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ABSTRACT

Automated fiber placement provides many advancements beyond traditional hand layups in terms
of efficiency and reliability. However, there are also a variety of unique challenges thatitirise
automated fiber placement technology. In particular, steering of tows over danufgd tool
surfaces can result in material overlaps and gaps due to path convergence/divergence, fiber angle
deviation, as well defects in the tows themselves suguasers and wrinkles. Minimization of

these defects is traditionally considered a task for the manufacturing discipline. Manufacturing
specifications are often created for these defects based on laminate testing and can be inflexible to
avoid more tests. &ent efforts have been made under Nagional Aeronautics and Space
Administration (NASA) Advanced Composites Project (AG®)develop software tools and
processes that provide automated coupling between design and manufacturing disciplines. The
objectie of this coupling is to provide information to the design discipline on the
manufacturability of a laminate while the laminate is being designed. A variety of software tools,
both existing commercial tools and research tools under development, willdoe @sdieve this
objective: HyperSizer for laminate optimization, the Computer Aided Process Planning module
for selection of manufacturing process parameters, Vericut Composite Programming for tow path
simulation, and COMPRO for deposition and cure defec. The newly devel
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Optimizero tool wi | | be used to tie the modul

process.

1. INTRODUCTION

The objective of the current work is to create a design tool that incorpdvateshated Fiber
PlacementAFP) manufacturing constraints into traditional composite analysis and optimization
process. This approach is known as Design for Manufacturing (DFM).DFM process is
depicted in the flow chart iRigurel.
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Figurel. DFM approach for AFH1]

1.1 Background

Use of AFP manufacturing has become increasingly popular over the last decade. For large
structures such as fuselade$, wings [3], and space launch fairingd], this manufacturing
technique is often considered to be faster enawie capable of produng consistent structural
properties than traditional hand lay(f. In AFP manufacturing, a composite tape deposition
head, placed at the end of a robotic arm, éxlus placéows on the tool surface. Use of a robotic
arm allows material to be placed more consistently than a hand layup.

However, AFP manufacturing has its own set of unique challenges, both in manufacturing and
design AFP tows are usually steered @ming that they do not follow the natural curvature of the
surface) to some extent to achieve desired fiber orientations. This can cause defects such as puckers
and wrinkles in the tows, as well as a variety of more complex defects.

1.2 Overview

In previous wak by Collier Researcf6], a process was developed to map fiber directions and tow
overl aps and gaps from CGTechods Ver[V]dtcoute Compc
Finite Element Model (FEM) mesh in HyperSig&ffor inclusion in stress analysis. This mapping

process helped close tlwop in automated data transfer between AFP design and stress analysis
software.

The current work is focused on mapping additional manufacturing data back to the laminate design
processas well as create a design environment capable of iterating witliananming constraints.

The challenge is that stress analysis and laminate design, process planning, and defect evaluation
are all done in separate software toddlsnew tool, dubbed the Central Optimizer, is being



developed to tie these separate analysgsther in a way that allows for rapid iteration between
the disciplines. This tool is being developed as a part of the HyperSizer software framework, which
is already a central part of producing laminate designs that meet strength and buckling
requiremerg. The following sections describe the workflow of the tool, the individual analysis
components, as well as some example results.

2. AFP COMPOSITE DESIGN WORKFLOW

The Central Optimizer workflovs iterative and does not necessarily follow the same stepshn ea
iteration. This allows for more flexibility; the user can repeat steps at a higher fidelity or skip steps
at their discretion. The general workflow for the Central Optimizer is described below, starting out
with the overall inputs and outputs of the g@ss.

2.1 Overview of Workflow

The Central Optimizer requires inputs for all of the analyses performed in both the stress analysis
and manufacturing discipline. This includes models of the part gegnastryell as rules and
constraints for the composite maacturing. The inputs are listed bel§9y.

Part geometry (CAD and FEM).

Internal loads (from Finite Element Analysis, FEA).

Failure criteria (strengtlstiffness, buckling).

Laminate rules (balance, symmetry, minimum gage, angle deviation requirements).
Gapl/lap requirements (density, size).

Other engineering requirements (boundary coverage, tow end placement, etc.).

Material properties (allowables, sti#fas, etc.).

AFP and other manufacturing process parameter requirements (AFP machine parameters,
cure parameters).
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Upon completion of the optimization process, the Central Optimizer and contributing software
tools produce the following outp{4].

1 Optimum ply boundaries and ply counts.

1 Optimum fiber paths.

1 Gap/Lap reports with material area data.

1 All which satisfy:
o Structural failure criteria (strengthtiffness, buckling).
o Elimination/minimization of AFP defects.
o Elimination/minimization of cure defects.

2.2 Workflow Details

The planned software workflow for the Central Optimizer is depictdeigare 2. This section
describes the primary functions performed in each step of the worldletails of the individual
tools are described in the next section.
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Figure2. Central optimizer workflow[9]

The process starts with optimization of ply shapes and ply counts in HyperSizer. The optimization
uses loads from the FEM and evaluates strength and buckling requirements for the structure.
Design requirements such as laminate balance and symmetry are also applied. At this point in the
process, the strength analysis is based on assumed fiber directions, neh#reitctured fiber
directions.

The next stejs to use the Computer Aided Presd’lanning (CAPP) Module to provide input on

the start point and layup strategy for each ply. The start point provides the seed point for generating
AFP paths over the tool geometry. Layup strategy describes how the paths propsgateng
versusatuil path, etc. The CAPP iterates with VCP to check the quality of start points and layup
strategies by monitoring laps and gaps, fiber angle deviation, and steering radii.

Once start point and layup strategy are selected by the CAPP for each ply, VGPisgeseerate

tow paths that initiate the first iteration of the Central Optimizer process. The resulting tow paths
are used to extract data for subsequent analyses: fiber orientédiorad gap geometry, tow
steering radius, and fiber angle deviatidbhisdata is used topdate the laminate strength analysis
and also to perform AFP manufacturing simulations.

The fiber orientations are imported to HyperSizer, where they are used to update the stiffness of
the FEM as well as the strength analysis. Bathihatebased and plpased strength analysis
approaches are supportektiditionally, the geometry of tow overlaps and gaps is imported to
HyperSizer for incorporation into the strength analy$ise lap and gap datare also used to
evaluate deviation ithe overall laminate thickness in locations where the laps and gaps from
multiple plies are coincident.

The tow paths are also used to predict the likelihood of AFP defects at a given level of steering
(and eventually tool surface curvatur€he AFP towdeposition simulation under development
by Convergent Manufacturing US (CMTUS) and NASA as a new subroutine for COMPRO is



capable of predicting tow puckers and wrinkles during tow ste¢ti?ig This capability will be

used to determine the processing conditions which minimize the occurrence of these defects.
Formation of AFP defects due to steering is an important consideration when generating tow paths
because it oéin conflicts with the requirement to minimize fiber angle deviation. Steering tows
over a doublycurved surface to minimize angle deviation (from 0/45/90) can cause a significant
build-up of stress in the tows, enough to overwhelm the tack force betwseantbsubstrate,
resulting in AFP defects.

The final assessment in the design process is to evaluate likelihood of defects that occur during
cure. The COMPRO cure defects simulation is used for this puf@8keThis physicdased
process model is capable of predicting porosity that occurs during the cure cycle due to local
changes in resin pressure. These porosity predictions inform the rest of the Central Optimizer
process of changes that could be necessary to the laminate design or even the part geometry.

The steps described above are repeated until the laminate design reaches a point where all design
and manufacturing constraints are mateachiteration, the design is updated according to the
current state of the design. The Central Optimizer helps the user evaluate all aspects of the design
simultaneously, synthesize the dixtan all contributing analyseand make an informed decision

about low to modify the design in the neiterationto improve manufacturing and structural
performance.

3. AFP DESIGN, MANUFACTURING, AND ANALYSIS TOOLS
3.1 HyperSizer Laminate Optimization

HyperSizer is used to determine the necessary thicknesses of laminatgsaaigmhations needed

to meet failure criteria for strength and buckling. The primary input to HyperSizer is a FEM and
FEA results, which provides the geometry of the structure and internal loads. An example is shown
in Figure3. Material properties are also required (stiffness and allowables).
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Figure3. FEM with loads.

Additionally, HyperSizer is capable of optimizing zone shapes based on the internal loads of the
structure. This is done withperelement ply count optimization to meet strength criteria, as well

as global buckling and frequency requirements (fa8ed). The resultsf ahe perelement
optimization are used to group elements together based on similarity of ply counts and element
proximity. Figure4 shows an example of zone shapkisons
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Figure4. HyperSizer zone shapes for a turbofan Inner Fixed Structure [IfS).

3.2 CAPP Module

The CAPP module enables rapid process planning for the investigated design. Process Planning is
the act of matchmaking between Design considerations and Manufacturing constranatisles

rapid manufacturing and certification of composite structures. A very complicated tasks that is
often bound with trial and error, process planning has over 16 steps that are needed to ensure
optimal consideration of the manufacturing requireteeProcess Planning can be subdivided into
three categories: Process Optimization, Toolpath Optimization and Miscellaneous. The proposed
CAPP tool tackles the process optimization aspect of process planning which includes selection of
layup strategy, iddtification of ideal starting point, and management of botkHbplsed functions

and laminatébased onegssigure 5 shows the current interface of the CAPP software.

@ USC CAPP Module o 2
file Edit Help

W e ~E[]
Ples

¥ Laminate 0

28 BIestvzSs83

Overlap
]
Overlap
Gap
1ol
Angle Dev.
Angle Dev.
Value
Steering
level
Steering
Value

Overlap Level
Overtap Value

Gap Level

Gap Value

Angle Deviation Level
Angle Deviation Value

Steering Level

/e o o © oo o

Steering Value

Figure5. CAPP Module interface.



The proposed CAPP tool is semitomated and includes knowledge justification for selections. It

is composed of three major steps: (1) Computation of assessment parameters, (2) Ranking of
assessmergarameters that is subjective to everyone using the software, and (3) Ranking of the
solution space based on the combination of (1) and (2). As such, the system considers the subject
matter expert, and provides a solution oriented on his prioftiggre6 offers a closeup image to

the defects visualization toolbar.
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Figure6. Sample of Toolbar for Defect Visualization

3.3 VCP Tow Path Generation

VCP is a Path Simulation Software (PSS) tool that generates tow paths to fill in specified ply
boundariesFigure7 shows an example of VCP tow paths.
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Figure7. VCP tow paths for a 45° ply.

There are a variety of user inputs related to the AFP machine, tool geometry, path geometry, and
material selectiofi9]. Those with relevance to the Central Optimizer process are:

1 Ply boundaries and orientation from Hypeer

1 Tow width and number of tows in the course.

9 Start point for each ply, atefined by the CAPP module.

1 Layup strategy for each ply, as defined by the CAPP module.

VCP6s primary function is to generate course
machine. However, data relevant to the Central Optimizer is extractedHeotow paths before
they are posprocessed for manufacturing. The extracted data includes:



1 Fiber directions at every location on the tool surface for every ply (extracted with a grid
of XYZ points).

1 Fiber deviation from the rosette, at every locationt@ntool surface for every ply
(extracted with a grid of XYZ points).

1 Local steering radii at every location on the tool surface for every ply (extracted with a
grid of points).

1 Lap and gap geometry (profiles of the features).

1 Lap and gap statistics (ardangth, width).

3.4 COMPRO Process Modeld AFP and Cure Defect Simulation[9]

The results generated hyd physicsbased models will be uséyg the Central Optimizer pcess
to predict the likelihood of defect occurrence. Both use the AbEHISFEA solver with the
COMPRO plugin [11].

3.4.1 AFP Defects Simulation

This process simulation includes a phydiesed tack model to represent tow interaction with the
substrate. Also modeled are the roller, tow guide, compaction force, tow tension, anatesubstr
temperature. These features together are able to simulate the buildup of forces in a tow that
potentially overwhelm the tack force and ultimately cause defects during depgsijo®nce

the simulation is run, defects must be identified in the deformed tow. This can be done manually,
as would be done with a real tow placement trial. An Abaqus script is being developed to perform
the postprocessing in an automateehd consistent way. Simulated defects are measured and
counted, thus providing statistical information that-ofispec defects will occur under the
provided processing input parameters.

The initial model presented in Reéncg12] performs simulations on flat tooling. In this mode

of operation, the model will be used to generate a surrogate model (via polynomial regression) that
estimates the probability of AFP defects as a function of steering radius and other process
parameters.

3.4.2 Cure Defects Simulation

This process model can predict the level of porosity in a laminate that develops durifiBcure
This is done by simulating resin and gamsifithat occurs due to local changes in resin pressure, as
well as offgassing of the resin during cure. Local variation of resin pressure is often caused by
geometric features such as tight radii or placement of a caul sheet, as well the interactien of cur
shrinkage with these features. Porosity is predicted from the gas volume fraction in each FEM
element at the completion of the cure cycle simulation.

The cure defect simulation is run on a solid element mesh; this requires that laminate designs from
HyperSizer be converted from a shell element mesh to solid elements. Once the simulation is
complete, predicted porosity must be mapped from solid elements back to the shell elements in
HyperSizer.



3.5 Central Optimizer Tools

The subsections below describe addisibanalysis tools that have been develaged part of the
Central Optimizer to perform supporting analyses and optimizatiosupplementhe tools
described above.

3.5.1 Minimization of Through-Thickness Fiber Angle Deviation

Throughthicknessangle deviatiais tracked separately from rosette deviation because it describes
the fiber angle deviatiolocally in the laminate. Even if a ply has significant deviation from the
global rosette, it is possible that the local laminate could still be close to aomadiiV45/90
laminate (if all the plies had the same amount of rosette deviation at that location, for example).
Calculating througtthickness deviation requires determining a new reference direction for each
element (instead of referencing the rosettdle fiew reference direction is determined by the
average of the min and max deviation of any ply in that element, as shown in Equation 1.
Deviations for each ply are then calculated relative to this new reference direction.

. . — h h — h h (1)

It is desirable to minimize the throughickness deviation as much as possible, ideally to get the
deviation below the threshold required by material allowable spatdns. The challenge is that
rotating a ply to improve throughicknessdeviationin one area may make it worse in another
area. Additionally, it is not immediately obvious which ply to rotate to improve thrthigkness
deviation ovesadatchdad dpgtoimpigmdentidesoent metloddsn e
implemented to solve the deviation minimization problem. The optimization is performed on the
FEM, after the initial fiber directions have been mapped from VCP. By adjusting the orientation
of each ply by a small amount (less thaf)1éhe overall thoughthickness deviation can be
minimized without significantly changing other characteristics of the layup, such as tow overlaps
and gaps or steering radii.

In each step of the optimizatioa small rotation of each ply is attempted. The objectivetimmc

value for each ply rotation is evaluated and pherotation that results in the lowest objective
function then becomeferthatiplg Thé gracess repedatsountiono meent at i
improvement in the objective function can be found. €hddferent forms of the objective

function were implemented. The first is a weighted combination of maximum de\i@&ion) in

the laminate and average deviat{@ ). This is shown in Equation (2)

£ 0Q0 0 tw @)
The second objective function implemented calculates the@&Sentile deviation of all elements
in the laminate (assuming a normal distribution of deviations), using the avéragg gnd

standard deviation,( ) of the fiber angle deviatiohis is shown in Equation (3).

I RNe! P& T 1, ©)



The third objective function calculates the percentage of the laminate area that has- through
thickness deviations that exceed a specified lififits is shown in Equation (4).

. . ®dEoBO O
€ W'p min : 4)

Each of these three objective functions can produce different results, and could be used for
different purposes when reducing throttgickness deviationAn example application of this
optimization isdescribed in Sectiof

3.5.2 Impact on Laminate Strength from Tow Overlaps and Gaps

Laps and gaps are mappedhe FEM using the process described in Refergjcéap and gap
outlines from VCP are tessellated and mapped to the FEM based on proximity to the elements, and
this is repeated for each ply. The thickness of plies emahts is scaled according to lap and gap
coverage. An element that has 100% of its area covered by a gap would have the ply thickness
reduced to zero. An element that is 100% covered by a lap would have its ply thickness doubled.
Coverage of 50% would rek in 50% ply thickness for a gap, and 150% ply thickness for a lap.
The mapping process is showrFigure8.

Gap in VCP Exported gap perimeter Mapped to FEM
in HyperSizer

Figure8. Lap and gap mapping approdéh

3.5.3 FEM Update with AFP Data

Performing a FEM update with the AFP data is crucial because it can impact the stiffness of the
FEM and thus change the load path through the structure. Modification of fiber orientation, as well
as the presence of laps and dapih have an influence oreM stiffness. To capture the influence

of these features per element, it is necessary to create individual FEM properties per element.
Using Nastran PCOMPs, for example, it is possible to specify a unique fiber orientation per ply,
per element. Additionall the thickness of each ply in each element can be scaled according to the
presence of laps and gapsgure9 shows the effects of laps and gaps on the bending ntamen

a laminate.
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Figure9. FEA loads with updated fiber directions and laps/gaps.

3.5.4 Laminate Thickness Deviation from Laps and Gaps

Laps and gaps cause doubled thickness and missing thickness, respectively, within each ply. If too
many of these features are coincident in multiple plies, the overall laminate thickness can deviate
significantly throughout the part. This effect can be approximated by using the scaddehpent

ply thicknesses that were mapped for the strength asabsidescribed in the previous section.

The thickness of each elemeat ( ) is calculated with Equation 2.

h

0 0 )

The calculation is performed by looping throwggdcth ply on each element, looking up the scaled
ply thicknessq¢ ) according to the lap and gap mapping, and repeating until the number of
plies on that element ( ; ) has been reached (this number can vary per element).

Figure10 shows an example of the accumulated thickness of laps and gaps. The blue and green
areas have a nominal ply counts#venand nine plies, respectively. The @ shows that the
calculated laminate thickness varies by as mudtvaglies in some locations.
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Figure10. Accumulated thickness from laps and gaps.

4. RESULTS FOR OPTIMIZATION OF THROUGH -THICKNESS

DEVIATION

This example solution for minimization of throutfickness deviation uses the methodology
presented in Sectidh5.1 The model first shown iRigure3 was used for the example. Tow paths
were generated with VCP as showrkigure?.

Each of the three objective functions described in Se@i6érnl were used to optimize ply
orientations to minimize thrghthickness deviation. The iteration history of each run is shown

in Figure11 throughFigure13. These three plots show that the optimization behd¥fesently
for each approach. The metrics of the final solution of each approach are presdrabhi in

None of necessarily

objectives.

)l
il

t he

approaches

ar e

super.i

Approach one (weighted combination of average and max deviation) can be useful for
reducing the peak deviations in the laminate.
Approach two (9% percentile deviation) helps bring down the overall deviation in the
laminate while ignoring the peaks.
Approach three minimizes the number of elements that violate an input deviation limit (2°
was used for the example)

Tablel. Summary of optimization metrics for varying objective functions.

Deviation at Average Max
Percentile Deviation Deviation
(deg) (deg) (deg) % Violations
Approach 1 2.79 1.39 3.78 21.36
Approach 2 2.50 1.37 4.34 18.30
Approach 3 2.71 1.35 4.09 16.82
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Figure13. Iteration history for % violation objective functi¢approach three).

The histograms below show the distribution of throttbltkness deviation in all the elements in
the structure. After optimization, the distribution of deviations exhibits an obvious skew towards
zero deviation. Additionally, the numbef elements at the upper end of the distribution is
significantly reduced.
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Figure14. Histogram of deviation before optimization.
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Figure15. Histogram of deviation after optimization with approach three

A visualization of the elements that meet or fail the 2° limit is shovigare16. The area of
the laminate covered by througiiickness deviations was reducedn 24.8% to 16.8%.

Before Optimization: After Optimization:

Bottom

.>2° .<2°

Figurel16. Elements that meet or fail specifigtatoughthickness deviation limit.

5. CONCLUSIONS

A software tool and workflow has been proposed to provide a DFM solution for AFP structures.
The workflow consigt of a variety of analysis and design tools, including FEA, CAD, stress
analysis, AFP path planning, AFP process planning, and manufacturing simulation. The Central
Optimizer tool under development will connect the various disciplines by providing stnedmili

data exchanges between these tools. This will allow the user to quickly synthesize the various tool
outputs and make informed decisions on updating the AFP laminate design to improve
performance and meet design specifications.



Additional AFP analysisobls are being developed as a part of the Central Optimizer to supplement

the existing tools. One of these new tools is the thrabgikness angle deviation minimization
routine. This routine has been demonstrated to successfully reduce the percdatagetd area
that violates angle deviation constraints.
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