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The superior material properties of carbon fiber-reinforced composites make them especially attractive
for applications in aeronautics and aerospace industries. Cost reduction and time saving are continuously
driving industry, leading to new industrial challenges which include manufacturing composite structures
with optimal mechanical performances using the potential of advanced processes using robotics.

To produce complex part shapes, technologies implying fabric draping in a mold imply large waste
amount, fabric structure variability and uncertainties concerning local fiber volume fraction amount
and thus final mechanical properties. To overcome such issues and comply with cost and time efficiency,
automated dry fiber placement for preform manufacturing is proposed. This approach allows to integrate
many functions in a complex part thank to the ability of the robot to steer fiber tows at specific locations.
The final composite part is obtained by injecting the produced preform with resin using RTM (Resin
Transfer Molding) or infusion process.

The presented project aims to define the influence of the process driving parameters during fiber place-
ment on the final preform properties range. Preforms were produced using a lab-scale automated place-
ment demonstrator. Three preforms configurations were tested to highlight the influence of the preform
structure on permeability and mechanical parameters through characterization of the compression
behavior and permeability of the produced preforms. Choice of configuration will affect mechanical prop-
erties on the manufactured preforms, whereas creation of open channels to enhance the flow propagation

during manufacturing does not necessarily increase the preform permeability.

1. Introduction

Composite manufacturing in the aerospace industry generally
implies the use of prepregs and autoclave process [1] or infusion
of non crimped fabrics, which are both semi products. In order to
reduce cost, and to control the final mechanical characteristics,
technologies are developed to produce preform ready to be in-
fused, such as 3D woven structure, 3D braids or fiber placement,
the main advantage being to realize a 3D structure directly from
a 1D product, the row carbon fiber. Higher performance could then
be reached, taking the solicitations of the final part to design the
preform, without being constrained by the available 2D architec-
ture of fiber mats.
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As fiber placement, filament winding is a fabrication technique
that produces components by continuous fiber (filament) applica-
tion to a rotating mandrel in a geometric pattern [2]. The mandrel
can be of any shape that has a body of revolution. This method can
produce very large shapes, provided that the curvature is every-
where positive. It is an ideal technique to form the desired light-
weight, high strength pressure vessels. Synchronized with the
mandrel rotation, the head translation regulation allows control-
ling the angle of the winded fiber with respect to the mandrel axis,
so that helical plies that are optimized to handle expected load
could be laid down. However, filament winding cannot be used
to produce concave surfaces since the tension in the fibers will
cause them to simply bridge the concave region [3]. Robotic fiber
placement is an extension of the filament winding technique. The
use of a fiber-processing head in conjunction with a robot manip-
ulator to manufacture composite parts using pre-impregnated fi-
ber tows, which are fiber strips impregnated with a controlled
amount of thermoset or thermoplastic resin, and then partially
cured to give them tack quality. Robotic fiber placement offers



many important features and advantages that are not achieved
with traditional fabrication techniques [4-6].

Pre-impregnated fibers, Thermoplastic powdered fiber or dry fi-
ber placement are in parallel development [7] and consist in plac-
ing a fiber tow directly or after a premium treatment on a mold to
create a preform. Those technologies allow exploiting the anisot-
ropy of composites. This challenge needs to orientate the continu-
ous fiber in multiple directions to give desired strengths. Dry fiber
placement also requires the use of a tackifier agent between the fi-
ber layers, although the quantity used can be reduced to a mini-
mum as long as the preform shape can be maintained prior to
injection. The challenge proposed here is to develop an instru-
mented dry fiber placement tool that could monitor the fiber
placement process and to determine useful criteria that could help
decide of the validity of a preform or not for manufacturing and/or
for mechanical performance of the final composite. Similar investi-
gations are conducted to develop a visual control of fiber place-
ment during manufacturing of 2D fiber-reinforced polymer
structures, using a camera and a laser light section sensor to track
inclusion and fiber displacement or misplacement [8,9]. This sys-
tem has the advantage of being a precise way for on-line surface
quality control of the preform, but requires either to install devices
in the placement head environment or a second step in the part
manufacturing dedicated to inspection. On another hand, this tech-
nique may not be applicable for structures of several layers that
show little contrast, or complex parts that show zones that cannot
be lighted properly. It is also a local inspection, as the effect of the
default observed in one ply cannot be evaluated at the preform
level.

The work presented here aims towards the understanding of
the placement mechanisms during dry fiber placement. In order
to do so, the influence of different preform patterns (or final archi-
tecture of the microstructure) on macroscopic properties of the fi-
nal preform part in terms of permeability or mechanical
characteristics is studied. According to the pattern followed, (gaps
or overlapping of fibers tows) the final reachable thickness or fiber
volume fraction can differ. On the other hand, the preform perme-
ability is also a parameter of importance as it directs the process-
ability of the preform during the injection process. Excess of
fibers should enhance mechanical properties while decreasing
the permeability (thus the processability) of the preform.

On another hand, the mechanical history of the first deposited
ply may differ from the last one, as the first ply will be compressed
several times while the last one will be compressed only once.

The obtained preform may be non homogeneous through the
thickness direction, as fibrous preforms show a viscoelastic behav-
ior [10,11].

2. Fiber placement device

As part of the overall objective, this approach proposes a new
technology for manufacturing preforms for structural composites
by automated dry fiber placement. An automated dry fiber place-
ment device for preform manufacturing is proposed (Fig. 2). The
features include cutting and restarting of the fiber tows, debulking
and consolidation of the material in situ, precise control of fiber
placement angles when required for a high degree of repeatability.

This approach allows integrating many functions in a complex
part thanks to the ability of the robot to place fiber tows at specific
locations. Furthermore, the use of a robot manipulator increases
the flexibility of the fiber placement process.

Fig. 1 shows the set-up of the lab-scale automated placement
demonstrator fiber placement system. An automatized head is
gripped onto a six axes robot arm. In addition a 7th external axe
drives a rotating table. The four dry carbon fibers coil are stored
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Fig. 1. Experimental robotic dry fiber placement system.

in a fiber coil cabinet. The cabinet is a closed chamber that protects
from dust and humidity variation. The dry tows are fed through a
series of guiding system and tensioners before entering bellow the
fiber placement roller that lays and presses the tows on the mold.
The tows are cut and engaged under the placement roller automat-
ically when required. Furthermore, a nozzle sprays an adhesive
solution between layers to give them cohesion. The programming
methods of the robot use off-line analytic method. An external
software calculates theoretical coordinates of points to reach, to re-
spect specifics distances between the tows, cutting and advance-
ment of the fibers. Only the origin position has to be taught
manually. A specific internal on-line program calculates the other
positions to generate trajectories with respect to the placement
scheme. Each layer is oriented in different directions according to
the defined stacking sequence. Spacing between the fiber tows is
also taken into account by the software.

A force sensor is positioned between the 6th axis of the robot
arm and the fiber processing head to control layers compaction
force during manufacturing process. The roller is mounted on an
actuator to provide compliance on the vertical axis. Constant com-
paction pressure or constant azimuthal position of the robot arm
can thus be applied during fiber placement.

A minimum pressure is to be applied to insure adhesion of the
fiber tow on the substrate. Below this pressure, the fiber tow glides
but does not stick.

3. Preforms description

The first step pursued in this development is to obtain preforms
with different types of pattern in terms of fiber tow spacing, num-
ber of layer and orientation of each layer being the same for the



different produced preforms. The preforms will be plane plates of
200 x 300 mm? according to the placement table capacity and will
thus be composed of 8 plies which stacking sequence is defined as
[90,45,0,—-45]; to obtain a quasi ISo structure representative of the
aeronautics structures generally followed and to obtain a thickness
of at least 2 mm to comply with standard requirements. A 12 K
high resistance carbon fiber tow is used.

The research program focuses on three patterns with different
morphologies representing configurations that could be observed
on industrially manufactured preform, implying local displace-
ment of a fiber tow, either overlapping the neighboring tow or cre-
ating a gap. The maximum displacement observed is in the order of
2 mm. The studied morphologies are shown in Fig. 2. The nominal
preform is manufactured with no spacing between the fibers. The
robot will then translate of the width of the dry fiber tow as de-
fined by the guiding system. An overlap pattern will reduce this
displacement of 2 mm every five placed fiber tows. On the con-
trary, an opened pattern will include a spacing of 2 mm every five
fiber tows. Change in fiber volume fraction and thus on the
mechanical behavior of the preform under compaction is expected
[10,12,13]. Characterizations of the preforms are conducted under
static and cycled compressive tests. Preforms permeability are also
studied.

4. Mechanical behavior of the fibrous preform

The objective is to compare the mechanical compaction re-
sponse of each preform pattern. In a first step, maximum fiber vol-
ume fraction that could be reached on each preform type is
determined and then mechanical tests are conducted [7] Each test
is conducted on a Zwick compression test unit, mounted with two
flat platens.

The load applied on each preform type and the fiber volume
fraction derived from the preform thickness is monitored during
the loading phase, as presented in Fig. 3. The preforms are loaded
at a compression speed of 0.5 mm/min until reaching 90 kN. For
a given load, the fiber volume fraction is lower for the samples
with an opened pattern (65%) and higher for the samples present-
ing an overlapping pattern (72%), the nominal pattern having a fi-
ber volume fraction of 69%. On the contrary, the minimum
thickness that can be reached with the overlapping sample
(1.22 mm) is higher than the one with the open pattern
(1.10 mm). The generated preform are thus very different form
one another, which shows that to manufacture a preform using fi-
ber placement, the definition of the placement pattern is a compro-
mise between the composite desired final thickness and final fiber
volume fraction.

Eight successive compressive loading and unloading cycles
were preformed on 60 x 60 mm? overlapping, opened and nominal
samples. The number of cycles correspond to the number of solic-
itations the first places ply would see during the considered man-
ufacturing process. In order to reduce viscoelastic effects, tests
were conducted at a low speed during loading and unloading
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Fig. 2. Produced preforms patterns.
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Fig. 3. Fiber volume fraction evolution versus compression load for nominal,
overlapping and opened pattern samples.

stages (0.5 mm/min) [11]. The compression load was defined
according to the manufacturing device use and derived from the
contact surface with the fiber preform and the applied load during
manufacturing. The testing load is thus set to 19,850 N. The test
then represents the load applied on the actual preform during lay-
ing-up of future plies. The studied mechanical characteristics are
the plastic deformation &, representing the overall plasticity devel-
oping during the successive cycles [10], and for each cycle, the total
&t-cycle> PlAStIC &p_cycie and elastic &q_qyce deformation respectively ex-
pressed as:

h: — h;
8p—cycle = ITH] (1)
i
ho — h;
b = —p— 2)
h: — H:
Et-cycle = ' hi 1 3)
8e-cycle = St—cycle - Spl»cycle (4)

with hg the sample initial thickness, h; the preform thickness un-
loaded down to 10 N at each compression cycle and H; the preform
thickness loaded to 19,850 N, i being an integer referring to the
cycle and being comprised between 0 and 7. Results are shown in
Fig. 4.
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Fig. 4. Deformation evolutions for nominal samples developed at each loading/
unloading cycle.



During loading and unloading cycles, plastic deformation &p.¢yce
is almost fully generated during the first loading cycle. Then in the
following cycles, the plasticity developed per cycle remains small.
Successive loading cycles stabilize fiber architecture and after the
fifth cycle, the preform thickness will thus remain unchanged.
The same conclusions were drawn from characterization con-
ducted on samples with the open and overlap pattern. The cycled
compressive tests showed that most of the plasticity is stored in
the last placed layer.

5. Influence of patterns on plasticity evolution

Comparison between obtained levels of plasticity of the differ-
ent samples was conducted. According to Fig. 5, opened preforms
exhibit a higher plastic deformation, due to the gap left between
fibers. Fiber arrangement thus occurs at each compression cycle,
leading to a higher plasticity of the preform.

The two other preforms, nominal and with overlaps, present a
similar plastic deformation even if the plasticity developed on
the preform with overlaps is slightly higher (7% more) than the
nominal preform. New fiber arrangements are expected for the
preforms with an open pattern, as fibers have more room to slide.
If we consider that the first plies laid on the mold were already
loaded and loaded several times during the fiber placement pro-
cess, the 7% plasticity difference between the different tested
architecture is non negligible. This difference is actually generated
during the first loading cycle, the plasticity generated during the
following loading and unloading cycle being the same for the three
tested preforms. Compressive property of a preform manufactured
using dry fiber placement can thus evolve in the thickness direc-
tion. The first placed plies are more compacted than the last ones,
however the density variation is very low as most of the plastic
deformation is generated after one compressive cycle, meaning
after the next roller passing. Plasticity developed during compres-
sion of the fiber bed is thus directly linked to the fiber volume frac-
tion of the considered perform. Overlapping pattern which induces
a higher fiber volume fraction will present a compacted architec-
ture that does not allow numerous fiber movements during load-
ing. On the contrary, a lower fiber volume fraction, such as for
the open pattern sample, leaves relative freedom of displacement
and re-organization of the fibers that may slide to fill the areas
with lower fiber density. After re-arrangement of the fibers, fiber
movements are more and more limited, inducing a reduced plastic-
ity during the other loadings. Those results are encouraging for the
on-line control of fiber placement by monitoring the mechanical
behavior of the preform under local compression. Gaps between fi-
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Fig. 5. Plastic deformation of nominal, opened and overlapping pattern preforms
with respect to the loading cycle number.

ber tows overlapping can be detected through the plasticity devel-
opment, as shown in Fig. 5, as the plasticity for the opened pattern
preform is more important than the two others preform types.
Opened pattern on the other hand would be detected through
the shifting of the compaction curve towards higher fiber volume
fractions, as presented in Fig. 3. Change in the preform compaction
response could attest for the presence of a different pattern or a
placement problem. It would then be possible to define the process
tolerance with respect to the future use and associated perfor-
mance of the final composite part to be produced.

6. Preforms permeability

Permeability of a preform describes the capability of a porous or
fibrous material to let a fluid flows through it. The permeability
test consists in generating a stationary unidirectional flow in a
plane rectangular mold. Fluid is injected at a constant pressure
and flow rate is measured when the stationary flow is established.
Permeability of the preform is then calculated using Darcy’s law
expressed for a 1D flow, knowing the fluid viscosity:

K AP
A=uT ®)

where Q is the measured flow rate, A the cross sectional area, AP the
pressure difference applied, L the preform length and K is the pre-
form permeability.

Preforms permeability was characterized for a given fiber vol-
ume fraction and under infusion condition (under a 0.9 bar vacuum
pressure) on preforms 100 mm wide and 150 mm long for each
preform pattern. Pressure sensors to determine with precision
the pressure drop are placed at the mold inlet and outlet. Flow rate
is defined by measuring the weight of fluid coming out of the mold
with time. Experiments were conducted using water. In order to
check the validity of Darcy’s law under those conditions, Reynolds
number was determined:

Re = %i (6)

where p is water density, d the distance between fibers evaluated to
be 8 um, p water viscosity around 1 x 1073 Pas, and v is the fluid
intersticial velocity evaluated to be 6.6 x 10~* m s~! during the per-
meability test. Following those assumptions, Reynolds number is
calculated to be 5.3 x 1073, so much lower than 1, justifying the
use of Darcy’s law.

The experiments parameters and the main results are expressed
for the different studied preforms in Table 1. Nominal and open
pattern preforms have similar permeability values for a given fiber
volume fraction. However, the overlap preform shows lower per-
meability values. The channels generated during fiber placement
of the open pattern preform do not help the fluid flow through
the preform. The only channels that help the fluid flow are the
one oriented directly in the flow direction. As the preform stacking
sequence [0,90,+45,—-45]; on eight plies only generate two plies
with those king of channels, associated with the fact that fibers
can slide and fill partly the generated channels during compaction
of the preform during closing of the mold, no significant improve-
ment can be obtained regarding the permeability value. The over-
lap pattern preform presents a more homogeneous architecture
generating high resistance to flow in the eight plies constituting
the preform. The obtained permeability is thus higher than for
the other preforms, but are consistent with values obtained on
multidirectional preforms.



Table 1
Perform characteristics and corresponding permeability.

Nominal preform

With open pattern

With overlap pattern

Vp=54% Under vacuum Vr=54% Under vacuum Vp=54% Under vacuum
Thickness (mm) 1.5 1.8 14 1.7 1.6 1.9
Permeability K (m?) 1.44 x 10712 5.15 x 10712 1.49 x 10712 521x 10712 1.06 x 1072 3.15x 10712
Fiber volume fraction Vy (%) 54 45 54 44 54 46.5
7. Conclusion Acknowledgments

The mechanical study that is presented here is encouraging for
the development of a fiber placement tool with on-line control
based on mechanical parameter. The contact device that applies
the carbon fibers to the preform mold can act as an instrumented
platen of a compression test setup. The three tested preforms (nom-
inal, overlapping and opened patterns) exhibit three different
mechanical responses, especially in term of plasticity; the three dif-
ferent patterns thus have different mechanical signatures. As the
placement device developed is equipped with a pressure sensor
and that the main loading applied on the substrate during place-
ment is transverse compression, the compaction tests presented
here could be integrated in the placement software for control of
the gaps left between fiber tows, and indirectly on the final fiber
volume fraction or thickness of the preform. The mechanical signa-
ture of each preform type could then be compared to a mechanical
response during placement to identify the placement quality.

The acceptance of a defect can also be evaluated: the new laid
down fibers on the substrate might compensate the defect, the pre-
form quality could then be acceptable, whereas optical inspection
cannot monitor the entire history of placement, making the deci-
sion to discard a preform more difficult. The permeability test con-
ducted showed that it is not possible to differentiate preforms, as
the expected benefits of open channels introduced in the preform
cannot be obtained.

In a future step, a protocol to be conducted for on-line charac-
terization of the preform will be established, including the possible
control actions that need to be determined. The governing
parameters seem to be the plasticity coefficient as well as the
maximum reached fiber volume fraction. The definition of an accu-
rate model would require an extensive experimental program,
involving study of different placement pattern and different fiber
grade, sizing and yarn size. The placement process could also be
optimized in terms of definition of the yarn path according to the
part final solicitation, the fiber placement process being a mean
to reinforce a structure in a precised area.
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France, and to the European Community (FEDER funds) for their
funding contribution to the fiber placement machine.
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