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Abstract

The demand for carbon fiber composite materials has grown considerably over the last decade,
particularly in the aerospace sector, as they present high strength while yielding low weight. This makes
them ideal for structural weight and fuel consumption savings compared to metals, which have been
the primary aviation materials for almost a century. Carbon fiber composite aeronautical parts are
mainly produced through two advanced composite manufacturing technologies: Automated Tape Laying
(ATL) and Automated Fiber Placement (AFP). Studies on the productivity of composite manufacturing
machines and the influence of their configuration parameters in the production of aerospace parts are
scarce, moreover composite lay-up models in the literature are relatively simple, not allowing the study of
more complex shapes. This thesis assesses material costs, deposition rates and scrap levels of ATL and
AFP technologies for aerospace flat composite parts with arbitrary planar complexity. For that, a detailed
parametric model of the manufacturing machines’ automated lay-up process was developed. The
model helps decision-making regarding technology selection and machine’s parameters configuration
by allowing fast and accurate part manufacturing simulation in early development stages. The model is
validated with literature results and data from an aeronautical specimen test part. Several studies are
conducted to obtain lay-up and scrap rates for aeronautical representative parts and a first tape lay-up
offset study is performed to survey technical scrap reduction. ATL two-phase systems provide the best
lay-up rates while yielding the highest scrap rates. First tape offset lay-up revealed promising for plies
with multiple gaps and complex shapes.
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1. Introduction

The use of composite materials in the manufactur-
ing industry has had a notorious growth over the
last decade, in major part due to its excellent prop-
erties [1]. The aerospace sector in particular is one
where this kind of materials shows great upside
due to their high strength to weight ratio. Compos-
ites offer a great alternative to metals due to lower
part count and structural weight savings enabling
aircraft to consume less fossil fuels as conse-
quence. Composite aeronautical parts are mainly
produced through two automated composite man-
ufacturing technologies: Automated Tape Laying
(ATL) and Automated Fiber Placement (AFP). Both
are considered additive manufacturing and consist
of heating and compacting synthetic prepreg resin
with non-metallic fibers onto a mold. Both tech-
nologies require high initial investment in machines
and prepreg material is also expensive. Finding
ways to reduce cost associated with the latter is
critical to the development of these technologies.

A study regarding first tape lay-up offset for techni-
cal scrap reduction is then performed in this scope.

There is currently a lack of literature information
on part lay-up rates and a shortage in models that
can reproduce the lay-up process for flat parts with
complex shapes. The main goal of this thesis is
then to develop an algorithm capable of simulate
the lay-up process of flat laminates for both tech-
nologies and provide lay-up and scrap rates, as
well as improve the latter by reducing the material
wasted through improved lay-up configurations. In-
fluence of machine constraints and part geometry
on lay-up productivity can also be studied. Finally,
the model would also serve as an estimating tool
for the lay-up material costs, as well as helping de-
cision making regarding technology selection and
machine’s parameters configuration and with it, im-
prove the efficiency of its design phase. With this
in mind, machine lay-up process description will
be presented along with current State-of-the-Art for
both processes.



2. Automated Lay-up Composite Technologies
2.1. Automated Tape Laying - ATL

2.1.1 Process description

ATL uses single fiber tape with 3, 6, or 12 inches
(76.2, 152.4 or 304.8 mm) width. This value is nor-
mally selected taken into account the curvature of
the part to be produced. ATL machines are usu-
ally mounted on horizontal gantries, typically on an
open bay gantry configuration, or vertical column
system due to the mass of the material and ma-
chine head. They can have up to 11 axis of move-
ment, 6 for the machine head and 5 for the gantry
movement. These machines can either be a flat
or contour tape laminating machine, being the lat-
ter capable of laying material in contours up to 40°
and is the most used in the aerospace industry [2].

There are two main different material delivery
technologies used in ATL systems: single-phase
(most common) and two-phase. For the first, the
process starts by loading the spool of material into
the delivery head. After, the prepreg has its back-
ing paper removed and the lay-up can begin with
the tape being laid onto the tool through a silicone
roller with compaction pressure and heat applica-
tion. In these systems, the machine must slow
down or stop to make the materials cuts. Scrap
is then generated and it can be removed together
with the carried paper resulting in a lower produc-
tivity as the cutting speed is reduced or, if it would
interfere with subsequent process steps, deposited
outside the part on the work area after each course
lay-up.

In contrast, in the two-phase system, which is
a more advanced technology, the excess mate-
rial for complex course paths is pre-cut on an of-
fline cutting machine. In this case, the machine
does not need to decelerate for the cutting oper-
ation reducing lay-up time and prompting produc-
tivity. Also, the after process of removing scrap is
eliminated, thereby heightening the savings. ATL
two-phase systems also possess the capability of
bi-directional lay-up, which also increases produc-
tivity. One unique feature of ATL systems is its
ability to provide net shape contours which enables
the lay-up of any contour on the component with-
out the scrap being placed on the part, contrary to
AFP systems. An example of a typical ATL ma-
chine configuration is displayed in Figure 1 [3, 4].

ATL machines can reach speeds up to 1 ms™
and accelerations of 1 ms?. The minimal course
length for this technology is around 100 mm for
most systems [5]. Lay-up rates can vary between
10 and 150 kg/h for flat or mildly contour parts
[6], depending strongly on material width and fiber
areal weight. It also presents scrap rates in the
order of 2 to 4% in larger parts up to 30% for
small parts. Scrap rates are dependent on part
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Figure 1: Typical ATL lay-up head configuration [5].

size as the lay-up has a significant decrease in
efficiency as the part gets smaller. According to
Grimshaw et al. [2], scrap rates tend to be higher
for smaller parts but decrease with the part size in-
crease, reaching a plateau. Inversely, lay-up rates
increase with part size. This technology is com-
monly use to produce composite parts like wing
and stabilizer skins.

2.2. Automated Fiber Placement - AFP
2.2.1 Process description

AFP is a similar but more advanced process than
ATL because it is capable of laying small fiber tows,
enabling steering and thus producing composite
parts with higher degree of curvature. Material
used for this technology can be impregnated tows
or slit prepreg tape as well as binder powder fiber
for dry fiber placement. These are usually fed into
bobbins from an external creel rack or included in
the placement head. An image of a typical config-
uration of an AFP machine head is shown in Fig-
ure 2. The tow width can range from 1/8, 1/4 and
1/2 of an inch (3,175, 6,35 to 12,7 mm) in single
width. It also can vary in the number of tows deliv-
ered, ranging from 1, 2, 4, 8, 16, 24 to 32.
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Figure 2: Typical AFP lay-up head configuration [7].

The tows align in parallel with low and adjustable
tension and compaction pressure to form a band
of fiber deposited material. Compaction is applied
during lay-up in order to avoid defects by elimi-
nating entrapped air and inner band gaps present
in the plies also ensuring accurate position and
sufficient adhesion between tows and component.
Each tow can be controlled individually allowing in-
dependent cut, positioning and restart [8]. Further-



more, it allows almost no excess length at compo-
nent edges reducing scrap rates.

For AFP systems, the performed cuts can only
be done transversely thus the shape placed is not
net shape. The maximum cutting speed is very im-
portant to these machine’s productivity as it should
accompany a rise in lay-up velocity for optimum
lay-up. The latter is fundamental for the cut "on the
fly” concept and it only exists on AFP machines,
along with the initiation speed. AFP tends to have
lower minimal course length than ATL, normally
around 50 mm [5] for smaller robotic arms and 90
- 124 mm for larger machines [9]. AFP lay-up rate
can range from 2 to 150 kg/h [6] and scrap rates
range from 2 - 5% as per [10]. AFP lay-up speeds
can reach to 1.2 m/s and accelerations of 3 m/s?
[9]. These machines are responsible for the manu-
facture of components like fuselage panels.

2.2.2 Lay-up productivity

It is industry norm that when lay-up rates are re-
vealed, as examples presented in this document, it
usually comes without revealing the exact shape of
the part, the lay-up speed or the tape width used.
Even though the value of the lay-up is revealed, it is
of no use to assess that machine’s productivity for
that part. In addition, for comparison purposes, ei-
ther within the same automated technology or with
other, it becomes useless. The tool to be devel-
oped in this thesis should diminish this problem as
both technologies can be compared and the influ-
ence of machine constraints and part geometry on
lay-up productivity can be studied.

Some academic literature such as Lukaszewicz
[4] provided some insight on composite lay-up pro-
ductivity by automated technology regarding lay-up
speed and part size variation. However, the study
is somewhat limited due to the simplicity of the part
geometry used and the simple equations on what it
was based on. Nonetheless, this benchmark work
was given high relevance by industry experts and
researches, as it is cited multiple times in articles
and papers, which reveals the impact and impor-
tance of this data on the composite industry and
just how imperative it is to provide a more accurate
and broader tool to perform this kind of research.

2.2.3 Programming and optimization

The main goal of offline programming is to make
sure surfaces and contours defined in the ply book
are completely covered with prepreg material with
its corresponding fiber orientation. However, simu-
lating the manufacturing process also provides es-
sential information such as material lay-up rates
and scrap factors [2]. Furthermore, scrap can be

minimized [3], herein one of this thesis goals is in-
serted. In addition to a tool capable of the lay-up
simulation, the proposed work comprises a focus
on reducing material scrap by searching an opti-
mized lay-up strategy of the initial tape lay down in
each continuous part of each ply. Usually, the left
boundary of each first tape laid coincides with the
left boundary of the part geometry because, in that
manner, scrap is being diminished. However, with
the first tape being set that way, the rest of the lay-
up may not be optimized for scrap reduction, as an
offset in the outer direction of the ply might have
a trickle down effect on setting the consequent ad-
jacent tapes for a better material usage, therefore
diminishing scrap. Results on this study are pre-
sented in subsection 4.3.

3. Methodology
3.1. Process Mathematical Formulations

These equations constitute the first step in trans-
forming the mechanical process which is the com-
posite material deposition in an array of mathemat-
ical formulas that can represent it and contribute
towards developing a realistic simulation tool. They
can be divided into five different global prisms: ma-
terial and technical scrap, distances, times, lay-up
productivity and material costs. All equations are
based on the 2D coordinate system shown in Fig-
ure 3. This referential coordinate has its ordinates
axis aligned with the left boundary of each course.

Figure 3: Model 2D coordinate reference system.

3.1.1 Material and Technical Scrap

The formula for the total material deposited in the
lay-up of any flat part is described in Equation 1.
Knowing the area of the part to be laminated, the
technical scrap can be obtained the formula ex-
pressed in Equation 2, and its percentage in Equa-
tion 3. The areas are expressed in m?,

Nplies "Tape/Tows

Matdep = Twidth Z Z

Ply;=1 r=1

(1)

(Tlengthr )Plyi

(@)
(3)

Techscrap = Matgep, — Area X npjjes

Techscrap
Matgep

%Techscrap = x 100



3.1.2 Lay-up Process Distances

In order to obtain the time spent by the machine
in the lay-up process, the distance travelled by its
head needs to be calculated. Tow ordinates are
represented by set A and B. Set B depicts the or-
dinates of each tow starting location and A the or-
dinates of each tow finishing location. After all tow
courses of a said set B finish depositing the mini-
mal course length, the machine can accelerate to
its configured lay-up speed.

Two methods exist to calculate initiation and cut-
ting distances which are dependent on machine
configuration: method 1 has the machine starting
the acceleration from idle before reaching the part
in order to attain initiation speed on the exact lo-
cation of the part’s edge; method 2 has the ma-
chine starting the acceleration from an idle position
on the exact location of the part’s edge. The dis-
tance travelled at initiation speed for method 1 is
displayed in Equation 4. (D;cqcn,.) is the length the
machine requires to reach initiation speed from idle
and Mine, g is the minimal course length.

The distance travelled at cutting speed, analo-
gously, for method 1 is provided by Equation 5.
(Dreacho) is the required length for the machine to
stop when moving at cutting speed. For method 2,
both (Dycach;.) and (Dyeqcn,) are not required. Fi-
nally, the distance travelled at lay-up speed is de-
picted in Equation 6.
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For ATL technologies more variety in the deposi-
tion process was found. The distance travelled
while at or getting at initiation speed for ATL single-
phase systems is shown in Equation 7 and was as-
sumed to be two times the minimal course length
as standard, although some machines have differ-
ent values. A constant time value then needs to
be added for the time on part calculation of these
parameters. The distance run at lay-up speed for
single-phase systems is shown in Equation 8. For
two-phase systems, the machine does not need to
stop nor it has initiation or cutting speed, only a
lay-up speed. lts lay-up speed distance is easily
computed as shown in Equation 9.
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Transitional course distances formulas were also
developed following the same logic as previously
explained equations.

3.1.3 Manufacturing Process Times

All time parameters related to the deposition pro-
cess are based on an uniformly accelerated move-
ment. The two main time parameters of automated
tape deposition are the cycle time and the lay-up
time. The first constitutes the time the whole pro-
cess takes from the moment the machine is be-
ing prepared and configured for a part lamination
(setup time), through the lamination process itself
(lay-up time), to finally the time needed to change
tape/tow rolls in the machine creels. Its formula
can be seen in Equation 10. All time parameters
have as its base unit the second. The lay-up time
consists of the time on part and the time off part.
The first is the time the machine spends on actual
lamination. The second is the time spent in pro-
cesses such as tape/tow course transitions, hori-
zontal and vertical gaps, ply transitions and in head
approach/retract procedures. The time on part pa-
rameter can then be split into the time the machine
spends at initiation speed, cutting speed and lay-
up speed. As for the approach and retract time,
as the name indicates, it is the time the machine
spends to descend from neutral position to start a
course and the time the machine takes to return to
that same neutral position after completing it.

(10)
(11)
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Layuptime = Ton_part + Toff,part
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The time needed to change material rolls and the
number of rolls required for a certain composite de-
position were also formulated.

3.1.4 Lay-up Productivity

The total mass deposited in the process is ob-
tained by Equation 16. Other mass parameters are
the scrap mass, Equation 17, and the lay-up rate,
Equation 18. M,.eign: is the material areal weigth.

Totalmass = Maweight X Matgep (16)
Scrapmass = aweight X TeChscrap (1 7)
Total
Layuprate = — (1 8)
Layuptime

3.1.5 Material Costs

The material cost is computed by Equation 19.
Equation 20 describes the cost that manufacturers
pay to dispose of technical scrap.

Matcost = Mat unitcost X Matpep

(19)
(20)

Scrapeost = Scrap_uniteost X Scrapmass

3.2. Algorithm Development

The input parameters for this tool can be divided
into machine constraints, part specifications and
model setup variables. In addition, the outputs
are divided into time, material and cost related re-
sults. The main concept of the algorithm is de-
picted in a high-level flowchart in Figure 4, which is
divided into part drawing input, image processing,
part manufacturing simulation, results processing,
and relevant outputs.

3.2.1

The tool allows for some user customization as it
provides several options. Firstly, and in order to
save computational time, an option to display the
lay-up was added. A second option to see the lay-
up simulation be performed ply by ply is available.
If the latter is not selected, the tool will show a bet-
ter approximation to reality as the deposition will be
shown as a ply being added on top of the previous
plies. These options also enable a clearer under-
standing of how the tapes/tows are being placed.
Figure 5 and Figure 6 show an example of ply by
ply lay-up for ATL and AFP, correspondingly.

A third option enables the user to see the ma-
chine toolpaths which is industry norm. This en-
ables the visualization of where the machine head

Model Inputs and Outputs

( START )

Composite part
drawing and its pixel
resolution

Image Processing

Main Machine Inputs: Part Inputs:

Part Manufacturing
simulation « N°of layers

« Ply sequence

« Ply orientation

« Edge offset

+ Axis accelerations
« Axis speeds
« Initiation speed

+ Cutting speed

« Tape width

« Minimum course length

¢ Minimum cut restart]
length

« N°of tows

« Lay-up direction

Results Processing

« Total lay-up time

« Total material deposited
« Total technical scrap

+ Lay-up rate

« Scrap rate

{ Relevant Outputs /

END
Figure 4: High-level algorithm description.

N i

Figure 5: Example of ply Lay-up 0° - ATL (top to bottom).

AN

Figure 6: Example of ply Lay-up 90° - AFP (left to rigth).

will effectively pass in each course deposition. Af-
ter a simulation is performed, the results are pro-
cessed and the outputs presented. Most relevant
outputs are the cycle time, the total material de-
posited and finally the lay-up and scrap rates. Fi-
nally, costs for technical scrap disposal and mate-
rial deposited are calculated.

4. Results & discussion
4.1. Validation

4.1.1 Embraer’s specimen test

In order to validate this model and evaluate its per-
formance, comparison with experimental and pub-
lished data was conducted. The first comparison



consists of an Embraer’'s specimen test which is
a machine check-up test to assess if everything is
working properly to perform the lay-up of the com-
pany’s composite parts. The data was collected in
situ through the machine’s software during my in-
ternship at Embraer’s facilities in Evora. Machine
data input is seen Table 1. The number of plies uti-
lized were 24 with a [45, 0, -45, 90]° x 3, symmetric
stacking. Material areal weight was 0.296 kg/m?.

Table 1: Embraer’s machine data.

Parameter Value Unit
Aram 315 mm/s?
Viam 416.67 mm/s
Vinit 300 mm/s
Veutt 283.33 mm/s
Vapp 83.33 mm/s
Uret 166.67 mm/s

Twidth 6.35 mm
Mingen 101.6 mm
Mincutrest 101.6 mm
NT 16
Layupgq Uni directional
Moy fset 20 mm

Coursegiart) finish At part’s edge

This part had a particular geometry for the lay-
up of plies at 45 and -45° angles depicted on Fig-
ure 7. A type of "ears” were added at the top left
and bottom right corners with 25x75 mm dimen-
sions. Its lay-up was needed in order to use it as a
pick up zone to remove the part from the mold with-
out touching the effective laminated area. For plies
at 02 and 90°, the ears were not included. Here, the
tool’s capability of being able to lay-up different part
geometries in different plies achieved its purpose.

512 mm

1340 mm

Figure 7: Embraer’s specimen geometry for lay-up at 45° and
-45° plies.

The tool is assessing geometries correctly since
the difference between the part area and A,,igina
calculated by the model is the same as seen in Ta-
ble 2. Areas with offset are also very similar, with
the difference of 0.39% only for the 45/-45° plies.
This demonstrates that the tool’s ability of resizing
an image to the right amount to deliver an offset
was accomplished. Then, the difference between
actual material deposited and M at.p, is practically
null, 0.21% to be precise. The time on part neces-
sary to complete one full lay-up is almost exactly
the same as the calculated T, with 0.41% dif-

ONpart?

ference. Other outputs like, Massgep, Techscrap
and %s.rqp are a consequence of the previous dis-
cussed outputs. The small percentage differences
for all outputs, with the highest being 0.71% for the
the lay-up rate, indicates a successful tool devel-
opment for the parameters tested.

Possible algorithm faults were being covered due
to the simplicity of the part being studied. Because
of this, a more complex geometry was studied and
presented next.

Table 2: Embraer’s specimen validation data.

Parameter Embraer’s Data  Model Res. Diff.
Aoriginalggo - M 0.686 0.686
Aoriginalys g5 - M 0.690 0.690
Aoffsetgop =M 0.762 0.762 -
Aoffsctys 45 -M° 0.766 0.769 0.4%
Matgep - m? 18.547 18.586 0.2%
Massgep - kg 5.491 5.502 0.2%
Techserap - M2 2.082 2.077 0.2%
Yoscrap - %o 11.226 11.175 -
Tonpart -h 0.244 0.243 0.4%
Layuprate - kg/h 22.504 22.664 0.7%

4.1.2 Soares et al horizontal stabilizer

The horizontal stabilizer present in Soares et al.
[11] and shown below was used to validate the
model with more complex geometries.

3000 mm

644,20 mmI

8000 mm

Figure 8: Horizontal Stabilizer part geometry [11].

The part was simulated with 40 plies with a [0,
90, 45, -45]° x 5, symmetric stacking and mate-
rial areal weight of 0.3 kg/m?. Tape width utilized
was 304.8 mm for ATL and 12.7 mm with 24 creels
for AFP. Time related outputs will not be compared
here because there is no reference to the speeds
and accelerations used as inputs in the referred pa-
per.

Once more, and now with a more complex ge-
ometry, the correct reading of the part bound-
aries and consequent lay-up is being done properly
since the difference between material deposited
is less than 1.76% in all four ply orientations for
both technologies, as seen in Table 3 and Table 4.
The technical scrap in AFP technology presents
a larger difference being that value around 35%.
This happens because the values are very small
and a difference between small values results in



a high difference percentage. Nonetheless, it rep-
resents no major error in the tool’s algorithm and
therefore it has minor relevance. All other parame-
ters had a very good agreement revealing another
successful comparison.

Table 3: Horizontal stabilizer validation - ATL.

Parameter [11]1- ATL  Model - ATL Dif.
Aoriginar - m? 8.26 8.266 0.07%
Mat. at 02 - m? 10.6 10.63 0.28%
Mat. at 90° - m? 9.43 9.596 1.76%

Mat. at 45%/-45 - m? 10.06 10.056 0.04%
Matgep - m? 401.39 404 0.65%
Massgep - kg 120.42 120.59 0.14%

Techserap - M> 71.04 71.34 0.42%
Yoscrap - %o 17.7 17.746 -

Table 4: Horizontal stabilizer validation - AFP.

Parameter [11]1- AFP  Model - AFP Dif.
Aoriginat - m? 8.26 8.266 0.07%
Mat. at 02 - m? 8.37 8.349 0.25%
Mat. at 902 - m? 8.31 8.304 0.07%

Mat. at 45/-45° - m? 8.37 8.332 0.45%
Matge, - m? 334.19 333.18 0.30%
MassSgep - kg 100.25 99.95 0.3%

Techserap - M2 3.84 2,52 35.38%
Yoscrap 1.15 0.757

4.1.3 Lukaszewicz’s model

Lukaszewicz’s test part was crucial to the validation
of this model since it provides scientific background
to this thesis once the comparison is validated. In
his work [4], a model was also developed through
some simple equations. The geometry consisted
of a 16x8 m rectangle and the number of plies uti-
lized were 8 with [0, 45, 90, -45], sym. and 0.412
kg/m? of material areal weight. Technical data for
the machine system is shown in Table 5 as per [4].

Table 5: Lukaszewicz's machine data [4].

Parameter Description Unit
AFP ATL
Alam 2000 500 mm/s?
Viam 1000 1000 mm/s
Twidth 6.35 302.4 mm
Minjen 50 100 mm
Nt 32 1 -
Cutting ply time 0 6 s
Start laying shoe time 5 5 s
Rollch.time 300 300 s
Creelchtime 15 - s

After a tape course has been laid, the machine
used in Lukaszewicz’s study advances to a posi-
tion outside the part and deposits a sequence with
minimal course length. Also, the time for starting
and stopping the ply using a laying shoe and the
time for cutting the tape, seen in Table 5, were

added to the results presented in the document.
For AFP lay-up, only the time for starting a course
was added. All the aforementioned parameters
and the time for removing scrap obtained from [4]
had to be subtracted from Lukaszewicz’s results for
ATL and AFP in order to make a viable comparison
as they were not accounted in the model developed
in this thesis.

4.1.4 ATL lay-up validation

Comparison between the model results and
Lukaszewicz’s extrapolated values is shown in Ta-
ble 6. Most data had a good agreement with differ-
ences up to 4-5% with the exception of the time on
part at 452 and -45° plies and the technical scrap.

The first difference can be attributed to the
simplicity of the numerical model developed by
Lukaszewicz. For 0% and 90° plies there is almost
identical lay-up time for both models but for 45° and
-45° angles there is not. This can be due to the
higher complexity on calculating course distances
at those angles, especially for corner distances.
The 9.47% difference in time on part for these plies
and the consequent 5% difference in the time on
part parameter is thus a result of that.

Table 6: Lukaszewicz’s ATL validation.

Parameter L.Data[4] Modelr. Diff.
Timeon.part - h 1.241 1.179 5%
Aoriginal - m? 128 127.98 0.02%

Timeonpart - 0%-8 972 972.36 0.04%
Timeon.part - 90° -8 1059.05 1060.32 0.12%
Timeon.part - 45%-45% - 8 1218.66 1103.28 9.47%
Matgep - m? 1058.67 1049.88 0.83%
Massgep - kg 436.17 432.55 0.83%
Techscrap - M? 36.438 26.077  28.43%

Poscrap - %o 3.44 2.48 -
Te, . - N 1.227 1.167 4.89%

Niyreg 15 15 -
Layuprate - kg/h 176.71 184.38 4.34%

The second and biggest difference between
these two models is in the technical scrap value,
with 28.43%. This could be related to the use of
an offset on the part geometry that was not refer-
enced in the document. To verify this hypothesis
a simulation was done adding 20 mm offset to the
part in question. The results revealed that adding
20 mm of part offset translates into a better com-
parison between models as the technical scrap dif-
ference reduces from 28.43% to less than 1.6%.
Moreover, material and mass deposited difference
both reduce from 0.83% to 0.2% which indicates
the strong possibility of the inclusion of this part off-
set reflected on Lukaszewicz’s lay-up results. ATL
technology simulation performed by the tool devel-
oped in this thesis can then be safely validated.



4.1.5 AFP lay-up validation

For AFP technology the same validation methodol-
ogy was applied. The comparison results are pre-
sented in the Table 7. It can be seen that, overall,
the difference between parameters is not higher
than 4% except for the same values already dis-
cussed for ATL technology comparison, the time
on part for 45° and -45° angles plies and the tech-
nical scrap. The values for these differences are
7.05% for both plies and 90.34% for the latter. The
difference in the time on part parameter for these
plies has, most likely, the same explanation given
for ATL lay-up.

Table 7: Lukaszewicz’s AFP validation.

Parameter L. Data[4] Modelr. Diff.
Timeon.part - N 1.455 1.506 3.51%
Aoriginat - m? 128 128.01 0.01%
Timeon.part - 0°- 8 1320 1319.64  0.03%
Timeonpart - 902 - § 1343 134256  0.03%
Timeon.part - 45%-45° - s 1288.56 1379.4 7.05%
Matgep - m? 1037.62 1025.36  1.18%
Massgep -kg 427.5 422.45 1.18%
Techgerap - M2 13.49 1.303 90.34%

Yoscrap - % 1.3 0.127 -

Te, e - 4.54 4.55 0.22%
Nyreq 681 684 0.44%
Layuprate - kg/h 71.31 69.78 2.15%

Another simulation was therefore performed with
the inclusion of a 20 mm offset for AFP technol-
ogy. After the 20 mm part offset simulation was
performed, it was understood that a simulation with
30 mm was required as the 20 mm part offset val-
ues did not have a good agreement with the values
obtained by Lukaszewicz’s AFP lay-up. For 30 mm,
the technical scrap difference between studies re-
duced from 90.34% to 16.5% which indicates a bet-
ter value agreement. A higher offset required for
AFP comparing to ATL might be due to higher tow
tolerances and the smaller tow width. Neverthe-
less, the model can therefore be safely validated
for AFP technology as well.

4.2. Lay-up and Scrap rates for aeronautical repre-
sentative composite parts

The full potential of the model developed is shown
as four different aeronautical representative com-
posite parts were studied, a wing flap, a horizontal
and vertical stabilizer and a wing skin. The full out-
put information will only be presented for the first
example due to synthesis purposes. All parts were
simulated with 40 plies with the same [45, 0, -45,
90]° x 5, symmetrical angle orientation stacking.
Material areal weight of 0.6 kg/m? and material and
scrap unit cost of 71 and 3 €/kg were utilized.
The parts were tested for both technologies with
ATL being tested for single and two-phase systems
and AFP tested for course starting and finish be-

fore and at ply start location options. AFP and
ATL two-phase were also simulated for uni and bi-
directional lay-up. For AFP technology, the simu-
lations were performed with tow width of 12.7 mm
and 32 tows. All axis acceleration were set at 2000
mm/s? and layup speed at 1000 mm/s.

For ATL technology, tape width width was cho-
sen as 304.8 mm. 1000 mm/s? and 1000 mm/s
were selected for all axis acceleration and lay-up
speed, respectively. The values used for initiation
and cutting speed were chosen on a 2/3 rule of the
lay-up speed as the parts to be simulated are flat
computing 600 mm/s and 700 mm/s, correspond-
ingly. Minimum course and minimum cut restart
length were chosen as the standard value of 101.6
mm. For the ATL single-phase system an aver-
age value of 4 seconds was used for its starting
and cutting course time. Finally, the roll and creel
changing time were selected as 300 and 15 s, re-
spectively. The roll length and setup time were de-
fined as 240 m and 2 h.

4.2.1 Wing flap

- _ .

4830 mm

Figure 9: Wing flap part geometry.

Table 8: Model results ATL vs AFP - Wing flap.

Symbol Matgep Techscrap Yoscrap Massgep
ATL 215.92 45.04 20.86 129.55
AFP 181.66 10.78 5.94 109
Unit m?2 m? % kg

For this case, most relevant output information
is shown in Table 8, Table 9 and Table 10. Cy-
cle times are higher for ATL technology versus
AFP technology, although the ATL two-phase sys-
tem with bi-directional lay-up has similar values to
those of AFP systems. This is due to the higher
axis accelerations used in AFP and the higher
bandwidth of 406.4 mm (32 * 12.7 mm) versus
304.8 mm in ATL. The time to change rolls is higher
for AFP (64 rolls for 32 tows) when comparing to
ATL (3 rolls for a single tape) because of the time
required to adjust each AFP machine creel, al-
though AFP only changes the 32 tows rolls simulta-
neously once comparing to twice for ATL. Nonethe-
less, this time parameter has less impact on the cy-
cle time when comparing to the faster acceleration
and larger bandwidth of AFP spending less time
on part. The material deposited is, as predicted,
higher in ATL (215.92 m?) than for AFP (181.66



m2), due to AFP being able to cut and lay inde-
pendent tows. Even though having a higher maxi-
mum bandwidth, AFP technology is able to adjust it
as suited, laying down less scrap in consequence,
45.04 m? (20.86%) vs 10.78 m? (5.94%). The tech-
nical scrap percentages are then in accordance to
the reference made in subsubsection 2.1.1. Con-
sequently, the material costs are higher for ATL
than for AFP. Finally, the lay-up rates are higher
in ATL two-phase systems despite the higher cycle
times. This happens because, while having greater
cycles times, this technology also deposits more
material and, as a consequence, more technical
scrap as well and thus boosting higher lay-up rates.
In addition, the time off part for systems which are
uni-directional (0.585 h for ATL and 0.334 h for
AFP) is significantly higher than that of the same
system but with bi-directional lay-up (0.380 h for
ATL and 0.246 h for AFP). This is due to a re-
duction in the transitional tape/tow time from uni
to bi-directional lay-up, 0.322 h to 0.118 h, in ATL,
and 0.175 h to 0.087 h, in AFP. Finally, regarding
the location of course start and finish, with option
1 being to start a course lay-up before the part’s
boundaries and finishing after and option 2 starting
and finishing at the part’s boundaries, its selection
affects the time on part parameter, as by select-
ing option 2, that parameter is reduced and con-
sequently the cycle time is also reduced because
there is a shorter course to run by the machine.

Table 9: Model detailed results - Wing flap - ATL.

Symbol ATLsingle ATLtwo ATL two bi-dir.

Cycletime - h 4.095 3.079 2875
Layupime - h 1.928 0.912 0.708
Tonpqrs - 1.343 0.328 0.328
Totfpare -D 0.585 0.585 0.380
Tirans -h 0.338 0.338 0.133
Tiranss -h 0.322 0.322 0.118
Tapp/ret N 0.247 0.247 0.247
erorta - D 0.167 0.167 0.167

Nrreq 3 3 3

Mateost - € 9198 9198 9198
Layuprare -kgh — 31.641 42.075 45.064

Table 10: Model detailed results - Wing flap - AFP.

Symbol AFP AFP bi-dir.
Courseg, ¢ 1 2 1 2
Cycletime -h 2.821 2.782 2.733 2.703
Layupiime -h 0.604 0.566 0.516 0.478

Tonpars ~N 0.270 0.232 0.270 0.232
Toffpart - 0.334 0.334 0.246 0.246
Tirans -h 0.182 0.182 0.094 0.094
Tiranst -h 0.175 0.175 0.087 0.087
Tapp/ret =N 0.152 0.152 0.152 0.152
Te,pns - N 0.217 0.217 0.217 0.217

Nirreq 64 64 64 64

Matcost - € 7739 7739 7739 7739
Layuprate -kg/h  38.641  39.177 39.884  40.326

4.2.2 Results comparison

By analyzing both Figure 10 and Figure 11, some
observations can be made. The first, and the
most evident, is that the lay-up rate increase, as
discussed in theory, with part size for the same
machine systems. Although most cycle times
are lower for AFP, as discussed in previous para-
graphs, ATL machines lay down more material be-
cause they do not possess the ability to cut and
restart individual tows and therefore produce more
technical scrap. By laying down more material in
more, although almost similar time, the difference
in material deposited has a bigger impact than
the difference in cycle times for ATL two-phase
systems. They then possess the highest lay-up
rates for all part sizes being the ATL two-phase bi-
directional system the most efficient one. The sys-
tems can be generally ranked in order of productiv-
ity from ATL dual-phase bi-directional system, fol-
lowed by ATL two-phase uni directional (smaller
parts), AFP bi directional 2 and 1 (larger parts),
AFP uni-directional 2 and 1 and finally ATL single-
phase.

Area vs Lay-up rate
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Figure 10: Area vs lay-up rate for all ATL machine systems.
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Figure 11: Area vs lay-up rate for all AFP machine systems.
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4.3. First tape offset study results

The first scenario to be studied was the horizon-
tal stabilizer seen in Figure 8. Ply sequence used
was [0, 90, 45, -45]° x 5, totalling 40 plies. Material
and scrap unit cost were set at the same 71 and 3



€/kg values. The results utilizing the model were
89.02 m? of technical scrap when laying the first
tape aligned with the part’s boundary and 88.89
m2, a negligible saving of 0.13 m? or 0.15%, when
using an offset on the first tape laid in each ply. In
a second scenario, the same figure was modified
as to include gaps in the direction of lay-up of the
machine. This approach tries to describe a situa-
tion where this study could have a greater poten-
tial. The total technical scrap saved was 1.8 m?, or
2.36%. Most relevant plies in which the offset was
indeed required were plies 2, 6, 10, 14, 18, 27, 31,
35 and 39 (Figure 12) which got and offset of 7 and
52 pixels (22.225, 165.1 mm).

al

Figure 12: Offset study - ATL Ply Lay-up 90° (left to right).

5. Conclusions

The tool developed was successfully validated, for
both technologies, with differences of less than 1%
for the Embraer case study and differences not
higher than 1.76% except for the case of [11]. Fur-
thermore, the tool was validated trough a compari-
son with Lukaszewicz [4] benchmark studies. The
time off part parameter was not able to be vali-
dated as there was no data available for compar-
ison. However, by validating all other time parame-
ters there is a strong premise to accept the values
obtained for this parameter since the methodology
applied was the same.

Several representative aircraft parts were simu-
lated in order to assess its material costs and de-
position rates. It was concluded that, as a gen-
eral rule, and as stated in Grimshaw et al. [2], the
material costs, material deposited and the lay-up
rate increase with part area increase. They were
found to be higher for ATL two phase bi-directional
systems as they deposit more material, despite the
slightly higher cycle times. The results from the first
tape offset lay-up proved to be negligible for simple
geometries as it was attained a material cost re-
duction of 0.15%. For more complex geometries,
with the same area, the cost reduction was a more
promising 2.36%. This value increases as mate-
rial areal weight, part size and the material cost
per kg increases. With the validations and analy-
sis performed, the developed model presents itself
as a tool capable of estimating material costs and
deposition rates using current machine technology
for real world parts with complex planar shapes.
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