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ABSTRACT 

The NASA Advanced Composites Project (ACP) was formed to create new and innovative 
solutions for reducing the timeline for developing and certifying state-of-the-art composite 
structures and materials. Under the ACP, the manufacturing tasks focus on reducing the occurrence 
of defects during Automated Fiber Placement (AFP) and helping close the design-analysis-
manufacturing loop through Design for Manufacturing (DFM). One goal of this task is to leverage 
and enhance commercial off-the-shelf AFP path simulation software (PSS) by creating a link to 
the digital design process and establishing a feedback loop for composite designers. The 
implementation of these enhancement criteria targets two main categories – analysis tools and 
improvements to the path generation algorithms. To improve the manufacturing process, there 
must be a transition in the mindset behind programming a composite part from the traditional ply-
by-ply approach to a laminate-focused strategy. Having a clear understanding of the precise defect 
placement through the thickness of a laminate can lead to a reduction in the required strength 
margins and potential optimization of the strength and weight of the final part. Additionally, a 
better understanding of the stack-up of defects through the thickness of the part, and the 
optimization of their placement can lead to improved surface quality that can be critical for bonded 
or fastened surfaces. For this task, CGTech’s VERICUT Composite Programming (VCP) was 
selected through this consortium as the AFP PSS of choice to support the DFM methodology. The 
results of this development have included the creation of several path and defect analysis, 
automation, and export routines, ply- and laminate-level analysis reports, and the formation of the 
Laminate Manager (LM), a powerful tool for visualizing, programming, and analyzing a composite 
laminate through a single interface. The LM has facilitated a broader transformation in the overall 
approach to programming a composite part by transitioning to a laminate-based focus and allowing 
a programmer/designer to visualize, analyze, and generate each ply based on its interactions with 
the rest of the laminate. This transformation in approach can have a tremendous impact on the 
future of automated composite manufacturing by not only improving the overall quality of 
composite parts but also significantly streamlining the development cycle, reaching optimal 
designs in a shorter and more efficient timeframe. 
 
  



INTRODUCTION 
The NASA Advanced Composites Project (ACP) focuses on reducing the timeline for developing 
and certifying state-of-the-art composite structures by 30 percent to retain America’s competitive 
advantage in the global aerospace industry. Several tasks are concerned with reducing the 
occurrence of defects which commonly occur in aerospace composite structures as a result of the 
processing methods utilized to fabricate these large, highly complex vehicles. Automated fiber 
placement (AFP) processing has found widespread application for the manufacture of large 
composite skins, webs, and ducts on commercial and military aircraft. Such applications benefit 
largely from the high laydown rates and associated cost savings achievable through AFP as 
compared to hand-layup processes. Digital control of the AFP process additionally offers the 
means to link the AFP simulation and Numerical Control (NC) instructions to the digital design 
process. By combining part design to the AFP manufacturing instructions, aircraft original 
equipment manufacturers (OEMs) would be able to conduct design optimization in tandem with 
the constraints and capabilities of the AFP process. The result of this merger of design optimization 
and AFP manufacturing tools, called Design for Manufacturing (DFM), would be a new AFP path 
simulation software (PSS) manufacturing tool that both speeds the design-to-build development 
cycle time and also quickly converges on the best weight and cost savings design options. The 
resulting product of the DFM software will be AFP NC instructions for the fiber placement of the 
weight and cost optimized composite skin structure. An effort has been directed towards modifying 
CGTech’s AFP PSS package, Vericut Composite Programming (VCP), so that it better informs 
the part designer and programmer of manufacturing constraints and impacts of design decisions 
on part performance and quality. 

The implementation of these upgrades targeted two main categories – analysis tools and 
improvements to the path generation algorithms. A goal of this task was to transition the mindset 
behind programming a composite part from a ply-by-ply approach to a laminate-focused strategy. 
This paradigm shift is necessary to address the issues associated with independently programming 
plies with no correlation to the rest of the laminate. Considering all layers in the laminate is critical, 
as it is very common for defects to concentrate through the thickness in areas of complex contour. 
The effect of multiple defects stacking through the thickness may compromise the structural 
integrity and/or surface quality of the final laminate. The degree of defect stack-up is not always 
known, and because of this, many engineering allowables are conservative enough to protect for a 
local concentration of defects. Having a clear understanding of the precise defect placement 
through the thickness of a laminate can lead to a reduction in material and result in potential 
optimization of the strength and weight of the final part. Additionally, a better understanding of 
the stack-up of defects through the thickness of the part, and the optimization of their placement 
can lead to improved surface quality that can be critical for bonded or fastened surfaces. 

The implementation of these high-level goals resulted in a new laminate-focused interface inside 
of VCP and the development of a suite of analysis tools and an advanced path generation 
algorithm. These features have added enhanced visualization capabilities for programmed 
laminates, as well as exportable analysis reports and geometry, and automated through-thickness 
defect management tools. A case study has been performed to showcase the developed features 
and analysis tools while highlighting the laminate-focused design strategy. For this study, a design 
of experiments was developed using a generic spar-shaped tool that exercised the defect 
management algorithms and used the analysis tools and reports to quantify the quality of the 



resulting laminates. This example demonstrates the capabilities of the new tools and further 
highlights the transition to a laminate-focused design strategy for composite parts. 

1. EXPERIMENTATION 
The first step in transforming automated composites manufacturing under this task was not a 
software enhancement, but rather a change in mindset from the traditional ply-by-ply NC 
programming strategy to an approach that is focused more directly on the laminate design. 
Although not a blanket statement for the entire industry, it is common practice to create composite 
laminates and program them on a strictly ply-by-ply basis with little or no understanding of how 
plies interact with each other through the thickness of the laminate. The exception to this is ply 
staggering, which is intended to disperse course-to-course edges and defects of like-oriented plies 
throughout the thickness of the laminate. For complex contoured parts, this is only a local solution 
to a small region near the ply start point – an issue that will be discussed in greater detail in later 
sections. 

Once the issue had been targeted and addressed, it opened the door for new opportunities to 
enhance the PSS to create a new standard for composite NC programming and laminate design. 
There existed a need for both the enhancement of analysis and visualization tools to target through-
thickness defect issues, as well as the development of advanced path generation algorithms to 
provide a solution for correcting the defects. The need for laminate-level tools created an 
opportunity to alter the programming interface in the PSS and overhaul the standard flow of work. 
The result of this effort was the creation of the Laminate Manager (LM), which serves as a control 
center in VCP, allowing an entire laminate to be viewed and processed in a single interface. The 
LM provided a foundation on which the core through-thickness laminate issues could be addressed 
and enabled the development of new laminate-focused design tools. 

Work also focused on the development of analysis tools to better understand and quantify the 
quality of the laminate, and advanced path generation algorithms to improve the laminate quality. 
VCP’s existing analysis tools were targeted for enhancement and a new set of tools was developed 
to aid programmers and designers in creating the highest quality composite laminates. VCP’s 
analysis suite consists of two categories – visualization tools and exportable reports and geometry. 
The visualization tools developed for this task include features for displaying individual plies and 
laminate stacking including defects, centerlines, and course staggering. 

The export tools developed for this task include rule check, defect, and laminate reports, as well 
as geometry exports for the as-programmed fiber paths. These tools give designers and 
programmers a means to quantify the quality of the laminate, intuitively designed for easy 
interpretation. These tools also allow the user to have a higher degree of manipulation of the data 
in external software, such as CAD platforms, through the exporting of the as-programmed 
geometry. With the development of the new path and laminate optimization algorithms, some of 
which to be discussed in this paper, there exists an increased need for this quality quantification. 
As iterations to the laminate are made, the analysis reports are vital in evaluating and ranking the 
designs. 

All of the developments mentioned above focused on the visualization of plies and laminates, as 
well as providing designers and programmers with analysis tool and reports to accurately quantify 



the quality of a composite laminate. The remainder of the task concentrated on the implementation 
of solutions to improve laminates autonomously.  Manually creating iterations of designs can be 
very tedious and time-consuming, and not always feasible in most industrial applications. Complex 
part geometry inhibits a user to perform this analysis manually and make the necessary changes to 
the ply and laminate design to improve quality. More intelligent and automated solutions were 
required to counteract issues such as defect stack-up, angle deviation, wrinkling, and other 
problems common to composite manufacturing. For this particular task, the focus was on defect 
stack-up and the development of advanced path generation algorithms to reduce the severity of 
this issue. 

2. RESULTS 
Over the past two years, the tasks and goals outlined in the previous section made their way into 
the software through several software enhancements. These new and enhanced features have 
greatly aided in the transition towards a laminate-focused design strategy and have provided 
designers and programmers with a suite of advanced tools for creating high-quality composite 
laminates. The following sections will detail these software enhancements and new features added 
to VCP. 

2.1 Laminate Manager 

The Laminate Manager launched with the goal of aiding in the transformation of the flow of work 
and the process behind designing and programming a composite laminate. Figure 1 gives an 
overview of the LM, highlighting some of the useful features and functions available in the 
interface. 



 

Figure 1 - VCP Laminate Manager interface 

From a workflow standpoint, the LM organizes all sequences and processes (i.e., plies) and 
provides a single interface to view, analyze, and edit the laminate. Aside from the laminate quality 
and analysis benefits highlighted throughout this paper, users experience efficiency and 
operational benefits in using this interface. Providing all of the data organized in a single window, 
with convenient access to analysis tools, significantly improves the overall workflow when 
designing and programming a composite laminate. The LM allows for the programmer to 
conveniently load and switch between plies from this interface without having to rely on file 
browsers or external applications to access and organize the data. 

An improved focus on automation was another goal that the LM targeted. Although it can be 
difficult to automate path generation for complex contour parts with intricate laminate definitions, 
there are still a great number of tasks in the NC programming processes that can benefit from 
automation. The LM provides the interface for automating many of these functions inside of VCP. 
Figure 2 shows the Batch Manager tool in the LM and displays some of the tasks easily automated 
through this interface. The image displays just a small subset of the automation possibilities and 
tasks that can be linked together through pre-set batch chains or created by the user in defining 
custom batch processing sequences. 



 

Figure 2 - VCP Laminate Manager Batch Manager 

The analysis tools developed for the LM support the transition to a laminate-focused design, and 
provide new ways to visualize defects and the through-thickness effects of plies in a laminate. 
These tools, along with other powerful analysis tools in VCP, will be the topic of the following 
sections. 

2.1.1 Defect Display 
One of the most useful features in the LM is the ability to display gap and overlap defects for 
individual plies as well as multiple plies in a single view. An example of this is shown below in 
Figure 3, which displays the overlaps for all 90-degree plies in the laminate. 

 

Figure 3 - VCP Laminate Manager defect display 



Before the creation of the LM, VCP could display gap and overlaps for individual plies, but the 
software could not overlay multiple plies at once. The ability to show all defects is a very useful 
and powerful tool when designing a laminate. This visibility allows the programmer/designer to 
understand how stagger patterns and plies interact through the thickness of the laminate before 
manufacturing the part. This view enables quick on-the-fly changes and promotes efficient design 
and programming to combat problem sequences and plies. This feature helps identify troublesome 
regions, allowing the programmer to modify and improve the laminate quality.  

2.1.2 Course Centerlines 
Visualizing course centerlines proves useful when tracking course-to-course stagger. With the 
laminate view, the course centerlines for a single ply, or multiple plies in the laminate can be 
shown at once. Along with defects, the LM added the ability to display these curves. Figure 4 
shows the centerlines for all 45-degree plies in a sample spar laminate. 

 

Figure 4 - VCP Laminate Manager centerline display 

The centerline display reveals convergence patterns as courses and plies propogate over complex 
contoured surfaces. Again, this relates to ply staggering and the distribution of defects through the 
thickness of the laminate. 

2.1.3 Stagger Violations 
The LM development also produced a tool for highlighting centerlines of like-oriented plies within 
a user-defined distance of another centerline of like-orientation. This feature was designed to be a 
ply stagger check to determine the locations where the courses begin to converge through the 
thickness. This feature is displayed below in Figure 5. In this example, the purple centerlines fall 
within the user-defined distance of 0.25” of another 45-degree centerline, while the green 
centerlines meet the required specification. 



 

Figure 5 - VCP Laminate Manager stagger violation tool 

Proximity-based analysis provides a critical tool as the traditional method of monitoring ply-to-
ply staggering is strictly through the evaluation of ply start points, which only check a single 
location. As paths propagate across complex contour, courses begin to converge and the ideal 
course-to-course spacing, or stagger, deteriorates rapidly. This further highlights the through-
thickness laminate design problem presented in this paper and provides a powerful tool for 
visualizing the anomaly. At this point, the goal was to display the issue for the designers, and other 
tools, to be discussed in later sections, will provide a means to correct the issue and improve the 
laminate quality. 

2.2 Reports & CAD Exports 
Several tools were developed outside of the LM to further improve VCP’s analysis suite with a 
focus on laminate quality and through-thickness ply and defect interactions. These features all 
involve the exporting of summary files for both ply- and laminate-level data, including rule checks 
for engineering specifications, defect summaries, a laminate summary, and geometry exports for 
the as-programmed plies. 

2.2.1 Rule Checks & Defects 
When programming a composite laminate, it is important that the ply metrics and design decisions 
can be quantified and shared with the part designers in a way that is easily interpreted for 
evaluation and optimization. The engineering specifications are a primary concern and metrics 
such as angle deviation, and defect size and quantities can be obtained through the rule check and 
defect export tools within VCP, developed through the current work.  

For the rule checks discussed in the previous section, all the metrics can be exported for individual 
plies as CSV files. An example of a fiber angle deviation report for a sample spar layup can be 
found below in Figure 6. These reports provide violation quantities, as well as position and size 
information. 



 

Figure 6 – VCP ply fiber angle deviation report 

The gap and overlap defects can be exported in a similar format, allowing for further analysis of 
the plies. Similar to the rule checks, defect CSV files can be produced for individual plies, as 
shown in Figure 7. 

 

Figure 7 – VCP ply gap report 

These reports allow designers and programmers to get a high-level and quick summary of the rule 
conformance and laminate defect quality in an easy-to-read format. During the design process, this 
can be useful for comparing design iterations and determine pass/fail criteria. These reports can be 
used along with the more detailed reports and geometry exports, covered in the following sections. 



2.2.2 Laminate Summary 
The analysis reports in previous sections have been for individual plies. Although very useful on 
their own, the through-thickness effects of defects and rule violations must also be considered in 
order to create a high-quality laminate. This was a core focus of the current work and as new 
algorithms were developed to improve the fiber paths, there existed a need for a better means to 
quantify design changes and better understand the through-thickness quality of the laminate. The 
first implementation of this came through the creation of laminate summaries that can be exported 
in an XML format, shown below in Figure 8. 

 

Figure 8 – VCP laminate summary 

These reports display several useful pieces of information. First, the rule checks are summarized 
for all plies included in the report, displaying minimum, maximum, and average values. It should 
be noted that although intended to display data for the entire laminate, these reports can also be 
used to summarize the data and defects in single plies, or any subset of plies in a laminate. There 
is also defect information for gaps and overlaps that is displayed in the report. The information 
includes total area for each type of defect, as well as information pertaining to the location of 
maximum defect stack-up for the plies included in the report. The position of this stack-up, along 
with areal and density data for the degree of stack-up at different ply layers is reported as well. 

In addition to the laminate summaries, these XML files contain comprehensive summaries for all 
individual plies, primarily for the purpose of FEA analysis. This includes positional and 
quantitative data for all rule checks and gap and overlap defects at grid locations, determined by a 
user-defined grid spacing. Although outside of the scope of this task, these files are exploited 



through other ACP tasks in order to further advance the Design for Manufacturing initiative. 
Analyzing and processing this data can allow for better understanding of the individual ply designs 
and through-thickness laminate quality, which can then be used to make informed design decisions 
for laminate iterations.  

2.2.3 Geometry Exports 
The final analysis tool that was enhanced in this work involves geometry exporting for analysis 
and manipulation of the as-programmed data in external software, such as CAD packages. Prior 
to this development, standard tools existed for generating point, line, and surface data for 
individual plies, and then this data could be exported to standard CAD file types. In order to align 
with the laminate-focused design strategy, an effort was made to develop a solution for viewing 
and organizing this data on the laminate level. The result of this effort was an automated routine 
for exporting the geometry data for one or more plies, and then through the use of an external script 
developed for CATIA, the data can be organized and overlaid in a single CATIA Part model. An 
example of this full-laminate model for a sample spar layup is shown in Figure 9. 

 

Figure 9 – VCP geometry export to CAD 

In this example, the gaps and overlaps for a 16-ply laminate are shown overlaid on the spar surface. 
The course centerlines and tow surfaces can also be exported and viewed through this process. 
These models provide valuable feedback for designers and programmers and promote the 
laminate-focused design strategy. Traditionally, the effects of stacked defects in a laminate are not 
fully understood until manufacturing trials occur. Waiting for manufacturing trials can be an 
acceptable solution for small parts, but for large, more expensive components, this can be very 
costly and inefficient. These models can provide a simulated view of the final part and laminate 
stacking for engineering specification evaluation and overall part and surface quality analysis. 
Although other unforeseen defects and laminate issues may develop at the time of manufacturing, 
these laminate models can provide valuable information and enable design iteration before ever 
laying any material. Software can complete these iterations in a much shorter timeframe than doing 



full manufacturing trials and analysis, especially for large composite parts. In addition to the 
already covered quality improvements, this results in a reduced design and manufacturing cycle 
concerning cost and efficiency as the potential exists for the reduction of manufacturing trials. 

2.3 Automated Defect Management 
Addressing the problem of defects through the thickness of a laminate can be a complex issue, but 
one that is critical in designing and programming a high-quality composite part. As individual plies 
are programmed on complex contoured surfaces, there will almost certainly exist convergence 
zones between adjacent courses where tows begin to overlap, and will eventually be trimmed to 
limit the amount of overlap. These convergence zones and trimmed tows of material will result in 
gaps and overlaps within the ply. Figure 10 shows an example of this problem, highlighting the 
resulting gap and overlap from the convergence zone. 

 

Figure 10 - Ply convergence zone 

Although expected as part of the process, the critical problem arises when these convergence zones 
and defects stack-up through the thickness of the laminate, resulting in structural degradation and 
potential surface quality issues. Managing these defects manually can be near impossible due to 
the many convergence zones that can exist across a single ply when programming complex contour 
parts. The typical method of managing this by staggering courses cannot always mitigate this issue. 
This obstacle drove the need for an intelligent and automated software tool to solve the challenging 
problem. The result was an algorithm that monitors gaps and overlaps in previous plies and 
attempts to avoid the stack-up of defects in the current ply by altering the bandwidth for a given 
course. VCP does this by attempting to place a full bandwidth course, analyzes the defect overlap 
for like-oriented plies through the thickness at that location, and then reduces the number of tows 
one by one, searching for the optimal solution. The solution with the most optimal defect 



placement for that course is chosen and then the next course is generated using the same method. 
Figure 11 displays a simulated visualization of the algorithm’s function. 
 

 

Figure 11 - VCP defect management algorithm visualization 

In this image, the red triangles display the overlaid gap defects from the first +45-degree ply. The 
second +45-degree ply is shown and has been programmed with a 12-tow bandwidth. As 
convergence zones are created near the defects from the first ply, the courses are altered and the 
bandwidth is reduced to offset the convergence zones in the current ply. The goal is that the 
resulting laminate will have more dispersed defects through the thickness of the part, increasing 
its structural integrity and improving the quality of the outer part surface. 

2.4 Case Study – Wing Spar 
To demonstrate the functionality of the analysis and path generation tools detailed in this paper, a 
Design of Experiments (DoE) has been created using a sample wing spar part. For these trials, a 
32-ply layup was chosen and the input parameters for the automated defect management algorithm 
were varied to produce different defect configurations throughout the thickness of the laminate. 
These laminate designs were then compared against a baseline laminate that did not use the 
algorithm (control). The analysis reports were created for each laminate and used to quantify the 
effectiveness of the algorithm, and ultimately determine the best design. 



This feature takes various input parameters, which are varied using a DoE to determine which had 
a significant effect on the stack-up of defects. The goal for this test was to spread the defects across 
the laminate as opposed to localized concentration of the defects. In theory, this would reduce the 
stack-up of defects such as overlaps across the part, resulting in a more uniform thickness. Figure 
12 highlights the problem at hand. The colored triangles in the image display overlaps stacked-up 
through the thickness of the laminate – a problem that the algorithm seeks to mitigate. 

 
Figure 12 - Exported 90-degree ply overlaps for the spar case study  

This experiment collected statistics for multiple defect types in an attempt to understand all of the 
implications of utilizing this tool. The main focus, however, was on the “Stackup Amount.” This 
value quantifies the total area that an overlap or gap stacks up with previous layers, as shown in 
Figure 13 below. In this example, the highlighted region, “<Stackup Amount="4" Points="164" 
Area="16.929114264959995"/>”, shows that 16.93in2 of the total parts area has four layers of 
overlaps stacked-up through the thickness of the laminate. 

 

Figure 13 - Example file summary for the spar case study 



A simple formula was created to easily compare one trials data set to another. The Laminate Stack-
up Score provides a single number to compare the results of different trials, as per the equation 
below. The formula places a higher weight on areas with higher stack-up amounts. Thus, the trial 
with the lowest “laminate stack-up” score exhibits the best quality layup. 
 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 𝑢𝑢𝑢𝑢 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = ∑( 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 (𝑛𝑛) ∗  𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑛𝑛))  (1) 
 
To visualize how the above equation is used, Table 1 displays the Laminate Stack-up Score for 
the example laminate shown in Figure 13. In this table, the scores are calculated based off of the 
gap area totals for each level of defect stack-up, and then these values are summed to determine 
the final Laminate Stack-up Score. In this example, the individual layer level scores are included 
to display the weighting of defects as the degree of stack-up increases, but the total score is what 
will be used to determine the laminate quality. 
 

Table 1 - Example Laminate Stack-up Score calculations for gaps 

Stack-up Amount Area in2 Stack-up Score 
0.00 0.00 0.00 
1.00 392.50 392.50 
2.00 242.96 485.92 
3.00 82.78 248.33 
4.00 16.93 67.72 
5.00 3.07 15.33 

Laminate Stack-up 
Score   1209.79 

 

The experiments are ongoing and data is being collected at the time of this paper’s submission. 
The final results will be shared during the SAMPE presentation. 

3. CONCLUSIONS 
The work done under this task resulted in the development and implementation of a suite of 
analysis and design tools for composite NC programming that supports the vision of the laminate-
focused design strategy. The Laminate Manager has facilitated a broader transformation in the 
overall approach to programming a composite part, transitioning to a laminate-based focus, and 
allowing a programmer/designer to visualize, analyze, and generate each ply based on how it will 
affect the rest of the laminate, rather than programming each ply individually. This paradigm shift 
can have a tremendous impact on the future of automated composite manufacturing and not only 
improve the overall quality of composite parts, but also greatly streamline the development cycle, 
reaching optimal designs in a shorter and more efficient timeframe. The current state of NC 
programming in the industry has developed a process which typically takes a trial and error 
approach, and frequently, ply designs are chosen based off of a “first try” solution with little to no 
iteration. This provides very little assurance that an optimal layup is programmed, and resulting 
composite laminate fulfills the engineering design intent. The analysis and path generation tools 
developed under this task have made great progress in reaching the ultimate goal of reducing the 



timeline for developing and certifying state-of-the-art composite structures, while also improving 
the overall quality of composite laminates. Composite technology is rapidly expanding, increasing 
the need for process development. The new analysis tools and algorithms have had a substantial 
impact on the fundamental approach to composite NC programming and have brought this process 
closer in line with the engineering design intent, in an attempt to streamline the overall process 
and pushing to improve industry-wide composite manufacturing technology. 
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