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 A B S T R A C T

Gap and overlap defects are formed during automated fiber placement (AFP) layup due to stochastic variations 
in tow position and geometry. There is utility in predicting the size and frequency of these defects since 
they affect the manufacturing rate and structural performance. Two methods which reflect the measured 
process variability were implemented to simulate realistic tow geometry. A Monte Carlo (MC) simulation 
used independent random sampling from the distributions of the sources of variation. A Markov Chain Monte 
Carlo (MCMC) simulation used the Random Walk Metropolis algorithm which samples these distributions 
while considering the neighborhood of past samples thus better preserving spatial continuity. Simulated tows 
were assembled into virtual laminae. Tow-level validation using spatial-frequency Fast Fourier Transform 
(FFT) analysis demonstrated that the MCMC method reproduces the dominant wavelengths and spectral 
characteristics of experimentally measured tow waviness, whereas the MC method introduces unrealistic high 
frequency variations. Lamina-level comparisons showed that while both methods predict similar gap and 
overlap area percentages, only the MCMC method accurately captures defect length distributions. The proposed 
framework provides realistic AFP layup geometries for use in mesoscale modeling and for informing process 
improvement efforts.

1. Introduction

Automated fiber placement (AFP) is a commonly used process for 
large composite part production and is expected to continue to be 
an attractive option. The runtime fraction of an AFP cell should be 
maximized to ensure high production rates. If one looks at the uti-
lization time fractions of a real-world AFP cell, inspection and rework 
take up 35% of the time [1]. This cell down time is strongly linked 
to various types of AFP defects like gaps and overlaps which are the 
most numerous of all these AFP defects. It is advantageous to know 
the expected gaps and overlaps in a layup to balance the speed of 
manufacturing with allowable defect magnitude.

AFP manufacturing can involve layups with thermoset prepreg tow, 
thermoplastic tow or dry fiber tow, all of which lead to gap and/or 
overlap defects. These defects are expected to change shape during 
the later steps of manufacturing. They negatively affect structural 
performance depending on their severity and location [2,3]. Thus, 
knowing the layup geometry along with information about the size and 
frequency of gaps and overlaps is of interest for manufacturing process 
simulations and structural modeling of AFP composites.

∗ Corresponding author.
E-mail address: D.M.J.Peeters@TUDelft.nl (D. Peeters).

In thermoset prepreg systems, several modeling efforts have focused 
on understanding how gaps close during autoclave processing. These 
models typically begin with a prescribed representation of the as-laid 
tow where the tow width, thickness and gap size are defined. Kermani 
et al. and Simacek et al. modeled gap filling using idealized unit-cell 
geometries, capturing squeeze flow, tow bending, and resin percolation 
mechanisms during consolidation [4,5]. Belnoue et al. and Jamora et al. 
embedded predefined gap and overlap features within meso-scale finite 
element models to study compaction behavior, thickness variation, and 
defect-induced waviness [6,7]. Thus, while the physical mechanisms 
governing defect evolution are modeled with increasing fidelity, the 
initial tow and defect geometries are prescribed deterministically.

For AFP layups with thermoplastic tow, follow-on processing steps 
may be designed to avoid the use of an autoclave. Niens et al. developed 
models to predict the in-plane permeability of thermoplastic preforms 
and the air evacuation time for vacuum bag only (VBO) processing 
of AFP preforms. These preforms were modeled to have a distribution 
of inter-tape channel dimensions informed by optical microscopy. The 
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Fig. 1. Breakdown of the AFP manufacturing process variations which cause gap and overlap defects [19].

placement of these channels are fixed by the chosen layup stack-
ing sequence. However, the geometric variability is introduced only 
through assigned channel dimensions without explicitly modeling their 
spatial variation along the channel [8]. Khaleghi et al. investigate con-
solidation behavior by intentionally programming gaps and overlaps 
of a certain magnitude and measuring the resulting void content in 
laminates using micro-CT scans. Their analysis is based on geometric 
configurations resulting from a few values of the programmed shift [9].

Across these studies involving both thermoset and thermoplastics 
materials, experimental measurements of tow morphology and gap size 
are often used to inform or validate models, but the generation of tow 
geometry itself is deterministic. Layup geometry details are prescribed 
using either idealized shapes or experiment informed shapes but they 
are not propagated into the model as a stochastic geometry input. If 
these process simulations are to be successfully applied to industrial 
AFP parts it would be necessary to have the accurate geometry de-
scriptions of the AFP layup which are also representative of the spatial 
variability observed in real layups.

Structural models of AFP defects also require explicit defect geome-
tries. Existing approaches include defect layers with degraded prop-
erties, sectional property assignment in gap/overlap regions, micro-
graph or CT informed geometries, prescribed half gap/half overlap 
trapezoidal features, and ply-by-ply meshing tools with specified gaps, 
overlaps, thickness variation, and waviness [2,10–16]. Across these 
approaches, the defect geometry is treated as a fixed input rather than 
as a stochastic outcome of tow placement variability.

Gaps and overlaps can be classified into two major categories – 
deterministic and stochastic – depending on their causes. The deter-
ministic class of gaps and overlaps occur due to an inherent limitation 
in tow path generation for parts which have tows laid in non-geodesic 
paths. This occurs in flat parts manufactured by fiber steering or in 
doubly curved parts due to their geometry [17,18]. Tow paths are 
often generated by shifting a reference tow path in a given direction. 
Depending on the amount of shift, the part has either gaps, overlaps 
or a combination of both at locations which can be deterministically 
predicted when the layup is designed before manufacturing starts.

The stochastic category of gaps and overlaps occur due to manu-
facturing process variations. This class of defects are due to incorrect 
relative placement of the edges of adjacent tows. This placement can 
have 2 reasons: one, variation in positioning of the tow and, two, 
variation in geometry of the tow. This is illustrated in the schematics 
of Fig.  1 where the blue colored rectangle denotes the cross section of 
a tow being laid on the substrate. The figure also shows the further 

breakdown of these manufacturing process variations into possible 
sources.

Tow position variation could occur due to robot end effector path 
inaccuracy and lateral movement of the tow on the roller. Tow geom-
etry variations could occur due to tow width and thickness variation 
of the incoming tow or due to tow deformation while being compacted 
by the roller [20]. These four variations can be measured by mounting 
various sensors to an AFP head during layup [21].

Various process and structural modeling efforts can benefit from 
accurate geometric layup information. In practice, AFP layups have 
gap and overlap defects due to manufacturing process variations which 
cannot be predicted before the layup. To the best of the author’s 
knowledge, existing AFP tow and layup models prescribe geometry de-
terministically, using idealized or representative configurations rather 
than geometries reflecting process variability.

The objective of this work is to bridge this gap by using statistical 
descriptions of the manufacturing process variations to generate syn-
thetic tow geometries and the resulting gap and overlap defects. By 
modeling tow geometry as a stochastic process, the proposed approach 
aims to produce virtual AFP layup geometries that are defect-equivalent 
to real laminates at the mesoscale level. Such representations can serve 
as realistic geometric inputs for downstream process simulations and 
structural analyses, enabling studies with higher fidelity.

2. Experimental dataset about manufacturing process variations 
in AFP

This study utilizes a previously published, publicly available dataset 
about manufacturing variations in AFP composites [22]. The experi-
ment executed to create this dataset was designed to simultaneously 
measure the various sources of gap and overlap causing manufacturing 
variations during an AFP layup.

The experiment involved laying down nominally 6.35 mm wide 
unidirectional thermoset composite tow on a flat plate tool while 
recording tow position and tow geometry using various sensors. 31 
straight 1 m lines of tow were laid. The AFP head positions recorded 
by the laser tracker were those of the achieved trajectory. The tow 
position on the compaction roller was measured using image processing 
on each recorded frame. The LLS A and LLS B are 2D profile sensors 
that record the tow geometry. As shown in Fig.  1, robot inaccuracy 
and lateral movement of the tow on the roller are causes of position 
variation while changes in tow width before and after compaction are 
causes of geometry variation.
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Fig. 2. (a–d top to bottom) Measured manufacturing variations that cause gaps and overlaps are shown in blue. Note that the X axis is equally scaled. Means 
and ±1𝜎 values are annotated in red. Distribution fits are annotated in yellow. Distributions from the random walk samples are shown in green.

Table 1
Summary of fits to distributions of measured manufacturing variations. Parameters are reported 
using the standard parameterization of each distribution - 𝜇, 𝑠 for the Logistic distribution, 𝜉, 𝜔, 𝛼
for the Skew-normal distribution and 𝜇, 𝜎 for the Normal distribution.
 Robot inaccuracy Tow lateral 

movement
Tow width 
variation

Tow width variation 
after compaction

 Fit Type Logistic Skew Normal Logistic Normal
 Location 𝜇 = −0.93 𝜉 = 0.53 𝜇 = −0.25 𝜇 = −0.079
 Scale 𝑠 = 0.036 𝜔 = 0.32 𝑠 = 0.041 𝜎 = 0.058
 Shape – 𝛼 = −2.29 – –

This resulted in the distributions for the four measured variations 
- robot inaccuracy, tow lateral movement on the roller, tow width 
before compaction and tow width after compaction. Fig.  2 shows these 
experimentally measured variations in blue color [19]. Fig.  2 also 
shows the fits in yellow. The fit parameters to these target distributions 
are listed in Table  1.

After the 31 lines of 1 m long tow were laid up, the layup was 
scanned with a laser line scanner (LLS). This resulted in geometry infor-
mation of the laid tow and the resulting 30 gaps from the experiment. 

An example of an experimentally recorded tow can be seen in blue color 
in Fig.  3.

3. Simulation of AFP tows

A tow is represented by assembling sectional profiles along its 
length. Fig.  4 shows this representation. Linear interpolation is used 
between consecutive profiles. This is reasonable because adjacent pro-
files are closely spaced. Both the experimental and simulated tow 
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Fig. 3. Examples of experimentally measured tow (blue) along with synthetic tows simulated using the MC method (yellow) and the MCMC method (green).

Fig. 4. Schematic showing the assembly of a representative tow from individual sectional profiles. 

representations in this study have a lengthwise separation of less than 
3 mm between the profiles. This study focuses on the profile geometry 
in the width direction since those lead to the formation of gaps and 
overlap defects.

Each tow profile is defined by tow position and geometry. The tow 
position determines the tow center line. The tow geometry determines 
the edges of the tow relative to the tow center. In this study the profile 
of the tow is simulated by sampling values related to the tow position 
and the tow geometry. The profiles are then stitched along the tow 
length, as shown in Fig.  4.

This section will compare two methods of creating synthetic tows. 
The first method uses Monte Carlo simulations based on random 
sampling. To overcome the shortcomings of this method, the second 
method uses Markov Chain Monte Carlo simulations with a sampling 
scheme based on the Random Walk Metropolis algorithm.

3.1. Tow simulation based on random sampling

The algorithm to simulate a tow section was as follows:

1. A position value is randomly sampled from the Logistic distribu-
tion in Fig.  2(a). This position value 𝑃𝑟 describes the position of 
the AFP head/robot. 
𝑃𝑟 ∼ Logistic (𝜇, 𝑠) (1)

2. This was followed by the random sampling of another position 
value from the Skew Normal distribution seen in Fig.  2(b). This 
position value 𝑃𝑡 describes the position of the tow on the roller.

𝑃𝑡 ∼ SkewNormal (𝜉, 𝜔, 𝛼) (2)

3. These two positions were added to get resultant tow posi-
tion value. We now know the tow center position 𝑃𝑐 for this 
simulation. 
𝑃𝑐 = 𝑃𝑟 + 𝑃𝑡 (3)

4. This is followed by a random tow width value sample 𝑊𝑎 from 
the other Logistic distribution in Fig.  2(c). 
𝑊𝑎 ∼ Logistic (𝜇, 𝑠) (4)

Half of this tow width value is added and subtracted from the 
resultant position value to get the left edge 𝑇𝐿,𝑎 and the right 
edge 𝑇𝑅,𝑎 of the tow section. 

𝑇𝐿,𝑎 = 𝑃𝑐 +
1
2
𝑊𝑎, 𝑇𝑅,𝑎 = 𝑃𝑐 −

1
2
𝑊𝑎 (5)

5. This was followed by a random sampling of a value of the width 
after compaction from the Normal distribution seen in Fig.  2(d). 
It was made sure that this sample had a value greater than the 
value of the initial width sampled earlier. If not, resampling was 
done until this condition is satisfied. This condition ensured that 
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the tow section after compaction is always wider than the tow 
section before compaction. 
𝑊𝑏 ∼ Normal (𝜇, 𝜎 |

|

|

𝑊𝑏 ≥ 𝑊𝑎) (6)

6. The difference between the tow width after compaction and 
before compaction was used to pad the simulated tow width. 
Thus, the left edge 𝑇𝐿,𝑏 and the right edge 𝑇𝑅,𝑏 of the tow section 
after compaction are determined. 
𝛥𝑊 = 𝑊𝑏 −𝑊𝑎 (7)

𝑇𝐿,𝑏 = 𝑇𝐿,𝑎 +
1
2
𝛥𝑊 , 𝑇𝑅,𝑏 = 𝑇𝑅,𝑎 −

1
2
𝛥𝑊 (8)

All the sampling steps in this algorithm were randomly implemented. 
The simulated tow was assembled by placing consecutive tow sections 
a fixed distance apart. This tow section to tow section distance was 
chosen as 2.65 mm. This value was based on the lowest frequency rate 
of the four data streams in the experimental dataset.

An example simulated tow made by this MC method of random 
sampling and assembly can be seen in Fig.  3 in yellow. It is visibly 
more wavy than the measured tow. This difference between the real 
tow and the simulated tow can be explained by the nature of the chosen 
sampling technique. The four experimental distributions for the four 
sources of variations – robot inaccuracy, tow lateral movement on the 
roller, tow width before compaction and tow width after compaction – 
are based on physical aspects of the material and the AFP layup pro-
cess. When being recorded the values of these variations are changing 
continuously. However, in the tow section simulation algorithm, these 
values are sampled randomly. Therefore, tow position and geometry 
jump between sections, losing the continuity observed experimentally.

3.2. Tow simulation based on the Random Walk Metropolis algorithm

The shortcoming of significantly greater waviness in the tow has 
been overcome by using a sampling technique which bases current 
draws on the neighborhood of the past draw. This dependency on the 
past sampled value results in a sequence of values that forms a Markov 
chain.

This section details the implementation of a Markov Chain Monte 
Carlo simulation to create synthetic tows by using the Random Walk 
Metropolis algorithm [23]. In these tows, the consecutive samples are 
more likely to be close to each other due to the continuous variation 
of various aspects of the physical process.

The steps to create the tow section were similar to the steps de-
scribed in Section 3.1 except that it simulated tow section width 
from samples of the tow width variation after compaction only. Tow 
width variation before compaction was neglected due to the inability 
to capture the width increase in the random walk chains. Thus, the 
simulation was implemented in the following steps with sampling for 
each source of variation except the width variation before compaction:

1. The target distribution 𝑝(𝑥) is the fit to experimental data de-
scribed in Fig.  2. This target distribution is defined with 𝜃𝑛
which represents the various fitted parameters. The consec-
utively drawn samples need to eventually converge to these 
distributions. 
𝑝(𝑥) = 𝑓 (𝑥 ∣ 𝜃𝑛) (9)

The target distribution is Logistic for robot inaccuracy, Skew 
Normal for tow lateral movement and Normal for tow width 
after compaction. The parameters 𝜃𝑛 to these target distributions 
are listed in Table  1. These target distributions are seen in Fig. 
2 in yellow.

2. The algorithm involves proposing a new value 𝑥∗ when the 
current value is 𝑥0. This proposal 𝑥∗ is a sample from the sym-
metrical proposal distribution. This proposal distribution was 

selected to be a Gaussian distribution centered at the current 
value. Thus the proposed value will be given by 
𝑥∗ ∼  (𝑥0, 𝜎2) (10)

The standard deviation of the Gaussian proposal distribution 
is chosen to match the experimentally observed variability be-
tween consecutive measurements of the same process variable, 
thereby ensuring that the random walk reproduces the physically 
realistic step-to-step continuity of the AFP process. Thus, if 𝑥𝑖
is the experimentally measured sequence of a given process 
variation, the standard deviation of the proposal distribution is 
chosen as 
𝜎 = std(𝑥𝑖+1 − 𝑥𝑖) (11)

3. The acceptance ratio is calculated as 

𝛼 = min
(

1,
𝑝(𝑥∗)
𝑝(𝑥0)

)

(12)

where 𝑝(𝑥∗) and 𝑝(𝑥0) are the values of the probability density 
function of the target distribution for the proposed value and the 
current value of the Markov chain.

4. The proposed new value 𝑥∗ is accepted or rejected according to 
an acceptance rule. The acceptance rule is based on the compar-
ison of 𝛼 with a random sample from a uniform distribution of 
numbers between 0 and 1. 

𝑥1 =

{

𝑥∗, if 𝑈 ≤ 𝛼, 𝑈 ∼  (0, 1)
𝑥0, otherwise.

(13)

5. The above proposals along with acceptances/rejections are im-
plemented iteratively to achieve a chain of samples {𝑥𝑛} whose 
stationary distribution corresponds to the target probability den-
sity of the relevant source of variation.

The Markov chain was initialized randomly within the experimen-
tally measured range of each variation, so only a minimal burn-in or 
converging period was required. Because the Gaussian proposal distri-
bution is centered at the current value, proposed moves are local, with 
𝜎 controlling the neighborhood size. This prevents unrealistic value 
jumps as seen in the Monte Carlo simulations described in Section 3.1. 
Moves towards significantly lower density regions are rarely accepted 
while moves towards moderately lower density are accepted relatively 
frequently. The chain spends time in various regions in a way which is 
proportional to the target density. Over time it converges to the target 
distribution.

The distributions of the RWM samples for the respective sources of 
variation are annotated in green in Fig.  2. These distributions are con-
structed from the full set of samples generated during the 31 simulated 
tows, corresponding to the 31 experimentally measured tows. They 
correspond well to the respective target probability densities annotated 
in yellow. Table  2 gives the comparison of the mean and spreads of the 
distributions formed by the samples of the simulated Markov chains to 
those measured experimentally. The close agreements in these statistics 
signify good convergence of the random walk simulation.

The consecutive tow sections are simulated using these RWM sam-
ples and assembled into a tow representation which has its position 
and geometry varying realistically. An example simulated tow made by 
this MCMC method is seen in Fig.  3. The lines in this MCMC simulated 
tow (green) oscillate with much lower frequency and look much more 
similar to the physical tows from an AFP layup (blue) compared to the 
example simulated tow made by the MC method (yellow).

In the MC method, the samples were random and independent. 
Hence the tow simulation could ensure that width after compaction is 
greater than the width before compaction. New values were sampled 
until this condition was met. The MCMC method leads to a chain of 
variation values which are dependent on the past values. Therefore, 
the section simulations can occur when the value of the chain of width 
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Table 2
Comparison of the distributions of the four sources of variations derived from the model and the experimental layup.
 Robot inaccuracy Tow lateral 

movement
Tow width 
variation

Tow width variation 
after compaction

 Experiment Mean (mm) −0.93 0.30 −0.25 −0.08
 Standard deviation (mm) 0.06 0.22 0.07 0.06

 Random Walk algorithm Mean (mm) −0.93 0.29 −0.25 −0.08
 Standard deviation (mm) 0.06 0.22 0.07 0.06

variations and width variations after compaction are such that the 
condition of width after compaction being greater than width before 
compaction is not met. This condition was not met, causing a non-
physical width decrease in 3.9% of the sections. Therefore, the MCMC 
simulation was implemented without considering the effect of width 
before compaction. Future work can look into an advanced version of 
this Random Walk sampling which samples simultaneously from the 
width variation distribution and the width variation after compaction 
distribution while enforcing that the two chains are strictly kept away 
from directions which lead to the non-physical tow width decrease.

While the virtual laminae in this study can be stacked up to create 
a laminate, it neglects the out-of-plane waviness of the tow laid on 
a defect. Future work can investigate simple out-of-plane waviness 
shape descriptors and rules to capture how these defects stack up over 
multiple laminae.

4. Validation

The MCMC simulated tow in Fig.  3 looks more representative of 
the experimentally measured tow than the MC simulated tow. This 
visual similarity needs to be validated with quantitative and qualitative 
metrics to ensure that the virtual laminate with synthetic tows has a 
similar number and size of defects as those which would be seen in a 
real AFP laminate with physical tows.

For the purpose of validation, the simulated tow needs to be com-
pared with an experimental tow to examine if it is equivalent in 
terms of the variations seen in the tow position and tow geometry. 
By extension, this equivalency would also mean that the magnitude 
and frequency of the gaps and overlaps will be comparable. Thus, the 
validation is performed at two levels, once by comparing experimental 
tow with the synthetic tow and then by comparing the experimental 
lamina with a virtual lamina.

4.1. Tow level comparison

The edges of the simulated tow are observed to have spatial wavi-
ness over a range of length scales. The resulting centerline of this 
simulated tow consequently has some spatial waviness characteristics. 
This can be compared to the spatial waviness characteristics of the 
centerline of the experimentally measured tow. Such comparisons can 
be achieved using a Fast Fourier Transform (FFT) on the spatial signal 
of the tow centerlines, yielding spatial-frequency amplitude spectra. 
These spectra describe how the magnitude of centerline variation is 
spread across spatial frequencies thus providing insight into the spatial 
correlation of the experimental and simulated tow centerlines. The 
spectral comparisons can be made using physical interpretations of met-
rics like spectral magnitude which reflects how large the tow center-
line deviations are in amplitude and the dominant spatial frequencies 
which reflects the distances over which the tow oscillates along its
length.

The spatial signals were interpolated onto a uniform spatial grid 
prior to spectral analysis to satisfy FFT sampling requirements. Fig. 
5 shows representative examples of spatial-frequency amplitude spec-
tra of the centerline variations of an MC simulated tow, an MCMC 
simulated tow and an experimental tow. Fig.  5(a) shows that in all 
cases, the spectra are dominated by low spatial frequencies, indicating 
that the tows primarily exhibit long-wavelength undulations. The Y 

axis of the figure was truncated to aid clarity of the lower amplitude 
regions. The MCMC tow spectrum exhibits significantly better agree-
ment with the experimental tow spectrum in both amplitude and decay 
behavior across the low-frequency and mid-frequency ranges, whereas 
the MC tow spectrum significantly underpredicts low frequency con-
tent. At higher spatial frequencies, all spectra converge towards a 
low-amplitude experimental noise level.

The long-wavelength offset components of the tow centerlines re-
flect the global waviness behavior during AFP layup and represent 
relevant, physically meaningful features of the tow geometry. However, 
they dominate the raw FFT magnitude and could obscure shorter 
wavelength features. To examine shorter wavelength features in greater 
detail, standard preprocessing steps including linear detrending, win-
dowing, and zero-padding were applied, resulting in the spectra seen 
in Fig.  5(b). The linear detrending removed the offset component and 
average slope of the centerline. The windowing introduced minimal 
end-tapering to reduce spectral leakage from discontinuities at the start 
and the end of the signal. These discontinuities exist because the tow 
start and end positions can be at non-zero values. The signals were 
then zero-padded prior to FFT evaluation to provide finer frequency 
binning for visualization and comparison. The spectra in Fig.  5(b) also 
show similar spectral shape and comparable spectral magnitude be-
tween MCMC simulation and experimental tow. The MC simulated tow 
displays broadband amplitudes across the frequency range, showing 
weak spatial correlation with the experimental tow.

Quantitatively, the average Pearson spectral correlation coefficient 
for the MCMC simulated tows was 𝜌 = 0.752, indicating good agreement 
in spectral shape with the experimental tow. For the MC simulated 
tows it was 𝜌 = −0.027, indicating negligible correlation. The average 
dominant spatial frequency was 2.1 cycles/m for the experimental 
tows, 2.7 cycles/m for the MCMC tows and 133.3 cycles/m for the MC 
tows. The MCMC tows match closely to the long-wavelength regime 
observed experimentally while the MC tows show much higher and 
noisier dominant frequencies.

All together, these qualitative and quantitative comparisons demon-
strate that the MCMC method more effectively reproduces the spatial 
correlation structure, dominant frequencies, and overall magnitude of 
experimental tow waviness than the MC approach.

4.2. Lamina level comparisons

Several simulated tows can be assembled with the appropriate 
offsets to create a virtual lamina. Fig.  6 shows an example virtual 
lamina constructed using the MCMC method. It shows the resulting 
gaps and overlaps in white and dark gray respectively. These resulting 
defects depend on the waviness of the tow edges and on the offsets 
i.e. how far apart they are laid adjacently. The programmed shift for 
this virtual lamina was one tow width equivalent i.e. 6.35 mm. The 
experimental layup had a programmed shift of 12.5 mm. For purposes 
of the comparison, this experimental data was normalized by shifting 
them in the width direction to have a programmed shift of one tow 
width. This normalization assumes that the edge interactions in areas 
of the overlap do not affect its magnitude. It also assumes that the robot 
inaccuracy is similar for the supposed trajectory at the normalized
shift.

A virtual lamina of 31 tows was constructed to compare it to 
the similarly laid experimental lamina with an equal number of tows 
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(a) 

(b) 

Fig. 5. FFT analysis of tow centerlines of example simulated tows and an experimental tow. The top figure (a) shows the resulting spectra for FFT of the 
tow centerlines without any additional processing. The bottom figure (b) shows the resulting spectra for FFT of the tow centerlines after processing steps like 
detrending, windowing and padding.

to compare the occurrence of gaps. Fig.  7 shows the distribution 
of experimentally measured gaps in blue. The gaps from the MCMC 
virtual lamina are depicted in green while the gaps from the MC 
virtual lamina are depicted in yellow. The gaps from the virtual lamina 
created using the MCMC method quantitatively match more closely 
with the experimentally measured gaps than the gaps from the MC 
method. The location of the gap distributions align well for both the 
models. The experimental distribution and simulated distributions of 
gaps are summarized in Table  3. The small quantitative mismatch may 
be related to possible cross-correlations between the four sources of 
variation. For example, when a robot path deviation takes place, it 
may not influence the tow deviation on the roller. In this case, the tow 
lateral movement will be recorded in addition to the robot inaccuracy, 
even when the tow is being appropriately laid. The simulation method
ignores these potential interactions and assumes the four sources are 
independent.

Another comparison between the two simulation methods is done 
by measuring the defect area. The percentage area of gaps and overlaps 
in the normalized experimental layup was calculated to be 2.73% and 
1.28%. A virtual lamina with an equal number of tows was generated 

numerous times using both MCMC and MC methods and the average 
percentage of gaps and overlaps was calculated. These results from both 
the methods are summarized in Table  4 and show good correlation.

The comparison of model performance using the distribution of 
defects or the defect area percentage in the earlier paragraphs lacked 
information on the continuity of gaps. The distribution or the percent-
age area of defects do not have a one-to-one conversion to the length 
of the defects. Thus it is essential to compare the lengths of the defects 
formed in the virtual lamina and the experimental lamina as seen in Fig. 
8. It can be observed that the MC method overestimates the number of 
smaller gaps and also completely misses the higher gap lengths. The 
MCMC method estimate of the length of defects is much more closely 
correlated to the experimentally measured lamina.

To summarize, the various comparisons between the two methods of 
simulation and the experimental data have shown that the defect distri-
bution or area can be acceptably predicted by both the MC and MCMC 
simulation methods. However, the MCMC method simulates tows and 
laminae which are representative in not just the defect frequency 
and defect magnitude but also in the length of defects found in real 
laminae. The neighborhood sampling used in the MCMC method leads 
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Fig. 6. Example virtual lamina simulated using the MCMC method.

Fig. 7. A, B (top, bottom). Comparison of predicted gaps and experimentally measured gaps. Gaps predicted using MC simulations are shown in yellow. Gaps 
predicted using MCMC simulations are shown in green. Experimentally measured gaps are shown in blue.
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Table 3
Comparison of the distribution of predicted gaps for the MC and MCMC method with the distribution of experimentally measured gaps.
 Mean (mm) Standard 

deviation (mm)
90th percentile 

(mm)
99th percentile 

(mm)

 Measured gaps 6.24 0.34 6.59 7.25
 Predicted gaps MC simulation 6.22 0.32 6.64 6.99
 MCMC simulation 6.22 0.32 6.62 7.04

Table 4
Comparison of predicted gap and overlap defect area for the MC and MCMC method with 
experimentally measured gap and overlap defect area.
 Gaps % area Overlaps % area
 Experimental layup 2.73 1.28
 Virtual lamina MC simulation 2.60 1.48
 MCMC simulation 2.77 1.58

Fig. 8. Comparison of the distributions of length of defects between the experimental lamina and the simulated lamina.

to position and geometry samples which vary continuously, similar to 
the physical phenomenon they are based on. Owing to this sampling 
method where each sample is informed by the past sample, the MCMC 
method can be used to simulate tows and construct virtual laminae 
which are similar to real layups.

The framework was informed by parametric fits to the distributions 
obtained by experimental measurements during layup. However, the 
comparisons were made with separate post-layup measurements of the 
same campaign. Thus, this validation comes with the limitation that the 
comparisons were not against an independent campaign.
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Fig. 9. Illustration of optimal programmed shift for minimizing defect area percentage. The variation bands on the gap and overlap lines show the stochasticity 
of the defect population.

5. Utility for AFP technology and process design

In addition to the uses mentioned in the introduction, simulated 
tows and the resulting virtual laminae can also provide insights into 
AFP technology and process improvements. The analyses presented 
in this section are enabled by the statistical description of the four 
sources of AFP manufacturing variation considered in this study. These 
input distributions are specific to the AFP machine, tow material, 
process parameters and the geometry of the manufactured part. They 
are obtained by measuring a representative set of manufactured tows. 
Once available, they allow for the evaluation of the gap and overlap 
defect populations corresponding to the manufacturing conditions un-
der which the representative data were collected. While the results 
reported here are therefore specific to the described experiment, the 
methodology itself is directly applicable to other scenarios provided the 
corresponding statistical inputs are obtained.

5.1. Optimal programmed shift

The programmed shift or (interband) offset is the distance between 
planned paths of adjacent tows or courses of an AFP layup. This pro-
grammed shift between adjacent tows needs to be minimized to reduce 
gaps. This is because gaps are associated with structural performance 
knockdowns. However, decreasing the programmed shift has the effect 
of increasing the probability of overlap defects. Overlap defects during 
the layup need repair and rework thus slowing down the process and 
leading to higher manufacturing costs. Thus the programmed shift is a 
balance between the mechanical knockdowns from gap defects and the 
additional manufacturing process cost due to overlap defects.

The MCMC method was used to simulate laminae with various 
values of the programmed shift. This resulted in the values of gap and 
overlap defect areas for a range of programmed shift values as plotted 
in Fig.  9 in red and blue. It shows the increase in gap area percentage 
as the programmed shift increases and the increase in overlap area per-
centage as the programmed shift decreases. The optimal programmed 
shift at which the total defect area is minimized is 6.27 mm. This plot 
can be modified to weigh the gap and overlap curves with associated 
costs. The gap curve can be weighted for mechanical knockdown costs 
while the overlap curve can be weighted for process costs with rework. 
Optimization of the weighted defect curves would yield an optimal 
programmed shift. Thus, the developed simulation methods could be 

useful for a tradeoff analysis between gaps and overlaps. The simulation 
could be used for programmed shift value selection before qualification 
and thus can help reduce expensive prototype iterations.

The stochasticity in each simulation leads to slight variation in the 
defect area percentage of each simulated lamina. The simulations were 
run a 100 times for each value of the programmed shift to find the 
statistical variation in the gap and overlap defect area. The bounds 
of this variation are annotated in Fig.  9 as light blue and light red 
color bands. Thus, these MCMC simulations statistically relate AFP 
process parameters to defect population characteristics and scatter. This 
information can be useful for certification activities such as establishing 
manufacturing allowables. It would reduce conservatism in manufac-
turing process design which is often driven by uncertainty in worst-case 
defect scenarios and stacking effects, particularly in structurally critical 
regions of the airframe.

5.2. Prioritizing of AFP process improvements using uncertainty propagation

There are various technological ways to reduce the manufacturing 
process variations in AFP layups. The robot accuracy can be improved 
by installing secondary feedback loops or newer robot models with 
higher path accuracy. The AFP feed system can be improved to reduce 
the tow lateral movement. The tow material dimensional tolerance 
specifications can be made tighter. Each of these process improvements 
entails different costs. Thus knowing the effectiveness of these measures 
in laminate quality will be useful in prioritizing these measures for 
layup quality improvements.

Fig.  10 shows the gap and overlap area percentages in laminae 
when eliminating the various sources of variations one at a time. 
This figure was created by simulating laminae a 100 times for each 
elimination. For the chosen AFP head, material system and process 
conditions, the gap defect percentage will be reduced by 47%, 4% and 
1% when tape lateral movement, robot inaccuracy and width variations 
are eliminated, respectively. Eliminating position variations of the tow 
lateral movement will lead to a higher improvement in laminate defects 
than eliminating geometry variations of the tow width.

Fig.  10 resulted from running the simulations with stochastic inputs 
based on the fits to the four measured sources of variations in the ex-
perimental campaign. But more generic simulations can be executed to 
understand the behavior of this statistical framework which describes 
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Fig. 10. Defect area percentage when variations from the various sources of variations are eliminated one at a time.

Table 5
Propagation of input distribution perturbations through the MCMC simulation to the resulting defect distribution. The increased input 
values of 𝜇 and 𝜎 were 0.5 mm and 0.15 mm, respectively, compared with baseline values of 0 mm and 0.1 mm. Stochastic noise is 
present in the reported values. PV = position variation; GV = geometry variation; * = obtained using MC simulation.
 No. Input variations Output defect distribution Comments

 𝜇 (mm) 𝜎 (mm)
 1 All four inputs with 𝜇 = 0 and 𝜎 = 0.1 0.0003 0.2123 Baseline simulation
 2 Higher 𝜇 for one PV 0.0005 0.2121 Negligible effect
 3 Higher 𝜎 for one PV −0.0012 0.2656 25% increase in defect spread
 4 Higher 𝜎 for both PVs 0.0001 0.3058 44% increase in defect spread
 5 Higher 𝜇 for one GV −0.5002 0.2113 Shift in defect mean towards overlap region
 6 Higher 𝜇 for both GVs −0.5819 0.2083 Shift in defect mean towards overlap region*
 7 Higher 𝜎 for one GV 0.0015 0.2271 7% increase in defect spread
 8 Higher 𝜇 and 𝜎 for PVs and GVs −0.6230 0.3121 Combined worst case scenario*

the AFP process. For these generic simulations, the four stochastic in-
puts were represented using normal distributions. Normal distributions 
were selected because they are widely used parametric descriptions of 
manufacturing variability. Moreover, the focus is on the propagation 
behavior of the framework rather than the input variation character-
istics. The mean and standard deviation were chosen to be 0 mm 
and 0.1 mm respectively for the baseline simulation. Input variations 
were individually perturbed to higher values and were then compared 
with the baseline simulation to understand their effects on the defect 
population. The higher values for the mean and standard deviation 
were chosen to be 0.5 mm and 0.15 mm respectively. The various mean 
and standard deviation values were chosen to be comparable to the 
experimentally observed values. The changes in mean would represent 
a process bias such as average tow width being offset from the specified 
width, or tow lateral movement which is biased to one side of the roller 
center due to reasons like roller wear and bearing misalignment. The 
changes in standard deviations represent the control on the spread of 
the geometry or position variables such as tape slitting width changes 
or robotic path variation in various sections of the workspace. The 
results of the generic simulations for various uncertainty scenarios 
are briefly summarized in Table  5. They have been compared to the 
resulting defect distribution from the baseline simulation which had a 
mean of 0 mm and a standard deviation of 0.21 mm.

It was found that changing the mean of any of the position varia-
tions had negligible effect on the defect magnitude distributions. This 
was due to the collective shifting of all the tows rather than relative 
to each other. However, increasing the standard deviation of one or 
both positional variations to 0.15 mm increased the output standard 
deviation by 25% and 44%, respectively, relative to the baseline. Thus, 

the spread in the position variations is not an additive effect. The two 
position variations interact and propagate non-linearly.

When the mean of the geometry variation from the width after 
compaction was increased to a value of 0.5 mm, this caused many more 
overlaps than gaps, thus shifting the mean of the defect magnitude 
distribution to −0.5 mm. When both the geometry variations had an 
increased mean value of 0.5 mm, the shifting of the mean of the defect 
magnitude distribution towards the overlap direction was greater at 
−0.58 mm. Thus, the combined effect was not additive. When the 
standard deviation of the geometry variation from the width after 
compaction was increased to 0.15 mm, the standard deviation of the 
defect magnitude distribution increased slightly by 7%. A minor further 
increase was seen in the standard deviation of the defect magnitude dis-
tribution when the standard deviation of both the geometry variations 
was increased.

If the mean and the standard deviations were increased for all 
the variations, representing a hypothetical worst case scenario, the 
standard deviation of the defect magnitude distribution increased by 
50%. Overall, position variations primarily broadened the defect dis-
tributions while a systemic bias in geometry variations mainly shifts 
the mean of the defect distributions in opposite directions of the bias.

Thus, this framework can be used to implement an uncertainty 
propagation study to provide such quantitative and qualitative insight 
about how the individual inputs propagate via the AFP manufacturing 
process to affect the defect population characteristics. Another effect 
captured by the simulation framework is the relative effects of position 
variations and geometry variations in the formation of gap and overlap 
defects on either side of the tow. Variations of the same magnitude 
produce substantially greater edge waviness when arising from position 
variations rather than geometry variations.
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6. Conclusion

This study demonstrates that the proposed framework can use sta-
tistical data about the sources of AFP manufacturing variations to 
construct realistic synthetic tows and virtual laminae which reproduce 
experimentally observed gap and overlap defect characteristics.

Two methods to simulate the tow were implemented and evaluated 
— Monte Carlo (MC) simulations and Markov Chain Monte Carlo 
(MCMC) simulations. Tows created using the MC simulations had more 
waviness compared to the observations of real AFP laid tows. This was 
attributed to the random sampling which led to variation values which 
jumped drastically across the distributions rather than following con-
tinuous changes like the physical process they describe. This limitation 
was improved upon in the MCMC simulations which used the Random 
Walk Metropolis (RWM) method for sampling. This led to simulated 
tows whose waviness is more realistic than the simulated tows created 
by random sampling.

The validation efforts for these two methods were done on the 
tow level and the lamina level. On the tow level, an FFT analysis of 
the tow centerlines showed spatial-frequency amplitude spectra with 
acceptable correlation between the experimental tow and the MCMC 
simulated tow. The MC simulated tow did not match the dominant 
spatial amplitudes seen in experimental tows. On the lamina level, the 
gap distributions and the gap area percentage yielded close values for 
both the MCMC and the MC simulations. However, the MC method 
led to a simulated lamina with a high number of shorter gaps and no 
longer gaps. It lacked a match with the experimental observations of 
the length of defects. The MCMC method led to a closer match with the 
experimental observations across shorter and longer length of defects. 
These comparisons also showed that the virtual and experimental lam-
ina equivalence must be established in the frequency, magnitude and 
the length of gap and overlap defects.

Though the motivation of this study was to create realistic virtual 
AFP composite layup descriptions for application in structural and 
process modeling, other uses related to optimal process design were 
identified. The virtual laminae can be used to identify the optimum 
programmed shift in adjacent tows to achieve the right balance of 
gaps and overlaps. Another use of these simulation methods which are 
informed by manufacturing variation data is in prioritizing the process 
improvements required in tightening the AFP layup to the needed levels 
of quality.
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