].

EL ¼ /f Ef þ ð1� /f ÞEm

ET ¼
Em

1� m2
m

1þ 0:85/2
f

ð1� /f Þ
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2
4
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f
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Gm
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2
4
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5

mLT ¼ /f mf þ ð1� /f Þmm

The T700 GC carbon fibres reinforcing the prepreg were manufac-
tured by Toray. Young’s modulus, Ef = 230 GPa, was taken from
Ref. [28]. The Poisson ratio of T700 GC was not available in the prod-
uct data given by the manufacturer, so the value mf = 0.20 of carbon
fibre from Ref. [29] was used. Identification of the Young’s modulus
of the uncured epoxy resin used DMA tests performed at 30 �C. The
modulus calculated over a large range of frequencies is about
Em = 0.053 MPa, which is very low compared to the Young’s modu-
lus of carbon fibre. O’Brien et al. studied the cure-dependent visco-
elastic Poisson’s ratio of two commercial epoxy resins using Moiré
interferometry [30]. They found that this property evolves from
an elastic value of about 0.4 to a rubbery plateau value of 0.49 at
long time values. As long time effects are not taken into account
in our model, we took mm = 0.4 for the uncured M21 resin. Finally
a value of 0.569 for the nominal volume fibre fraction was taken
from Ref. [31]. Computed engineering properties of the tow using
Puck’s formulas are reported in Table 1.

3.3. Identification of the properties of the foundation

The tack of a material is commonly defined as the sensation one
experiences when removing one’s finger from any sticky material.
In the community of composite materials, tack is the property re-
quired to produce a sufficient bond between prepreg plies (or tool
and prepreg ply), but not too high, so that a misplaced prepreg ply
can be relocated [16]. Peel tests could be used to measure tack, but
the extraction of tack parameters is hard to perform. The most
appropriate tack measurement seems to come from the work deal-
Table 1
Engineering properties of the tow.

EL (GPa) ET (MPa) GLT (MPa) mLT

131 0.231 0.079 0.286

5

ing with pressure sensitive adhesives [32]. It is called the probe
tack test and consists of a probe that comes into contact with the
material to be characterized; it is then removed and the separation
force and energy are measured (Fig. 5).

In the present study, the normal interface stiffness kN is mea-
sured using a suitable measurement apparatus recently developed
Fig. 6. Identification of the normal stiffness kN.



Fig. 8. Minimum steering radius of the tow plotted against a for a = 3.6 mm, b/
2 = 6.35 mm and for various values of kN.
by our research group [17]. For this purpose, a 1 kN Instron 5543
universal testing machine (Norwood, MA, USA) was used with soft-
ware which allowed us to define the specific cycle corresponding
to the probe tack test.

The test procedure used for tack measurement aims to apply
similar loading and environmental conditions as during fibre
placement. This procedure is shortly described hereafter:

� Prepreg strip samples were put in a climatic chamber for 30 min
at a controlled temperature, here 30 �C.
� Before each run, the contact surface of the probe and the sup-

port were cleaned with acetone.
� Contact time, contact force and the debonding rate were set at

10 s, 15 N and 5 mm min�1, respectively.
� The temperature of the probe was set at 30 �C via a regulator.
� Once the temperature of the probe reached the set point and

was equilibrated, the sample was removed from the climatic
chamber and positioned on the support. It should be noted that
the side of the prepreg protected by a release paper, i.e. the
tackiest side, was applied without pressure on the lower grip.
� The value given by the load cell was reset and the test started.
� Time, force and crosshead displacement were then recorded.

Fig. 6 shows the force–displacement curve during the removal
phase when the probe used for the test has a diameter of 10 mm.

The stiffness in the normal direction is given by the equation of
the curve in the outlined zone. Thus the normal stiffness kN is taken
as 9.8 � 109 N/m3.

4. Numerical results and comments

In this section, the influence of the most relevant parameters,
namely a, b, kN and a, on the minimal steering radius will be
studied.

4.1. Influence of the length ‘‘a’’ of the plate

Fig. 7 represents the minimum steering radius of the tow
plotted against the length ‘‘a’’ of the plate for a = 1,
b/2 = 6.35 mm and for various values of kN. We can see the
influence of the interface stiffness on the radius. For a = 4 mm,
the minimum steering radius increases from 865 mm to 950 m
when kN decreases from 10 � 109 N/m3 to 0 N/m3. This explains
why the tack of prepreg material is currently a research area of
importance. The second point of information resulting from Fig. 7
is that for lower values of ‘‘a’’, the influence of the tack decreases
and a much lower steering radius could be performed without local
buckling. The value suggested by Nagendra et al. [13] is obtained
Fig. 7. Minimum steering radius of the tow plotted against length ‘‘a’’ for a = 1,b/
2 = 6.35 mm and for various values of kN.

6

for approximately a = 3.6 mm, which belongs to the range of values
investigated.

4.2. Influence of the stress distribution factor a

Fig. 8 represents the minimum steering radius of the tow plot-
ted against the stress distribution factor a for a = 3.6 mm and for
various values of kN. The introduction of a stress factor a aims to
account for unknown additional stresses to the bending effect, in-
duced by various technological devices involved in the guidance of
the slit tape. Fig. 8 shows that the pure bending case (a = 2) gives
the lowest values of the minimum steering radius. However, in
pure bending the outer radius of the tow will be stretched. This
could produce lateral compressive stresses leading to a transverse
buckling phenomenon [33] (not studied here) with the likelihood
of lift at the outer edge. Here again, the tack of the prepreg mod-
eled by the interface stiffness kN strongly influences the minimum
steering radius without local buckling.

4.3. Influence of the tow width b/2

Fig. 9 represents the minimum steering radius of the tow plot-
ted against b, the double width of the plate, for a = 1, a = 3.6 mm
and for various values of kN. We can see that lower values of steer-
ing radii without buckling are obtained for a narrow tow. For
example, the minimum steering radius decreases from 1400 mm
to 650 mm when the tow width b/2 decreases from 12.7 mm to
6.35 mm. Then, the tow width appears as one of the more impor-
tant parameters that aircraft manufacturers can vary to produce
complex parts.
Fig. 9. Minimum steering radius of the tow plotted against b for a = 3.6 mm, a = 1
and for various values of kN.



5. Experimental validation

Steering tow tests were performed on the FPV-ATLAS machine
at Forest Liné, Capdenac, France. The material used was an M21/
35%/268/T700GC provided by Hexcel Composites, Dagneux,
France. It was taken out of the freezer 48 h before testing. The tem-
perature in the testing room was 21� and the relative humidity was
40%. An infrared lamp was used to raise the temperature of the
material to approximately 35� just before application of the com-
paction force. The occurrence of waviness was checked immedi-
ately after fibre placement. It was not possible to evaluate in situ
parameters such as prepreg tack, so qualitative results will be gi-
ven hereafter.

5.1. Influence of compaction force

The prepreg was placed on a steel table without any prepara-
tion. The roller was made of rubber. The lay-down rate was
12 m/min, the heating power was 1500 W and the compaction
force varied from 1000 to 3000 N. The results showed that, for a gi-
ven steering radius, lower compaction forces led to placement
without tow wrinkling. Typically, for a steering radius of 3.5 m,
tow wrinkling was observed on the slit tape for a compaction effort
of 3000 N, while with a compaction force of 2000 N none was ob-
served. However, it was observed that below a compaction force of
1500 N, prepreg tack was not high enough to stick the material to
the steel table, which led to a general detachment of the slit tape.
The correlation between prepreg tack and compaction force should
be established and taken into account in the model.

5.2. Influence of the prepreg tack

The previous roller was used again and the lay-down rate and
heating power were unchanged. The compaction force was set at
2000 N. Three types of tools were used to control prepreg tack: a
steel table without any preparation, the same steel table sprayed
with an epoxy glue and finally the same steel table covered by a
first carbon–epoxy prepreg ply. The best results were obtained in
the latter case, with a steering radius of 1.5 m without tow wrin-
kling (Fig. 10). It was not possible to quantify in-situ values of pre-
preg tack associated with these types of tools. However, we can
state that the adhesion between prepreg plies was clearly higher
than that between the prepreg ply and the metal, even when
sprayed with glue. This confirms the strong influence of prepreg
tack, shown in our study, in the occurrence of tow wrinkling.

5.3. Other experimental results

During validation tests, two other parameters, not taken into
account in our model, were found to be very important in the
Fig. 10. Steered tow lay-down on a steel table covered by a first ply.
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occurrence of tow wrinkling: the lay-down rate and the delay in
tow wrinkling recovery. For productivity reasons, manufacturers
are keen to use high lay-down rates. However, it was observed that
high lay-down rates promote tow wrinkling occurrence. Typically,
any other parameter being fixed, the minimum steering radius
without tow wrinkling increases from 1.5 to 4 m when the lay-
down rate increases from 12 to 30 m/min. Moreover, depending
on processing parameters, tow wrinkling may recover many hours
after fibre lay-down. These two observations suggest some sensi-
tivity to time, temperature and frequency in the behaviour of the
resin and the prepreg tack. The hypothesis of macro-homogeneity
of the material used in this work does not enable these phenomena
to be taken into account. A mesoscopic model, distinguishing the
two constituents (carbon fibres and resin), should contribute to
improving the estimation of tow wrinkling occurrence.
6. Conclusion

An analytical model was developed to estimate the critical
buckling load of a tow and, consequently, the minimum steering
radius for a circular fibre path. The Ritz method was used to derive
closed-form solutions for the buckling loads. An original experi-
ment, previously developed by our research group, was used to
measure the normal foundation stiffness. Sensitivity analysis
shows that the prepreg tack and the tow width strongly affect
the critical load. It was found that the pure bending case gives
the lowest values for the minimum steering radius. However, care
must be taken to avoid stretching of the outer fibre of the tow to
prevent lateral compressive stresses leading to a transverse buck-
ling phenomenon. From a technological point of view, this study
provides a domain in which the lay-up process does not encounter
any buckling phenomenon. More precisely, it gives the minimum
steering radius that does not induce tow wrinkling for a given nor-
mal stiffness and compaction force.

Further studies are foreseen by the authors to establish the rela-
tionship between the thermo-viscoelastic behaviour of the M21 re-
sin and the normal stiffness kN. If successful, this will allow thermal
effects and lay-down rate to be incorporated into the model. More-
over, delay effects in tow wrinkling recovery may also be
predicted.
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