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Automated fiber placement (AFP) is a composite manufacturing technique used to fabricate complex advanced
air vehicle structures that are lightweight with superior qualities. The AFP process is intricate and complex with
various phases of design, process planning, manufacturing, and inspection. An understanding of each of these
phases is necessary to achieve the highest possible manufacturing quality. This literature review aims to sum-

Lifecycle marize the entire AFP process from the design of the structure through inspection of the manufactured part to
generate an overall understanding of the lifecycle of AFP manufacturing. The review culminates with high-
lighting the challenges and future directions for AFP with the goal of achieving a closed loop AFP process.

Introduction state-of-the-art will build on the previous review with the newest in-

formation and technology while also presenting a novel methodology

Background for a closed loop AFP process (Fig. 1). Since the inception of AFP, the

Carbon fiber materials became available for commercial use in 1966
[1] stemming from research done by Watt et al. [2] at the Royal Aircraft
Establishment. Soon after its appearance, it became clear that the
manufacturing process was extensive, and automation would be ad-
vantageous. Two of the cornerstone automated processes to appear were
automated tape laying (ATL) and automated fiber placement (AFP),
with the latter being the focus here. The ATL process replicates the
manual layup of unidirectional (UD) tape (75 — 300 mm wide [3]) but
can be done at higher speeds, on larger parts, with greater control, and
over slightly curved surfaces [4,5]. The AFP process consists of a gan-
try/robotic system with an attached fiber placement head. The AFP head
enables multiple strips of composite material, or tows, to be laid onto a
tool surface. Adhesion between the incoming tows and substrate is
ensured by using appropriate process conditions such as heating,
compaction, and tensioning systems. A series of tows forms a course,
courses are then combined to create a ply, and multiple plies create a
laminate.

Nearly 10 years ago, Lukaszewicz et al. presented a highly detailed
review of automated prepreg layup [3]. Since this time, there has been
an enormous amount of progress in this field. However, the authors are
not aware of such an in-depth review detailing the most recent ad-
vancements and opportunities in the field of AFP. The presented
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entire process has been made up of several isolated pillars: (1) Design,
(2) Process Planning, (3) Manufacturing, and (4) Inspection. The
personnel and data from each of these pillars is often siloed, with little
interaction to optimize the process. This flow of data originates from
concepts within the manufacturing sector of “Industry 4.0” where
technologies are continually improving creating a race to integrate
them. The data flow ensures that design is no longer a starting point, but
rather a trade in a continuous improvement cycle that integrates process
planning, manufacturing, and inspection. To achieve such a workflow as
the one presented, many challenges remain within the AFP industry and
the composites domain as a whole.

The authors have broad interdisciplinary backgrounds and each
author approaches AFP from a distinct perspective. Close quarters and
frequent collaboration between them have convinced the authors that
the full flow of available information should be used to enhance the AFP
manufacturing cycle. Lessons from inspection on parts has revealed
characteristics relevant to determining optimal processing parameters
and design considerations. Process planning can inform machine motion
and path planning. Physics and geometric modeling of material behavior
directly feeds into process planning tools. In other words, the sum of
each discipline of AFP is far greater than the respective parts.

This implies two distinct recommendations that will be highlighted
and reinforced throughout this paper: (1) that individuals from
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Industry 4.0 AFP Workflow
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Fig. 1. Graphical representation of closed loop AFP workflow [6].
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Fig. 2. Schematic of the patent utilizing slitting to form tows [7].

designers to machine programmers should be in constant communica-
tion with one another for the production of a given part, and similarly
(2) that systems should be established for transfer, integration, and
analysis of multi-domain data from each phase of manufacturing. This
constant integration of new data from outside domains allows for the
manufacturing process to be iteratively improved throughout the pro-
duction of a part and contributes to the generalization of approaches for
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new parts.

The following will provide a state-of-the-art review of AFP starting
with a brief history of AFP and its major advancements since its incep-
tion. This will be followed by a detailed review of the AFP process
including current state-of-the-art in materials, machines, design, process
planning, manufacturing, and inspection. Finally, current and future
research opportunities will be presented culminating with an investi-
gation into how the presented closed loop flow can be achieved.

History of AFP developments

Before AFP technologies were created, composite production of large
structures was largely accomplished with ATL and filament winding.
The earliest documented account of the concept of using tows instead of
tapes was in 1974 [7]. This invention utilized a splitting mechanism
(Fig. 2) on an ATL head that slit 3-inch-wide tapes into 24 individual
strands, now referred to as tows. The use of tows allowed for layup on
increasingly complex parts that were not previously possible with wider
tapes. The use of such a slitting mechanism led the way for future de-
velopments leading up to the AFP machine.

Fig. 3. Drawing of early AFP machine created by Hercules [10].
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Fig. 4. On-part positional error of standard and highly accurate robots [23].

Hercules began development of AFP machines in 1980, and they
became commercially available later that decade, being implemented by
aerospace companies such as Boeing, Lockheed, and Northrop [8]. A
depiction of an early machine created by Hercules is presented in Fig. 3.
The machines were a combination of the differential payout capability
of filament winding and the compaction and cut-restart capabilities of
ATL. Developments of roller design, material guiding, and material
heating from ATL were also directly applied to the AFP process. The AFP
system had the capability to vary layup speed, pressure, temperature,
and tow tension. Bullock [9] added to this capability by demonstrating
an offline programming system that would benefit the machine’s pro-
duction time. The offline system allowed the programming to be done
independently and then uploaded to the machine for execution.ss

A report by Grant and Benson [11] in 1993 presented the imple-
mentation of a refrigerated creel system to minimize issues within the
creel, prolong material life, and allow for clean unspooling. Research in
the 1990’s was also focused on improving productivity of the AFP

1950/60s 1983-1984 1990

=> Hercules produces
the first automated
fiber placement

=>» Composite
production using
filament winding and

storage

automated tape machine
laying system
=> First parts built
1950 1970 1980

=> Refrigerated creel

=> Offline programming
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process. This began with a system that could deliver up to 24 tows at
once [12]. With this system a layup rate of up to 30 m/min was reported,
corresponding to a productivity of 1.9 kg/h, more than doubling the
productivity associated with manual layup. Productivity continued to
enhance through reliability [13]. Reliability over complex geometries
was improved by delivering tows along a curvilinear path, otherwise
known as steering. An application of this development showed a 450%
improvement in productivity, a reduced material wastage from 62 to
6%, and a cost reduction of 43% [14,15] when compared with using a
combination of filament winding and hand layup. These improvements
in AFP also coincided with the development of thermoplastic composites
for aerospace structural applications. The use of these materials allowed
for in-situ consolidation during layup, but higher placement tempera-
tures and pressures are required [16]. Research on thermoplastic layups
became a necessity due to the large size of the composite structures
exceeding the size of the autoclaves needed for curing [17].

Starting in the 2000’s a great deal of research was focused on
improving process reliability and productivity. Boeing [18] and Elec-
troimpact (EI) [19] have performed studies on the amount of time
delegated to manual inspection and rework of AFP layups. Boeing
showed that layup inspection and rework comprised 63% of the total
time, more than 2.5 times as long as the layup process. EI found that
inspection and repair consumed 32% of the total time, while machine
layup time was 27%. A 2006 patent produced by Engelbart et al. [20]
was the first to describe an automated detection system. The system
would electronically access positional data to define a defect location,
and then the machine would automatically return to that location. EI
also made a major contribution to the productivity of AFP machine with
the development of a high-speed system capable of 2000 in/min (50.8
m/min) with interchangeable heads and reduced tow-path length [21].

Research by Flynn et al. [22] published in 2010 presented efficient
simultaneous use of a multiple machine cell as well as modular AFP
heads. The modular head offered advantages of 360° positioning, mul-
tiplicity of tow widths, short tow path, and offline maintenance. This
was further enhanced with a report in 2013 with highly accurate robots
demonstrating a 3-sigma accuracy of +/- 0.08 mm (Fig. 4) [23].

The most recent industry relevant AFP research topics consist of high
throughput AFP, minimal defect layups, and in-situ thermoplastic
layups. High throughput AFP and minimal defect layups are focused on
improving the overall quality and efficiency of AFP manufactured
structures. In-situ thermoplastic layups are focused on combining layup
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Fig. 5. Timeline of AFP developments [24].
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Table 1 Table 2

Characteristics of each material type. Typical design practices for design of composite structures [36].
Material Processing Temperature Material Storage Curing Design Practice Effect
Thermoset Low Frozen Autoclave/Oven Employ balanced and Minimizes elements in [B] and [D] matrices, avoids
Thermoplastic ~ High Room Temp In-situ/Autoclave symmetric laminates coupling between bending,, warping, and twisting
Dry Fiber High Room Temp Infusion effects

and curing, preventing the need to perform a costly and size limiting
curing step. All the advancements presented in this section are sum-
marized below in Fig. 5.

Materials

Material choice can lead to adverse or beneficial effects on the
manufacturing process along with the final overall quality. There are
three main types of materials used for AFP manufacturing, those being
thermoset, thermoplastic, and dry fibers. Thermosets and thermoplastics
are referred to as “prepreg” because the fibers are already pre-
impregnated with resin, while dry fiber is not. Each of these comes
with its own processing range and technique which are explained in the
latter. Table 1 below provides a summary with key characteristics of
each material.

Thermoset

Thermoset prepregs utilize a combination of fibers and thermoset
resins. Thermoset resins are polymer resins with a relatively low vis-
cosity, and when cured form a rigid 3D lattice structure [25]. These
materials are the most common AFP material used because they are the
easiest to manufacture due to the comparatively low optimal processing
temperature required for successful layup [26]. Since the processing
temperature required to reach the gel or melt point of the material is
close to room temperature, less heat is necessary leading to easier
manufacturing. In addition, thermoset tapes require a secondary pro-
cessing step, such as autoclave consolidation, increasing processing time
and cost [27]. Typically thermoset processing temperatures should not
exceed ~70 °C in order to prevent initiation of the cure reaction within
the resin [28]. Further, due to the thermoset resin within the material, it
is required to keep the material frozen to slow the curing reaction.

Thermoplastic

Thermoplastic prepreg materials use a combination of fibers and
thermoplastic resin. These types of resins have a high viscosity and do
not chemically join, or cure, when heated meaning they can go through
solid and fluid transformations many times [25]. Thermoplastics are
beneficial as they have many advantages over thermosets including
recyclability, rework ability, high temperature performance, high
impact resistance, and long shelf life at room temperature [27].
Furthermore, these materials bring about the possibility of skipping a
post consolidation step such as an autoclave, oven, or hot-press by using
in-situ consolidation [29-31]. However they are difficult to layup due to
higher required temperatures (typically around 400 °C [28]) and
smaller operating processing window [32].

Dry fiber

Dry fiber materials, just as they sound, do not contain a resin matrix.
Similar to thermoplastics, dry fiber layup requires higher temperatures
and has a small operating window [32]. Dry fiber has a long shelf life at
room temperature, and lends itself to steering application since it is
easier to steer as there is no matrix confining the fibers, allowing the tow
to bend or shear [33]. However, dry tows do not have tackiness so a vail
(thin thermoplastic layer) is required to allow lay-up of the tows [34].
The lack of resin within the material has a benefit of reducing resin

Maximum number of Prevents delamination and residual stresses
consecutive plies

Maximum and minimum ply
angle jumps

+45° surface plies

Decrease inter-laminar stress and obtain dispersed
laminates

Increases damage tolerance, buckling load of thin
laminates, and protects load carrying plies from

impacts
Add fabric as inner and outer ~ Absorbs impact damage and minimizes drilling
layers “breakout”

Pair +45- and -45° plies Minimizes inter-laminar shear and in-plane shear is
carried in tension and compression in the 45° layers
Use larger fraction of +/- +/- piles are better at handling shear loads

plies in shear regions
Minimum steering radius Prevents fiber buckling and minimize steering
defects

Ply drops Helps with laminate continuity

build-up in the machine head, resulting in longer maintenance intervals
and greater reliability [35]. This material has a disadvantage in
post-processing as well due to the need to infuse resin into the final part.

Design

Composite materials have the advantage of improved mechanical
properties such as high specific stiffness and strength, corrosion resis-
tance, enhanced fatigue life, and improved fracture toughness compared
to traditional materials [36]. However, utilizing the benefits of com-
posites requires careful design and optimization. Setoodeh et al. [37]
provides two categories of design of a composite structure: (1) constant
stiffness [38] and (2) variable stiffness [39,40]. A constant stiffness
design uses the same stacking sequence over an entire structure where
the goal of the design process is to optimize this sequence. Contrarily, a
variable stiffness design utilizes changes in fiber angle and thickness
across a structure, both of which are optimized for structural
performance.

In industry, manufacturing of composites is still limited to conven-
tional constant stiffness laminates with possible fiber angles restricted to
0, +45, and 90° [41]. These fiber angles are often used in a way that
creates a quasi-isotropic laminate. In addition to ply angle restrictions,
laminate design guidelines have also been developed over time to
guarantee the robustness of the laminate. These guidelines consist of
having mid-plane symmetric laminates, balanced laminates, maximum
number of consecutive plies, maximum and minimum ply angle jump,
and +45° surface plies [40]. Utilizing symmetric and balance laminates
minimizes elements of [B] and [D] matrices in the ABD matrix, resulting
in avoided coupling between bending, warping, and twisting effects. The
maximum number of consecutive plies should be limited to 2-4 layers
which decreases the chance of delamination. The maximum jump of ply
angles between plies decreases the inter-laminar stresses. Minimum ply
angle jumps are used to obtain dispersed laminates, helping to withstand
impacts. Further, utilizing +45° surface layers improve damage toler-
ance, buckling loads of thin laminates, and protects primary load car-
rying plies. Utilizing fabric plies as inner and outer layers can absorb
more impact damage and can minimize drilling “breakout”. Lastly, it is
advisable to use a larger fraction of +/- plies for improved performance
under shear loads.

Design flexibility of composite structures can be enlarged by prop-
erly utilizing the fiber steering capabilities of a fiber placement machine,
creating more efficient composite structures [42]. The advantage of
curvilinear fibers on structural performance has been extensively stud-
ied, accompanied by studies proposing optimal fiber paths for various
applications. The authors in [43-46] investigated the design of variable
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Fig. 6. Simplified representation of an AFP head.

Fig. 7. Images of (a) horizontal gantry [50], (b) vertical gantry [51], and (c) robotic arm type AFP machines [52].

stiffness laminates that are enabled through the AFP process. These
laminates utilized tow steering to optimize the performance by strate-
gically creating fiber paths that exploit the greatest benefit of the com-
posite material. Variable stiffness design utilizes the guidelines above,
however the guidelines are applied locally at each point in a structure to
maintain structural integrity. Another manufacturing constraint for
variable stiffness laminates is the minimum turning radius of the fibers.
This constraint is applied to prevent fiber buckling due to compressive
forces within a tow when steering. Also, uniform load distribution
within a structure is rare, leading to locations of a structure with high
and low load requirements. This is accounted for with continuity

constraints where ply drops are required to achieve continuity, also
referred to as blending. Table 2 below, based on the information pro-
vided by Beckwith in [36] along with information gathered from
Albazzan et al. in [40], summarizes the common design practices for
composite structures. For more information regarding the advances and
difficulties of variable stiffness laminates, the reader can refer to [37,39,
40,47-49].

AFP machine hardware

This section will discuss the types of AFP machines and review the
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(a)

Fig. 8. Representations of segmented compaction rollers by Ingersoll Machine Tools [54] and Boeing [55].

main hardware. The hardware discussed will include major parts such as
robotic platforms, compaction rollers, and heat sources. In order to ease
explanation of the complex AFP head, a simplified representation is
presented below (Fig. 6).

Platforms

There are three main types of AFP machines: horizontal gantry,
vertical gantry, and robotic arm. The type of machine to be used is
dependent on the size and shape of the part. Large plate-like structures
are good candidates for the gantry type of machine, especially the ver-
tical gantry, because they do not require complex motion. Horizontal
gantries are usually preferred when the tool has a large height or needs
to be rotated because the gantry structure does not hinder the tool.
However, the robotic arm type of machine will be beneficial for complex
shapes because it has a wider range of motion to maneuver around
higher curvatures.

Fig. 7 provides images of each type of AFP machine mentioned above
from EI, Ingersoll Machine Tools, and Coriolis. In each case the tool can
be rotating or stationary depending on the geometry of the part. The
horizontal gantry style machine has 6° of freedom (DOF) associated with
the robot with 3 being cartesian and 3 being rotational along with an
additional external rotational axis for the mandrel/tool. The vertical
gantry system performs in the same manor, except the AFP head per-
forms the layup from the top of the tool and there is typically no rotating
mandrel. The robotic arm machine has 6 rotational DOF associated with
the robotic arm along with a linear axis. These can also be combined
with a rotator that utilizes a rotational DOF to combine for a total of 8
DOF. This type of machine can layup on tools that are arranged

(b)

vertically and horizontally, and on tools that rotate making it the most
versatile option.

Compaction rollers

The primary function of the compaction roller is to place the tows,
facilitate the development of required levels of tack, and reduce the
voids between the tows [28]. The roller applies pressure to the incoming
tows and substrate to ensure proper adhesion right after temperature has
been applied from a heat source (Section 4.3). This adhesion plays an
integral role in preventing manufacturing defects. Different types of
compaction rollers are described below.

Solid compaction rollers

AFP heads that are used for small scale production generally use
rollers that are solid or perforated. The hardness of these rollers is an
important factor in which one to use. The hardness is measured through
the durometer scale. This scale is the international standard for
measuring the hardness of materials [53]. A higher durometer value
corresponds to a harder material. Bakhshi and Hojjati [28] conducted an
experiment that examined solid rollers with durometer values of 35, 60,
85, and a stainless-steel roller. The stiffness of the roller will determine
how the compaction force is applied to the tows, and the area over which
it is applied. The softer material will apply a lower pressure distributed
over a larger area, while the harder material applied a large pressure on
a very small area. It was determined that a softer material capable of
providing the appropriate compaction is optimal due to the compaction
being applied over a larger area.

High Compaction

Roller / Roller
/
Tool - Tool
Low/No  _~ -
Compaction (2) (b)
Low/No
Roller Compaction Roller
//,
A
|
Tool \ Tool
High Compaction
(c) (d)

Fig. 9. Example of the conformability of a (a) solid and (b) segmented roller.
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Fig. 10. Diagram of the in-situ thermoplastic compaction system [58].

Table 3
Summary of the characteristics of each heating system.
Heating System Material Controllability Temperature
HGT Thermoset/Thermoplastic Low Medium
IR Thermoset Medium Low
Laser Thermoplastic High High
Pulsed Light Thermoset/Thermoplastic High Medium/High

Segmented compaction rollers

AFP machine that are used for industrial manufacturing often use
segmented conformable rollers that are composed of multiple small
rollers with the capability to move separately on the same shaft. Each of
these rollers consists of a metal interior with a flexible cover. Images
from the patents of some of these rollers are provide in Fig. 8.

These types of rollers are used for increased control of the compac-
tion force across the entire course. It is important to have a uniform
pressure distribution across the roller to ensure proper tow placement.
This becomes especially important when using a large non-segmented
roller on a curved surface such as aerospace stiffening structures.
Inadequate conformity between the roller and tool can lead to reduced
pressure applied to the tows [56]. The individual rollers of the
segmented roller can adapt to more complex surfaces by utilizing the
several height-adjustable rollers controlled by pneumatics or fluid filled
bladders enabling individual compaction pressure [57]. This increased
conformity is demonstrated graphically in Fig. 9.

Thermoplastic compaction

As discussed in Section 2.2, thermoplastic materials require extreme
heat and cooling for proper processing. This has proven to be difficult to
achieve in single passes with normal AFP head attachments; therefore,
research has been done to integrate heating and cooling into the
compaction system. The authors in [58] developed a system for
out-of-autoclave (OOA) AFP layup that consisted of three conformable
compactors that would heat and chill the composite. This system works
as follows: (1) the first hot line compactor establishes initial intimate
contact and healing, (2) the second hot area compactor maintains
temperature to complete healing of the polymer chains, and (3) the third
cold compactor chills the material and compresses the voids. A sche-
matic of the whole system is shown in Fig. 10. Steel is often used in
thermoplastic compaction rollers due to the need to sustain the high
temperatures the mechanisms will be exposed to [28].

Heat sources

The application of heat is a key factor in ensuring proper adhesion
between the substrate and incoming tows. The hardware that applies the
necessary temperature is typically referred to as a “heater”. The heater is
a device that is mounted to the AFP head that supplies heat during
deposition to ensure adhesion of the incoming tows to the substrate
[26]. The devices that will be covered below consists of hot gas torches

Composites Part C: Open Access 6 (2021) 100182

(HGT), infrared (IR) heaters, lasers, and pulsed light heaters. These
heating systems are summarized below in Table 3.

Hot gas torches

HGTs have been used for more than two decades and were used as
heating mechanisms in ATL machines and in initial AFP machines [59].
This mechanism uses a hot gas, usually nitrogen, with the applied
temperature being controlled by the gas flow rate [60]. Using a HGT is
comparatively inexpensive, but the temperature is difficult to control
[61]. The high temperatures that are possible with this heating device
make it a candidate for thermoplastic layups [62]. In [63], it is noted
that HGT heating of thermoplastics is not practical above about 150
mm/sec however, improvements in prepreg material have yielded
improved performance up to 200 mm/sec. When comparing HGTs and
laser heaters, HGTs have some advantages namely the lower safety
concerns, provides more distributed heating, and heats both the poly-
mers and fibers [64].

IR heaters

IR heaters are one of the most common heat sources seen in AFP
manufacturing of thermoset materials. Heat transfer from the IR heater
to the substrate is done through radiation [65]. Calawa and Nancarrow
[66] developed a quartz lamp IR heater with the advantages of short
response time, durability, and longest wavelength with high power
output. When radiant energy hits an object some of that energy is
absorbed, some is reflected away, and some is transmitted through. For
this reason, a reflector is often incorporated to ensure most of the
emitted energy is in a useful direction [66]. This heating system has a
main disadvantage of inefficient heat transfer and non-uniform heating
due to the wide dispersion of the heat [65]. Further, the heat generated
by the IR heaters is not high enough for manufacturing with thermo-
plastic materials.

Laser heaters

Laser heaters are usually employed for thermoplastic layups, and
have shown to be a better heating option [26,29,67]. The first concept of
laser heaters was demonstrated by Beyeler et al. [68] in the 1980s. La-
sers have become robust with lower costs, making them a commercially
available process. Newer laser systems use a light wavelength that will
heat the fibers instead of the matrix preventing damage to the material
[69]. A laser system’s advantages consist of high energy density, more
focused heating, faster processing rates, and better surface finish [64].
Experiments have also shown that laser-assisted AFP has comparatively
better inter-laminar strength versus placement rate [70]. The main
disadvantage of these systems is the necessary safety precautions that
are required. Typically, laser shielding is required around the AFP cell
along with personal protection equipment (PPE) to prevent any re-
flections from harming personnel. Further, laser heating cannot be used
in some materials such as glass fibers due to the fact that glass fibers do
not absorb the laser energy [64].

Pulsed light heaters

The pulsed light heaters are a recent development that provides AFP
manufacturers with another choice of heat source outside of the con-
ventional hot gas, IR, and lasers. An example of such a heating system is
Humm3® developed by Heraeus [71]. The heat is delivered by a Xenon
flashlamp using three programmable pulse parameters: voltage, pulse
duration, and pulse frequency. The light is directed onto the substrate
through a crystal enabling focused heating on the substrate. These sys-
tems deliver rapid heating with heating time and temperature compa-
rable to a laser system.

Modular AFP Heads

The more recent AFP machines that have been developed utilize a
modular AFP head which has demonstrated high rate and high quality in
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Fig. 11. AFP machines laying up skins for a (a) cryogenic tank [78] and (b)
blended wing body [79].

commercial aircraft production [23]. The development of a modular
head came from the desire to use multiple tow widths and enable offline
maintenance [72]. This head offers advantages such as multiplicity of
tow widths, very short tow path, and rapid head change [22]. All the
characteristics and advantages listed lead to decreased downtime of the
machine and higher throughput of manufactured parts.

Toolform manufacturing

The term “tool” is used in AFP to represent the surface that the
material is being laid onto and it represents the shape that the final
structure will take. The tools can be made to manufacture structural
components for aircraft [73], space vehicles [74], and marine vehicles
[75]. Depending on the structure that is being built, the geometry of the
tool can vary greatly. Understanding what geometry is being used and
how it affects the AFP process is vital for high quality manufacturing.

Types of tool geometries

The tool geometries discussed will be focused on production style
tooling, as types of research-based tooling are too variable to account for
in this paper. Tooling geometries can be split into the three basic cate-
gories of flat, singly curved, and complex or doubly curved. Completely
flat tooling is not a common shape for industrial AFP production because
it lends itself to other composite manufacturing techniques such as ATL
or hand layup. However, sections of more complex tooling can be flat.
Singly curved tooling is usually used for components such as wings or
sections of a fuselage [76]. Singly curved tooling can also be distin-
guished into open contour and closed contour surfaces. Closed contour
surface, such as cylinders, must be mounted on a rotating mandrel which
may not be required for the open contoured surface. Lastly, complex
tooling can be used to manufacture structures such as wind tunnel
blades [77] and blended wing bodies. A couple of examples of the
manufacturing of these structures are presented in Fig. 11.

Effects of tool geometry

The effects of different tool geometries on the AFP process are not
prevalent in literature but are mainly learned through manufacturing
experience. The quality of the layup can be severely impaired by the
complexity of the part [80]. Harik et al. [81] provided some basic
knowledge on anticipating defects such as gaps, overlaps, bridging, and
twist due to layups on complex geometries. Chu et al. [82] demonstrated
that a decrease in pressure uniformity across the compaction roller is
seen when using complex tools. Wehbe et al. [83] provide a method for
geometrically predicting wrinkling based on tool curvature and path
geometry.

Manufacturing experience will provide knowledge such as collision
avoidance, temperature dependencies, compaction requirements, and
induced steering. It is important to do extensive simulations and dry
runs on highly curved geometries to ensure there are no collisions be-
tween the AFP machine and the tool. Severe curvatures may result in
sections of the tool being impossible to reach depending on the machine
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and the hardware attached.
Process planning

Preparation for AFP layup usually begins with a process planning
phase. This phase consists of creating a plan of how the layup will be
completed. A review of layup strategies and process parameters is pro-
vided below. Lastly an overview of process modeling is provided to
demonstrate the necessity of understanding the behavior of the AFP
process before manufacturing. Each of the aspects of process planning
plays its own role in the creation of an efficient and quality
manufacturing plan.

Layup strategies

The choice of layup strategy is responsible for determining starting
points, reference curves, and coverage across the surface. Each of these
choices can enhance or diminish the layup quality. The following will
provide a brief description of the available process planning techniques.
A detailed review can be found in [84].

Reference curves

Before the entire tool surface can be covered with toolpaths, a
reference or guide curve is needed. Using various types of reference
curves can greatly impact the outcome of the layup. The strategies for
creating reference curves are fixed angle, geodesic, and variable angle. A
fixed angle strategy creates a curve from a given starting point that has a
constant angle from a given axis or direction along the entire surface.
The reader can refer to Refs. [85-88] for further details.

The geodesic curve method can be used to avoid steering because the
curvature along a geodesic path is null. A geodesic is the shortest
possible path between two points on a curved surface, resulting in a
straight line on a flat plate [89,90]. The path can be obtained either by
specifying a start point and a direction of travel or a start and end point
and the curve will follow the natural path of the surface [84].

Variable angle guide curves vary the fiber orientation along the
curve to create variable stiffness laminates [68,69]. Although there has
been recent research in optimizing variable angle paths [40], the cal-
culations and optimizations are more difficult than the other techniques.
There are 3 main strategies for defining these reference curves: (1)
constant curvature [61, 71,72], (2) linear variation [73-75], and (3)
nonlinear variation [91].Each of these strategies uses a slightly different
method to define the points and curves for layup trajectories.

Coverage strategies

Various coverage strategies are used to create the course centerlines
across the tool surface. There are three strategies that can be used, those
being independent curves, offset curves, and shifted curves [84]. The
independent curve method uses independently drawn curves to cover
the surface. This method is often used on highly complex tool surfaces
where it is possible to draw the courses staggered, with a constant
length, and different directions [87]. Favaloro and Hauber [86] used this
method to create many short courses to limit gaps and overlaps on a
conical surface. While this method can limit gaps and overlaps, it is very
time consuming and not often used for conventional surfaces.

The offset or parallel curves strategy is the most common one used
for path planning [84]. In this strategy adjacent curves are computed
from the reference curve to cover the entire surface. The two approaches
to define the adjacent curves are a parametrical approach and a mesh
approach [45,87,88,92]. The parametrical approach solves a system of
equations numerically to define the equations of each successive line.
The mesh approach starts from a random reference curve on the meshed
surface and uses the Fast Marching Method [93] to propagate this curve,
creating the other courses. The advantage computing parallel curves is
that they are equidistant which prevents gaps and overlaps between
courses. However, when considering a complex surface, the fiber
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directions of the offset curves can vary from the reference curve. Also, if
the initial reference curve has curvature, the neighboring paths will have
increased curvature therefore decreasing the steering radius. If the
critical steering radius is exceeded, this will cause further defects.

Lastly, the shifted curve strategy [34,46,90,94] simply shifts the
reference curve by applying a translation is its perpendicular direction.
The main advantage in using this method is the simplicity in covering
the surface with course centerlines. Kim et al. [34] showed that the fiber
directions of the shifted paths are not guaranteed on complex surfaces,
and an increase in gaps and overlaps can arise.

Path optimization

The authors in [91,95-97] developed methods to optimize the
placement of fiber paths onto the tool surface. Jiang et al. [95] reported
a 63.4% to 69% path error reduction using the maximum, mean, and
variance of a path error distribution model and optimizing the roller’s
path. Blom et al. [91] developed a method to optimize course locations
based on user requirements of thickness variation in a variable stiffness
laminate. The authors in [96,97] investigated the kinematics of the AFP
machine’s motion leading to a method of optimization of tool paths
based on machine limitation.

Process parameters

The parameters used for any specific part are chosen by compro-
mising between layup quality and high layup speeds demanded by in-
dustry [98]. Using adequate process parameters is crucial in
determining the quality of the layup, and can impact the resulting me-
chanical properties of the composite part [99,100]. The main parame-
ters and their effects are summarized in the following.

Speed

Various layup velocities show alterations in layup quality and
required processing parameters [101,102]. Lower speeds result in
longer thermal exposure which results in improved polymer healing up
until the applied temperature results in degradation of the material
[103]. An increase in layup speed will result in less time that the
compaction force and temperature are applied to the material leading to
weak cohesive forces [104].

Pressure

Compaction pressure is one of the major parameters associated with
final part quality [105]. The main concept of applying compaction
pressure is to adhere the incoming tows to the substrate and remove
voids [106]. The pressure is the critical parameter to develop intimate
contact between plies however excessive compaction can lead to ma-
terial degradation [56]. For the case of thicker laminates, the compac-
tion pressure’s influence decreases significantly [107].

Temperature

For thermoplastic materials, temperature is the main parameter
responsible for the development of interlaminar strength due to it
creating the optimal interface between the incoming tows and the sub-
strate [29]. The applied temperature heats the material above the
melting temperature and is then consolidated by applying pressure, and
solidifies as it cools [108,109]. It is imperative not to use a processing
temperature significantly above the material’s melting temperature
because it can lead to material degradation [110,111]. Further, the
temperature parameter can lead to many side effects that can reduce
part quality. For example, deviation in temperatures across the part lead
to non-uniform cooling rates resulting in residual stresses and part
deformation [112]. The authors in [111,113] showed that cooling rates
are also essential with thermoplastics because it affects the degree of
crystallinity, hence affecting the mechanical properties. Other factors
such as void dynamics [111,114,115], material healing [116], and
intimate contact [59] are highly dependent on temperature.

Composites Part C: Open Access 6 (2021) 100182

In terms of heating of thermoset materials, the goal is not to reach the
melting point but to achieve an appropriate level of tackiness. Appro-
priate degree of tack is the key mechanism in the formation of most
layup defects and is most influenced by layup temperature [117-119].
Higher tack is considered favorable to hold the prepreg on the tool
surface as well as ensuring adhesion to subsequent plies [120]. Like
thermoplastic heating, excessive temperatures lead to material degra-
dation. Finding the appropriate temperatures for either case is often
determined through trial and error [121]. However, tack characteriza-
tion can provide an adequate starting point for proper applied temper-
atures [122].

Tow tension

Research on fiber tension during the AFP process is limited in the
literature. The centralized idea is that tow tension assists in the place-
ment of tows [123]. Excessively high tow tension leads to tow slips due
to the tension force overcoming the adherence [35]. Rudberg et al.
[124] developed a Modular-Servo-Creel head to address the issue of
tension control, leading to increased part quality.

Parameter optimization

A large area of research is the optimization of process parameters
with the aim to improve manufacturing quality with proper processing
parameters. Aized and Shirinzadeh [125] researched the relationship of
process parameters and part quality using the response surface method.
Through analyzing gas torch temperature, head speed, and compaction
force, each parameter was correlated to its effect on process quality. Han
et al. [126] developed a multiscale collaborative optimization method
for high speed AFP layup in terms of mechanical characteristics of the
prepreg tows. Wehbe et al. [127] was able to use numerical techniques
to find optimum path curvatures and process parameters for fiber
steering on a cylinder. Baz Radwan et al. used a design of experiment to
determine the optimal processing window for a high and low tack pre-
preg material [128].

Process modeling

Another important factor when process planning is modeling the
various processes where possible. Computational models using software
tools such as ABAQUS to simulate the deformed tow after fiber place-
ment have been shown to have sufficient agreement with physical
measurements. Bakhsi and Hojjati [129] showed a very good agreement
between simulation and experimental results through modeling the
whole prepreg deposition process. Rajan et al. [130] used a similar
technique to model bonding of slit tape to the substrate to predict
wrinkle formation and showed excellent agreement for a 6.35 mm
prepreg tow. Hutten utilized a physics-based framework to study the
sensitivity of simulation setups and its effect on defect predictions [131].
Work has also been done regarding the simulation of roller deformation
and compaction pressure and its effect on tow placement [28,132,133].
These models have the capability to predict many aspects of the AFP
process, however they are time consuming to build and run, and are not
widely applicable to a range of input conditions.

Material properties models are also an effective method for under-
standing the materials behavior during the AFP process. Rajan demon-
strated the effect of tow stiffness properties (longitudinal, transverse,
shear stiffnesses, and others) on defect formation, as well as viscoelastic
effects of resin dominant stiffnesses [134]. Another key characteristic for
material in the AFP process is its tackiness and adhesion properties. The
authors in [118,119,122,135] investigated tackiness and adhesion
models including the effect of temperature, contact time, and compac-
tion on the bond strength between the tow and the substrate. It is also
necessary to understand how a material will behave under various
temperature during AFP manufacturing and during the cure process.
Yassin and Hojjati [136] has presented a detailed review on temperature
and heat transfer models, including prediction of peak temperatures as
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Table 4
Effectiveness of various inspection techniques.
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Technique Gap Overlap Wrinkle Twist

Missing Pucker Fold Bridging Splice

Profilometry v v v 4
Thermography v v v v
Eddy Current — * v

v 4 v * 4
v v v v 4
v % * % v/

V- Can detect well
*- Can detect but not distinguish from other defects
—- Can detect depending on size

well as transient effects and variable temperature profiles along the
path. Belnoue demonstrated cure models that predict the deformation of
the fibers and the resin flow during cure processes, and the obtained
final shape of defects [137].

Geometrical models predicting wrinkling based geometrical quanti-
ties such as the tow path, width and tool geometry have been shown in
[83,138,139]. These types of models have demonstrated an accurate
analysis for wrinkle locations within a given layup. The authors in
[140-144] have developed analytical models predicting the limiting
critical steering radius for wrinkle formations. The models can approx-
imate a measure for a critical radius below which defects start to form.
However, the mechanics models tend to oversimplify the problem to get
a closed form or rapid solution. This often leads to neglecting the
interaction of different defect formations and the effect of the process
parameters.

Process data collection
Inspection techniques

The quality control during AFP processes is either manually done by
visual inspection of the operator [145] or by using various types of
automated inspection methods. Due to the low contrast between the
substrate and incoming tows, visual identification of defects has proven
to be difficult. However, thermal imaging, laser profiling, eddy current
inspection [146] and other non-destructive testing (NDT) techniques
have been employed to ease the difficulty of inspection. The develop-
ment of abilities to rapidly monitor and inspect AFP manufactured plies
is a top priority in improving manufacturing efficiency [124]. Current
industry standard for inspection is primarily visual/manual. While
frequently accurate, manual inspection is typically very time intensive,
requires expert knowledge, and reduces traceability in determining the
quality of layup. The time cost of manual inspection is significant [18,
19,147], with estimates placing percentage of machine time dedicated
to laydown being as low as 24%. This is almost entirely due to manual
inspection and rework, with inspection time growing with the size of
each part. This makes producing large scale composites increasingly
time and cost prohibitive. Table 4 below summarizes the effectiveness of
defect detection with popular inspection techniques (profilometry,
thermography, and eddy current).

Thermography

Thermographic monitoring is based on a thermal camera combined
with (process depending) image processing that can analyze the visible
temperature difference between the laid tow and the substrate [148].
The temperature difference in the tow is triggered by the propagation of
heat through the laminate. Accurately measuring the temperature pro-
files requires the thermal camera to be mounted onto the AFP head to
measure the temperatures directly after the compaction roller. This in-
formation can be used to derive and store both tow position and process
relevant defects. Gregory and Juarez [149] demonstrated that the
changes in temperature profiles seen in in-situ thermographic moni-
toring are sufficient for identifying all types of defects. Schmidt et al.
[150] also used this technique combined with an edge detection algo-
rithm to localize tows and detect temperature discrepancies. Juarez and
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Fig. 12. A depiction of the effect of defects on the temperature profile [151].

Fig. 13. Visualization of profilometry data [153].

Gregory [151] provides a depiction (Fig. 12) of how defects contribute
to the temperature profile. The temperature measurement from a gap is
higher due to a smaller substrate thickness to absorb the heat, and vice
versa for an overlap. Various other defects such as twists, splices, and
folds can be deduced from the temperature profiles.

Profilometry

Profilometry utilizes laser projections onto a surface to infer surface
features from pattern deviations [152]. This method enables rapid
profiling of a surface without considering the surface contrast (Fig. 13)
[153]. However, material type can have a direct effect on the quality of
data gathered and therefore the accuracy of defect identification and
classification [154]. Cemenska et al. [155] showed that profilometers
can detect gaps, overlaps, foreign object debris (FOD), bridging, puck-
ering, delamination, and tow twist given sufficient size. The feature
recognition necessary for detecting these defects requires processing the
raw data with custom algorithms that can be highly complex requiring
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Fig. 14. ML segmentation of an AFP part scan for defect identification [172].

high performance computing for higher feed rates. It should be noted
that when properly optimized, profilometry offers unrivaled surface
detail, allowing for more accurate analysis and the identification of a
broader range of defects. Two recent industrial in-situ inspection systems
offered from Coriolis and EI are both profilometry based [156,157].
However, variation in the optical properties across materials makes this
difficult.

In-situ inspection

A major distinction that must be made in the inspection and quality
monitoring of AFP parts is between inspection systems that are ply-by-
ply and inspection systems that are in-situ. Ply-by-ply or static systems
wait until the layup process or a part of it is complete, then inspects
while the AFP machine is inactive. In-situ methods are capable of
inspecting while AFP machine is performing layup. This maximizes
machine usage and reduces the amount of necessary machine downtime,
therefore contributing to higher process throughput. The advantages of
in-situ systems are driving the majority of the development in AFP in-
spection towards this area.

The thermographic approaches to inspection mentioned previously
in this chapter are all implemented as in-situ systems, using the heat
emanating from the layup process as a way to produce images. In
addition, companies such as Flightware [158] have developed in-situ
AFP inspection systems based off of profilometry and laser line scanning.
EI's RIPITx system has recently become an industrially available in-
spection option for profilometry-based in-situ inspection [157].

Automated defect identification

Once the data acquisition component of an AFP system is created, it
is also often advantageous to marry it to a data analysis system to
automatically identify defects through the data. Approaches to data
analysis vary across application, but a consistent class of algorithms has
coalesced under the branch of computer vision and deep learning.
Nearly all of the data acquisition systems that have been developed
present their data in a visual manner. This design choice allows engi-
neers to leverage advances in computer vision to perform automated
defect identification.

In particular, the advent of Deep Learning image processing algo-
rithms spurred on by the success of convolutional neural networks [159]
has allowed for significant improvements in the performance of indus-
trial inspection systems [160,161]. Iteration on neural network archi-
tectures for computer vision has produced a number of models that
achieve human or near human levels of performance [162].

A considerable drawback to these approaches has been the large
amounts of data required to properly train one of these deep object
detection algorithms. New areas of emphasis are on brining this barrier
to a more accessible point by utilizing principles such as transfer
learning [163,164], whereby lower level features learned on one dataset
are preserved and reused on a similar dataset. In the area of AFP
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Fig. 15. Determining compaction pressure during Layup in Jiang et al. [178].

inspection, this may present a potential path forward for training a
model to detect across multiple material types or with multiple sensors
as input.

To perform a prediction or training cycle with these models, it is
important to leverage many of the modern advances in computer
hardware that allow for massive parallelization of neural networks.
Computer hardware such as Graphical Processing Units (GPUs) [159,
165] and Field Programmable Gate Arrays (FPGAs) [166-170] utilize
parallel processing to massively increase the speed at which many
neural networks run. In the case of FPGAs, this is the result of writing
dedicated hardware in silicon to perform operations rather than relying
on standard general-purpose processors.

Some work has begun to combine these principles to create auto-
mated detection algorithms for AFP defects. Several studies by the au-
thors have leveraged machine learning, integrated systems, and
advanced computer hardware to create a computer vision system for
learning and identifying AFP defects [154,171-173]. Fig. 14 shows the
results of an intelligent segmentation algorithm that is capable of
identifying narrow gaps and overlaps in profilometry scans of a layup.

Parameter monitoring

Compaction monitoring

Monitoring compaction is crucial for understanding the loading of
green material and has a direct effect on part quality. Fiber Bragg sensors
[174-176] have been embedded into AFP tows prior to deposition on a
tool and used to monitor the compaction pressure on a given tow. In
terms of AFP, the layup conditions are monitored by measuring the re-
flected wavelengths which are then related to parameters such as
pressure and temperature [177]. Results from experimentation done by
Oromiehie et al. [62] proved that simultaneous measurements of strain
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Table 5
List of defect types and their associated category [81].
Defect Category  Causes Significance
Gap/overlap 1 Fiber steering, Layup over  Site for failure initiation,
complex surfaces Resin rich areas, Site for
wrinkling
Twist 1 Initiated by folding, Increase/decrease in
Rotation during bi- local thickness
directional layups
Missing tow 1 Discontinued material Local thickness
feeding, Insufficient tack variations, Resin rich
adhesion pockets
Boundary 1 Material cannot perfectly Affects shape of part,
coverage meet at edge of part Failure points if not
trimmed
Angle 1 Incorrect roller coverage, Causes overlaps, Leads to
deviation Small steering radii resin rich areas
Wandering 1 Unsupported portions of Leads to gaps and
tow tow between roller and overlaps
cutter
Position 1 Obstruction of tow during  Results in gap, Site for
error feeding, Incorrect failure initiation, More
machine reference, pronounced influence
Machine control issues since close to boundary
Fold 2 Tensioner errors, Long or Substantial influence on
complex tow paths, local fiber volume
Steered paths fraction, Creates resin
rich areas
Pucker 2 Excess tow feeding Significant loss of
strength
Wrinkle 2 Tow placement at small Causes gaps and folded
steering radii tows, Loss of strength
Bridging 2 Too much tow tension, Resin rich areas,
Insufficient tack adhesion =~ Delamination
Loose tow 2 Length of tow is shorter Results in gaps/overlaps
than length between and missing tows
roller and cutters
Splice 3 Two tows joined end to Local thickness change,
end during the slitting Site for failure initiation
process especially under
compressive loads
FOD 4 Resin or fiber fuzz collects ~ Improper adherence of

on head, Other debris
from production area

next ply

and temperature in the AFP process can be derived using wavelengths
from the sensors. In addition, acoustic emissions from matrix cracks and
fiber breakage can be identified using the embedded sensors post-cure.
Compaction pressure can also be determined through the application
of “smart films” that change color as compaction is applied. Jiang et al.
[178] used such a film from the FUJIFILM Corporation to show the
compaction pressure applied by the roller in a dry run over a previously
laid-up ply. Fig. 15 demonstrates how this material is used in deter-
mining compaction pressure on the material during the AFP process.

Machine motion

Machine motion data, including feedrate can be determined through
the extraction of machine motion data from the controller [127].
Various approaches to motion capture have demonstrated effectiveness
in other areas of robotics and could be adapted to work with AFP sys-
tems [179].

Temperature monitoring

Temperature is a critical feature for the assurance of part quality in
the AFP process. Variations in temperature can have a significant effect
on properties such as material tack [121,135,180,181]. One of the more
common ways to get nip point temperature for AFP is to perform an
initial set of runs at various heater settings and use thermocouples to
determine an empirical relationship between the values [127]. How-
ever, this requires additional material and manufacturing time that does
not go towards the production of the overall structure. For in-situ tem-
perature monitoring, thermographic cameras can be used, with cameras
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watching from behind the roller and observing heat transfer through the
entire thickness of the material [148,150]. The live monitoring of nip
point temperature can also aide in the development of computational
[182] or empirical models [145] showing how process affects
temperature.

AFP defects

Due to the inherent complexity of the AFP process, defect occurrence
is inevitable throughout the layup. These manufacturing defects can
have a significant negative influence on a structure’s performance [183,
184], thus it is vital to understand the creation and effect of each defect.
A majority of defects are a side effect of tool geometry, fiber steering,
and material imperfections [81]. All defects can be broken down into 4
main categories: (1) positioning defects, (2) bonding defects, (3) tow
defects, and (4) foreign bodies [148]. A comprehensive list of all defect
types and their category is given in Table 5 below. Harik et al. [81]
provides in depth information on the anticipation, existence, signifi-
cance and progression of each defect, and Brasington et al. [185] ac-
companies this with visual models of each defect type presented in
Table 5 that can be 3D printed to aid in learning the defects’ geometrical
aspects. The following will provide a discussion on the types of defects
with images of each gathered from Brasington et al. [185].

Research opportunities

The authors propose that the next 20 years of AFP development will
be centered on a single word: “Democratization”. In essence, the primary
thrust of AFP development will be similar to other previous
manufacturing processes (i.e., 3D printing), namely reducing barriers to
entry for new adopters of the technology and streamlining the opera-
tions of machines for larger entities. This will likely manifest in a
number of ways, but in particular we believe that it will focus on the
augmenting of expert knowledge through the development of expert
systems, the continued development of small modular flexible machines,
and a reduction in production time and equipment cost through the
adoption of OOA processes and materials.

Design for manufacturing

Design of composite materials continues to be a heavily studied and
researched domain that can be extremely complex depending on the
application. However, the ever-increasing complexity is transferred to
the manufacturing sector when the design is ready to be produced. In
order to create a structure that is designed for manufacturability, in
depth communication between personnel within design, process plan-
ning, and manufacturing is required. The designer must understand the
intricacies of the AFP process such as the unavoidable defects along with
understanding how to mitigate them.

Hardware challenges

AFP machine hardware needs to continue to grow in two principal
ways: (1) hardware must continue to evolve to address the expansion of
material selection beyond thermosets, specifically to materials that can
be used in OOA processes, and (2) hardware should be smart in the sense
that hardware components can be continuously monitored and used for
data collection during layup. Some progress has been made in both areas
over the past 5 years, but significant progress has yet to be made in such
a way that these advancements have not left the research lab.

Adjusting to new material types in an attempt to develop OOA pro-
cesses has led to considerable interest in thermoplastic materials. The
high processing temperatures necessitate a change in the way AFP ma-
chine components are constructed. Some of this has been accomplished
through the development of new heating elements such as laser heaters
that can quickly get material up to temperature and is more controllable
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than hot gas heaters. But other changes are required before many of the
more exotic thermoplastics of interest to the aerospace community can
be used. Common elastomers found in rollers do not permit the nip point
temperatures, sometimes in excess of 500 °C, required to melt thermo-
plastics for layup. A common substitute is to either chill the roller or
substitute an elastomer roller for a steel one. The first solution is only a
viable option for small components where the chilled roller is not subject
to prolonged heating. The second drastically limits the design space to
flat panels and can have adverse effects on the layup quality. Similarly,
other components to the AFP machine in direct exposure to heating must
also become hardy to high temperatures. These include scoops, bearings
close to the roller, pneumatic and mechanical systems on the head, and
sensors for data collection.

AFP machine hardware continually advances with a multitude of
patents each year. However, the developed hardware is rarely, if ever, in
line with the most recent industry 4.0 capabilities. In order to constantly
monitor the AFP process, the hardware must be able to provide useful
data at a high speed. This data must be combined with a high speed and
volume data collection system. The most difficult part of achieving this
is development of the algorithms that can utilize the data to make
changes and predict future problems.

The next generation of the AFP process should also include digital
twins that incorporate the entire process. This requires that the hard-
ware on the AFP machine must be able to communicate from the
physical to the digital environment. Kirkpatrick et al. began the devel-
opment of a digital twin with create a digital AFP cell include the AFP
machine and a secondary inspection robot [186]. The hardware on the
AFP machine still needs to be connected in order to utilize the data.

Tooling challenges

The development and creation of tooling for AFP is an expensive
process. The tooling is usually made as large metal structures, typically
invar, capable of continually surviving the curing process with minimal
thermal expansion. However, creating new “one-off” tools is difficult
due to economic limitations. The cost of tooling is justified with the
amount of use it will receive, making justification of unique tooling
difficult. Harik et al. performed some investigation of using a 3D printed
a tool with Ultem, and showed manufacturing success [187].

Tool-less manufacturing is an attempt to prevent the need for
expensive tooling. This process often uses two robotic systems that
collaborate to create composite parts without the need for tools. This
process is a new one, and still needs development to create industry level
structures. Mikrosam has created such a system, and it is thought that
the technology can lead to industry scale manufacturing [188].

Process planning challenges

Process planning should develop efficient code that can be run by the
AFP platform to manufacture the intended part. Inefficiencies arise
when superfluous machine motions are performed or when manual
rework is required for placement defects, which may arise from a
combination of improper processing parameters and fiber layup paths.
Proactive and reactive approaches may be taken to counter these in-
efficiencies, and these will represent the core of future developments
within process planning. These approaches for process planning will rely
on detailed characterizations of the material properties of the selected
composite and designated machine platform. Through the in depth un-
derstanding of these properties, defects arising from fiber paths and
processing parameters will be simpler to predict, and the methods for
developing machine code can be augmented to account for these pre-
dictions and adjust paths and parameters to mitigate the defects. Addi-
tionally, the characterization and improvements in simulation
techniques will enable detailed virtualization of the layup process and
facilitate accurate simulation of fiber placement and the effects of pro-
cessing parameters. These enhanced defect prediction and mitigation
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techniques can even reach back to the composite design phase and
communicate regions of the structure with high defect probability
allowing alterations of design to improve manufacturability [189,190],
eventually developing a tool which has direct feedback to composite
design.

Inspection challenges

Inspection has the potential to act as a linchpin for AFP
manufacturing systems, affording the ability to dynamically update
machine performance and provide insight into the functioning of spe-
cific machines or processes. Therefore, it is of critical importance that
inspection continues to grow in capabilities. Future development will
likely proceed in several directions: (1) the continuation of pushing for
higher accuracy and a wider range of defects, (2) the creation of sensor
fusion systems leveraging multiple data collection techniques, and (3)
integrating inspection systems with other platforms to develop defect
databases that can be used for process development.

Increasing detection accuracy

Improving accuracy and widening detectable defect classes will al-
ways be a point of emphasis in the inspection arena. Many of the recent
advances in machine learning and computer vision will likely play a
major role. Developments in machine learning models, both in archi-
tecture and components have continued to push what is possible in
object detection, localization, and segmentation. The mechanisms
behind many of the large language models, such as transformers, are
filtering into computer vision applications [191,192]. There will be an
emphasis on deep learning and computer vision models that are able to
have acceptable prediction accuracies with a minimal amount of labeled
training data. Weakly supervised learning systems [193,194], and
potentially even unsupervised learning systems [195-197] may have the
best long term outlook given that generating by running AFP experi-
ments is both expensive and time intensive. It is also important that
where the trained machine vision algorithm lacks in accuracy, perfor-
mance is skewed towards a high false positive rate than a high false
negative rate.

Sensor fusion

Increasing the field of defects that a given inspection system can
identify may be a result of expanding the space of input features avail-
able to be processed. By incorporating multiple sensors, the available
features may improve data quality and allow for a more complete
analysis of a part. High fidelity surface scanning provided by profilom-
etry may be effectively augmented with the fusion of eddy current in-
spection data to provide subsurface data that may be able to better
distinguish between certain types of defects. This sensor fusion approach
has been used successfully in civil [198], aerospace [199], and envi-
ronmental [200] applications.

Integration and influence on manufacturing

AFP is an intricate process with many influencing factors. Attempts
to explicitly model AFP layup quality from first principles is a challenge,
with numerous attempts but few widely adopted industry tools. AFP
layup requires a multi-physics approach that combines micromechanics,
cure Kkinetics, viscous flow, fracture mechanics, and heat transfer, etc.
The most popular quality evaluation tools are those that are restricted to
simply predicting gaps and overlaps through geometric arguments, such
as Vericut VCP [201].

It is therefore critical to have integrated inspection systems such that
inspection data can be reincorporated into the manufacturing process
for process improvement. This means that future inspection systems
should have an eye towards how their data will be used further down-
stream. How inspection data is processed, represented, and made
available to external parties can be critical in determining the success of
an inspection system. In the case of machine learning systems, there
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Fig. 16. A system for online machine learning systems as demonstrated by Sacco et al. [171].

should also be consideration to how data security, continuity, and
availability is integrated such that systems can be dynamically retrained
(Fig. 16).

Summary

Since AFP’s industrial start in the 1980’s, it has continually advanced
to become a leading manufacturing technique for large composite
structures. Early advancements in the realms of process reliability and
productivity lead the way for the adoption of this technique within many
aerospace companies. With review of the intricacies of each pillar of the
AFP process, it is evident that progress has not stalled. Expertise ranging
from composite design through inspection provides a deep under-
standing of the AFP process. This knowledge has produced the state-of-
the-art technologies that are presented here. Overall productivity and
reliability are still on the rise as AFP enters the realm of future
manufacturing.

With the leap into Industry 4.0, we believe that the focus of AFP
research must be on the augmenting of expert knowledge through the
development of expert systems, the continued development of small
modular flexible machines, and a reduction in production time and
equipment cost through the adoption of OOA processes and materials.
This presents a series of research opportunities culminating in a closed
loop AFP process.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

References

[1] G. Dorey, Carbon fibres and their applications, J. Phys. D. Appl. Phys. 20 (3)
(1987) 245-256.

W. Watt, L. Phillips, W. Johnson, High strength high modulus carbon fibres, Eng
221 (1966) 815, https://doi.org/10.1016/0010-4361(92)90323-m.

D.H.J.A. Lukaszewicz, C. Ward, K.D. Potter, The engineering aspects of
automated prepreg layup: History, present and future, Compos. Part B Eng. 43 (3)
(2012) 997-1009, https://doi.org/10.1016/j.compositesb.2011.12.003. Apr.

A. Crocky, C. Grant, D. Kelly, X. Legrand, G. Pearce, Fibre placement processes for
composites manufacture, Advances in Composites Manufacturing and Process
Design (2015) 79-92, https://doi.org/10.1016/B978-1-78242-307-2.00004-X.
G. Marsh, Automating aerospace composites production with fibre placement,
Reinf. Plast. 55 (3) (2011) 32-37, https://doi.org/10.1016/50034-3617(11)
70075-3. May.

R. Harik, neXt automated fiber placement: advancing composites manufacturing
towards a new paradigm, SAMPE J. (2020) 6-14.

W. Goldsworth and E. Hardesty, “Geodesic path length compensator for
composite-tape placement head,” US3810805A, Apr. 14, 1974.

R.L. Anderson, C.G. Grant, NASA, Advanced fiber placement of composite
fuselage structures, in: Proceedings of the First NASA Advanced Composites
Technology Conference, 1991.

[2]

[3]

[4]

[5]

[6]
71

[8]

14

[91
[10]

[11]

[12]
[13]
[14]

[15]

[16]

[17]

[18]
[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

D. Bullock, “Automated prepreg tow placement for composite structures,” 1990.
“First NASA advanced composites technology conference,” 1990, Accessed: Mar.
06, 2020. [Online]. Available: https://ntrs.nasa.gov/search.jsp?R=199
30021652.

C. Grant and V. Benson, “Automated fiber placement - evolution and current
demonstrations.” Accessed: Mar. 06, 2020. [Online]. Available: https://ntrs.nasa.
gov/search.jsp?R=19950022411.

M. Enders and P. Hopkins, “Developments in the fiber placement process,” 1991.
D. Evans, “Design considerations for fiber placement,” 1993.

R. Measom and K. Sewell, “Fiber placement low-cost production for complex
composite structures.”.

M. Pasanen, J. Martin, R. Langone, and J. Mondo, “Advanced composite fiber
placement: process to application,” 1997.

R.J. Cano, H.L. Belvin, A.B. Hulcher, R.W. Genoble, R.W. Grenoble, Studies on
automated manufacturing of high performance composites, Williamsburg, VA, in:
Proceedings of the Structure Specialist Meeting, 2001.

M. Gruber, M. Lamontia, Automated fabrication processes for large composite
aerospace structures: a trade study, in: Proceedings of the 46th International
SAMPE Symposium, Long Beach, California, 2001.

A. Halbritter and R. Harper, Big parts demand big changes to the fiber placement
status Quo. Mesa, AZ: in SME composites manufacturing, 2012.

T. Rudberg, et al., Improving AFP cell performance, SAE International Journal of
Aerospace 7 (2) (2014) 317-321, https://doi.org/10.4271/2014-01-2272.

R. Engelbart, M. Chapman, B. Johnson, K. Soucy, R. Hannebaum, and S. Schrader,
“Systems and methods enabling automated return to and/or repair of defects with
a material placement machine,” US7039485B2, 2004.

R. Devlieg, K. Jeffries, and P. Vogeli, “High-speed fiber placement on large
complex structures,” 2007, doi: 10.4271/2007-01-3843.

R. Flynn, J. Nielson, and T. Rudberg, “Production implementation of multiple
machine, high speed fiber placement for large structures,” Electroimpact, Inc,
2010.

K.A. Jeffries, Enhanced robotic automated fiber placement with accurate robot
technology and modular fiber placement head, SAE Int. J. Aerosp. 6 (2) (2013)
774-779, https://doi.org/10.4271,/2013-01-2290.

R. Harik, Automated Fiber Placement: Status, Challenges and Evolutions
(Submitted), SAE, 2021.

P.K. Mallick, Processing of Polymer Matrix Composites, Taylor & Francis Group,
Boca Roton, FL, 2018.

M. Di Francesco, L. Veldenz, G. Dell’Anno, K. Potter, Heater power control for
multi-material, variable speed automated fibre placement, Compos. Part A Appl.
Sci. Manuf. 101 (2017) 408-421, https://doi.org/10.1016/j.
compositesa.2017.06.015. Oct.

G. Clancy, D. Peeters, V. Oliveri, D. Jones, R.M. O’Higgins, P.M. Weaver, A study
of the influence of processing parameters on steering of carbon Fibre/PEEK tapes
using laser-assisted tape placement, Compos. Part B Eng. 163 (2019) 243-251,
https://doi.org/10.1016/j.compositesb.2018.11.033. Apr.

N. Bakhshi, M. Hojjati, Effect of compaction roller on layup quality and defects
formation in automated fiber placement, J. Reinf. Plast. Compos. 39 (1-2) (2020)
3-20, https://doi.org/10.1177/0731684419868845.

P.M. Schaefer, D. Gierszewski, A. Kollmannsberger, S. Zaremba, K. Drechsler,
Analysis and improved process response prediction of laser- assisted automated
tape placement with PA-6/carbon tapes using design of experiments and
numerical simulations, Compos. Part A Appl. Sci. Manuf. 96 (2017) 137-146,
https://doi.org/10.1016/j.compositesa.2017.02.008. May.

M. Giinter et al., “Thermoplastic in situ fiber placement for future solid rocket
motor casings manufacturing.,” 2014, Accessed: May 28, 2020. [Online].
Available: https://www.researchgate.net/publication/281295745.

W.J.B. Grouve, L.L. Warnet, B. Rietman, R. Akkerman, On the weld strength of in
situ tape placed reinforcements on weave reinforced structures, Compos. Part A
Appl. Sci. Manuf. 43 (9) (2012) 1530-1536, https://doi.org/10.1016/j.
compositesa.2012.04.010. Sep.

M. Francesco, L. Veldenz, A. Koutsomitopoulou, G. Dell’Anno, and K. Potter, “On
the development of multi-material automated fibre placement technology -
ICMAC2015,” 2015, Accessed: May 28, 2020. [Online]. Available: https://www.


http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0001
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0001
https://doi.org/10.1016/0010-4361(92)90323-m
https://doi.org/10.1016/j.compositesb.2011.12.003
https://doi.org/10.1016/B978-1-78242-307-2.00004-X
https://doi.org/10.1016/S0034-3617(11)70075-3
https://doi.org/10.1016/S0034-3617(11)70075-3
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0006
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0006
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0008
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0008
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0008
https://ntrs.nasa.gov/search.jsp?R=19930021652
https://ntrs.nasa.gov/search.jsp?R=19930021652
https://ntrs.nasa.gov/search.jsp?R=19950022411
https://ntrs.nasa.gov/search.jsp?R=19950022411
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0016
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0016
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0016
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0017
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0017
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0017
https://doi.org/10.4271/2014-01-2272
https://doi.org/10.4271/2013-01-2290
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0024
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0024
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0025
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0025
https://doi.org/10.1016/j.compositesa.2017.06.015
https://doi.org/10.1016/j.compositesa.2017.06.015
https://doi.org/10.1016/j.compositesb.2018.11.033
https://doi.org/10.1177/0731684419868845
https://doi.org/10.1016/j.compositesa.2017.02.008
https://www.researchgate.net/publication/281295745
https://doi.org/10.1016/j.compositesa.2012.04.010
https://doi.org/10.1016/j.compositesa.2012.04.010
https://www.researchgate.net/publication/281821794_On_the_development_of_multi-material_automated_fibre_placement_technology_-_ICMAC2015

A. Brasington et al.

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]
[54]

[55]

[56]

[57]

[58]

[59]

researchgate.net/publication/281821794_On_the_development_of multi-mate
rial automated_fibre_placement_technology_- ICMAC2015.

G. Clancy, D. Peeters, V. Oliveri, D. Jones, R. O’Higgins, P.M. Weaver, Steering of
carbon fiber/thermoplastic pre-preg tapes using laser-assisted tape placement, in:
ATAA/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials
Conference, AIAA SciTech Forum, 2018.

B.C. Kim, K. Hazra, P. Weaver, and K. Potter, “Limitations of fibre placement
techniques for variable angle tow composites and their process-induced defects,”
2011.

M. Assadi, T. Field, AFP processing of dry fiber carbon materials (DFP) for
improved rates and reliability, SAE Tech. Pap. (2020), https://doi.org/10.4271/
2020-01-0030.

S.W. Beckwith, Designing with composites: suggested ‘best practices’ rules,
SAMPE J. 45 (1) (2009) 17.

S. Setoodeh, M.M. Abdalla, Z. Giirdal, Design of variable-stiffness laminates using
lamination parameters, Compos. Part B Eng. 37 (4-5) (2006) 301-309, https://
doi.org/10.1016/j.compositesb.2005.12.001. Jun.

H. Ghiasi, D. Pasini, L. Lessard, Optimum stacking sequence design of composite
materials Part I: constant stiffness design, Compos. Struct. 90 (1) (2009) 1-11,
https://doi.org/10.1016/j.compstruct.2009.01.006. Sep.

H. Ghiasi, K. Fayazbakhsh, D. Pasini, L. Lessard, Optimum stacking sequence
design of composite materials Part II: variable stiffness design, Compos. Struct. 93
(1) (2010) 1-13, https://doi.org/10.1016/j.compstruct.2010.06.001. Dec. 01,.
M.A. Albazzan, R. Harik, B.F. Tatting, Z. Giirdal, Efficient design optimization of
nonconventional laminated composites using lamination parameters: a state of
the art, Compos. Struct. 209 (2019) 362-374, https://doi.org/10.1016/j.
compstruct.2018.10.095. Elsevier LtdFeb. 01,.

M.A. Albazzan et al., “Optimization of cylinders with holes under bending using
nonconventional laminates,” 2018, doi: 10.2514/6.2018-1377.

M. Arian Nik, K. Fayazbakhsh, D. Pasini, L. Lessard, Surrogate-based multi-
objective optimization of a composite laminate with curvilinear fibers, Compos.
Struct. 94 (8) (2012) 2306-2313, https://doi.org/10.1016/].
compstruct.2012.03.021. Jul.

M. Arian Nik, K. Fayazbakhsh, D. Pasini, L. Lessard, Optimization of variable
stiffness composites with embedded defects induced by automated fiber
placement, Compos. Struct. 107 (1) (2014) 160-166, https://doi.org/10.1016/j.
compstruct.2013.07.059. Jan.

G. Huang, H. Wang, G. Li, An efficient reanalysis assisted optimization for
variable-stiffness composite design by using path functions, Compos. Struct. 153
(2016) 409-420, https://doi.org/10.1016/j.compstruct.2016.06.043. Oct.

E. Lemaire, S. Zein, M. Bruyneel, Optimization of composite structures with
curved fiber trajectories, Compos. Struct. 131 (2015) 895-904, https://doi.org/
10.1016/j.compstruct.2015.06.040. Nov.

D.C. Jegley, B.F. Tatting, Z. Giirdal, Optimization of elastically tailored tow-
placed plates with holes, in: Proceedings of the Collection of Technical Papers -
AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics and Materials
Conference 1, 2003, pp. 205-218, https://doi.org/10.2514/6.2003-1420.

1.0. Ayodele, R. Wehbe, A. Brasington, B.F. Tatting, R. Harik, Characterization of
steered fiber laminates: perspectives and a survey of the state of the art on
principal considerations, Compos. Part C Open Access 4 (2021), 100118, https://
doi.org/10.1016/J.JCOMC.2021.100118. Mar.

G.G. Lozano, A. Tiwari, C. Turner, S. Astwood, A review on design for
manufacture of variable stiffness composite laminates, Proc. IMechE Part B J.
Eng. Manuf. 230 (6) (2016), https://doi.org/10.1177,/0954405415600012.

A. Sabido, L. Bahamonde, R. Harik, M.J.L. van Tooren, Maturity assessment of the
laminate variable stiffness design process, Compos. Struct. 160 (2017) 804-812,
https://doi.org/10.1016/j.compstruct.2016.10.081. Elsevier LtdJan. 15,.

“The first composite fuselage section for the first composite commercial jet :
CompositesWorld.” https://www.compositesworld.com/articles/the-first-co
mposite-fuselage-section-for-the-first-composite-commercial-jet (accessed Mar.
23, 2020).

“Mongoose Hybrid.” https://en.machinetools.camozzi.com/products/composite-
manufacturing/all-products/mongoose-hybrid.kl (accessed Jan. 13, 2021).
“Coriolis composites: the reference in automated fiber placement.” https://www.
coriolis-composites.com/(accessed Jan. 13, 2021).

L. Hofmann, “What is durometer,” urethane innovators, 2016.

P. Mischler, M. Tingley, and K. Hoffmann, “Compaction roller for a fiber
placement machine,” US20070044922A1, 2006.

B. Johnson, “Conformable compaction apparatus for use with a fiber placement
machine,” US6390169B1, 2000.

T.T. Zacchia, F. Shadmehri, J. Fortin-Simpson, S. Van Hoa, Design of hard
compaction rollers for automated fiber placement on complex mandrel
geometries, in: Proceedings of the Canadian Society for Mechanical Engineering
International Congress 2018, 2018, pp. 1-4, https://doi.org/10.25071/10315/
35245.

B. Denkena, C. Schmidt, P. Weber, Automated fiber placement head for
manufacturing of innovative aerospace stiffening structures, Proc. Manuf. 6
(2016) 96-104, https://doi.org/10.1016/j.promfg.2016.11.013.

M.A. Lamontia, M.B. Gruber, B.J. Waibel, R.D. Cope, and A.B. Hulcher,
“Conformable compaction system used in automated fiber placement of large
composite aerospace structures.”.

S.C. Mantell, G.S. Springer, Manufacturing process models for thermoplastic
composites, J. Compos. Mater. 26 (16) (1992) 2348-2377, https://doi.org/
10.1177/002199839202601602. Jan.

15

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]
[76]

[77]

[78]
[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

Composites Part C: Open Access 6 (2021) 100182

N. Bakhshi, M. Hojjati, Time-dependent wrinkle formation during tow steering in
automated fiber placement, Compos. Part B Eng. 165 (2019) 586-593, https://
doi.org/10.1016/j.compositesb.2019.02.034. May.

Z. Qureshi, T. Swait, R. Scaife, H.M. El-Dessouky, In situ consolidation of
thermoplastic prepreg tape using automated tape placement technology:
Potential and possibilities, Compos. Part B Eng. 66 (2014) 255-267, https://doi.
org/10.1016/j.compositesb.2014.05.025. Nov.

E. Oromiehie, B. Gangadhara Prusty, P. Compston, G. Rajan, In-situ simultaneous
measurement of strain and temperature in automated fiber placement (AFP) using
optical fiber Bragg grating (FBG) sensors, Adv. Manuf. Polym. Compos. Sci. 3 (2)
(2017) 52-61, https://doi.org/10.1080/20550340.2017.1317447. Apr.

Z. August and D. Hauber, “Additive manufacturing of high performance
composite structures.”.

O. Aghababaei Tafreshi, S. Van Hoa, F. Shadmehri, D.M. Hoang, D. Rosca,
Determination of convective heat transfer coefficient for hot gas torch (HGT)-
assisted automated fiber placement (AFP) for thermoplastic composites,

J. Thermoplast. Compos. Mater. (2021), https://doi.org/10.1080/
20550340.2020.1764236.

R.H. Rizzolo, D.F. Walczyk, Ultrasonic consolidation of thermoplastic composite
prepreg for automated fiber placement, J. Thermoplast. Compos. Mater. 29 (11)
(2016) 1480-1497, https://doi.org/10.1177/0892705714565705.

R. Calawa, J. Nancarrow, Medium wave infrared heater for high-speed fiber
placement, SAE Tech. Pap. (2007), https://doi.org/10.4271/2007-01-3842.

F. Rosselli, M.H. Santare, S.I. Giiceri, Effects of processing on laser assisted
thermoplastic tape consolidation, Compos. Part A Appl. Sci. Manuf. 28 (12)
(1997) 1023-1033, https://doi.org/10.1016/51359-835X(97)00072-9.

E. Beyeler, W. Phillips, S.I. Giiceri, Experimental investigation of laser-assisted
thermoplastic tape consolidation, J. Thermoplast. Compos. Mater. 1 (1) (1988)
107-121, https://doi.org/10.1177,/089270578800100109. Jan.

“Laser processing of thermoplastic composites | automated dynamics - composite
structures, automation equipment, and engineering services.” http://www.autom
ateddynamics.com/article/thermoplastic-composite-basics/processing-methods/
laser-processing-of-thermoplastic-composites (accessed Jul. 21, 2020).

C.M. Stokes-Griffin, P. Compston, The effect of processing temperature and
placement rate on the short beam strength of carbon fibre-PEEK manufactured
using a laser tape placement process, Compos. Part A Appl. Sci. Manuf. 78 (2015)
274-283, https://doi.org/10.1016/j.compositesa.2015.08.008. Nov.

Heraeus Noblelight Limited “Intelligent heat for automated fibre placement.”
Heraeus Noblelight Limited.

R. Flynn, T. Rudberg, and J. Stamen, “Automated fiber placement machine
developments: modular heads, tool point programming and volumetric
compensation bring new flexibility in a scalable AFP cell,” 2011.

J.T. Quinlivan, H.R. Fenbert, Composite applications in commercial transport
aircraft. Polymers and Other Advanced Materials, Springer US, 1995, pp. 1-5.
B.N. Bhat, F.E. Ledbetter, and G.C. Marshall, “Materials and processing
technologies for highly reusable vehicles and propulsion systems,” 1997, doi:
10.2514/6.1997-2857.

J. Kelly, G. Leon, J. Hall, and C. Woodall, “Reliable design and fabrication of
composite high performance marine structures,” 1995.

B. Hasenjaeger, “Programming and simulating automated fiber placement (AFP)
CNC machines,” 2013.

J. Halbritter, R. Harik, D. Jegley, R. Grenoble, Rapid prototyping of wind tunnel
blade geometry for composite manufacturingusing automated fiber placement, in:
Proceedings of the CAD Conference and Exhibition, 2019, pp. 298-302, https://
doi.org/10.14733/cadconfp.2019.298-302.

L. Mohon, “Tank manufacturing,” NASA, 2015.

“Skunk Works® Advanced manufacturing | Lockheed Martin.” https://www.lo
ckheedmartin.com/en-us/who-we-are/business-areas/aeronautics/skunkworks
/advanced-manufacturing. html (accessed Mar. 25, 2020).

C. Ward, D. Lukaszewicz, and K. Potter, “Exploring the manual forming of
complex geometry composite panels for productivity and quality gains in relation
to automated forming capabilities,” 2011, doi: 10.4271/2011-01-2547.

R. Harik, Z. Gurdal, C. Saidy, S.J. Williams, and B. Grimsley, “Automated fiber
placement defect identity cards: cause, anticipation, existence, significance, and
progression,” 2018, Accessed: Mar. 25, 2020. [Online]. Available: https://www.
researchgate.net/publication/326464139.

Q. Chu, Y. Li, J. Xiao, D. Huan, X. Zhang, Placeability restricted by in-complete
contact between laying roller and mould in an automated fiber placement
process, J. Reinf. Plast. Compos. 37 (7) (2018) 475-489, https://doi.org/
10.1177/0731684417752871.

R. Wehbe, B. Tatting, S. Rajan, R. Harik, M. Sutton, Z. Giirdal, Geometrical
modeling of tow wrinkles in automated fiber placement, Compos. Struct. 246
(2020), 112394, https://doi.org/10.1016/j.compstruct.2020.112394. Aug.

G. Rousseau, R. Wehbe, J. Halbritter, R. Harik, Automated fiber placement path
planning: a state-of-the-art review, Comput. Aided. Des. Appl. 16 (2) (2019)
172-203, https://doi.org/10.14733/cadaps.2019.172-203.

L. Li, X. Wang, D. Xu, M. Tan, A placement path planning algorithm based on
meshed triangles for carbon fiber reinforce composite component with revolved
shape, Int. J. Control Syst. Appl. 1 (1) (2014).

M. Favaloro and D. Hauber, “Process and design considerations for the automated
fiber placement process | Request PDF,” 2007, Accessed: May 27, 2020. [Online].
Available: https://www.researchgate.net/publication/286730547 Process_an
d_design_considerations_for_the automated_fiber_placement process/citations.

K. Schueler, J. Miller, R. Hale, Approximate geometric methods in application to
the modeling of fiber placed composite structures, J. Comput. Inf. Sci. Eng. 4 (3)
(2004) 251-256, https://doi.org/10.1115/1.1736685. Sep.


https://www.researchgate.net/publication/281821794_On_the_development_of_multi-material_automated_fibre_placement_technology_-_ICMAC2015
https://www.researchgate.net/publication/281821794_On_the_development_of_multi-material_automated_fibre_placement_technology_-_ICMAC2015
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0033
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0033
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0033
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0033
https://doi.org/10.4271/2020-01-0030
https://doi.org/10.4271/2020-01-0030
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0036
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0036
https://doi.org/10.1016/j.compositesb.2005.12.001
https://doi.org/10.1016/j.compositesb.2005.12.001
https://doi.org/10.1016/j.compstruct.2009.01.006
https://doi.org/10.1016/j.compstruct.2010.06.001
https://doi.org/10.1016/j.compstruct.2018.10.095
https://doi.org/10.1016/j.compstruct.2018.10.095
https://doi.org/10.1016/j.compstruct.2012.03.021
https://doi.org/10.1016/j.compstruct.2012.03.021
https://doi.org/10.1016/j.compstruct.2013.07.059
https://doi.org/10.1016/j.compstruct.2013.07.059
https://doi.org/10.1016/j.compstruct.2016.06.043
https://doi.org/10.1016/j.compstruct.2015.06.040
https://doi.org/10.1016/j.compstruct.2015.06.040
https://doi.org/10.2514/6.2003-1420
https://doi.org/10.1016/J.JCOMC.2021.100118
https://doi.org/10.1016/J.JCOMC.2021.100118
https://doi.org/10.1177/0954405415600012
https://doi.org/10.1016/j.compstruct.2016.10.081
https://www.compositesworld.com/articles/the-first-composite-fuselage-section-for-the-first-composite-commercial-jet
https://www.compositesworld.com/articles/the-first-composite-fuselage-section-for-the-first-composite-commercial-jet
https://en.machinetools.camozzi.com/products/composite-manufacturing/all-products/mongoose-hybrid.kl
https://en.machinetools.camozzi.com/products/composite-manufacturing/all-products/mongoose-hybrid.kl
https://www.coriolis-composites.com/(accessed
https://www.coriolis-composites.com/(accessed
https://doi.org/10.25071/10315/35245
https://doi.org/10.25071/10315/35245
https://doi.org/10.1016/j.promfg.2016.11.013
https://doi.org/10.1177/002199839202601602
https://doi.org/10.1177/002199839202601602
https://doi.org/10.1016/j.compositesb.2019.02.034
https://doi.org/10.1016/j.compositesb.2019.02.034
https://doi.org/10.1016/j.compositesb.2014.05.025
https://doi.org/10.1016/j.compositesb.2014.05.025
https://doi.org/10.1080/20550340.2017.1317447
https://doi.org/10.1080/20550340.2020.1764236
https://doi.org/10.1080/20550340.2020.1764236
https://doi.org/10.1177/0892705714565705
https://doi.org/10.4271/2007-01-3842
https://doi.org/10.1016/S1359-835X(97)00072-9
https://doi.org/10.1177/089270578800100109
http://www.automateddynamics.com/article/thermoplastic-composite-basics/processing-methods/laser-processing-of-thermoplastic-composites
http://www.automateddynamics.com/article/thermoplastic-composite-basics/processing-methods/laser-processing-of-thermoplastic-composites
http://www.automateddynamics.com/article/thermoplastic-composite-basics/processing-methods/laser-processing-of-thermoplastic-composites
https://doi.org/10.1016/j.compositesa.2015.08.008
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0073
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0073
https://doi.org/10.14733/cadconfp.2019.298-302
https://doi.org/10.14733/cadconfp.2019.298-302
https://www.lockheedmartin.com/en-us/who-we-are/business-areas/aeronautics/skunkworks/advanced-manufacturing.html
https://www.lockheedmartin.com/en-us/who-we-are/business-areas/aeronautics/skunkworks/advanced-manufacturing.html
https://www.lockheedmartin.com/en-us/who-we-are/business-areas/aeronautics/skunkworks/advanced-manufacturing.html
https://www.researchgate.net/publication/326464139
https://www.researchgate.net/publication/326464139
https://doi.org/10.1177/0731684417752871
https://doi.org/10.1177/0731684417752871
https://doi.org/10.1016/j.compstruct.2020.112394
https://doi.org/10.14733/cadaps.2019.172-203
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0085
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0085
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0085
https://www.researchgate.net/publication/286730547_Process_and_design_considerations_for_the_automated_fiber_placement_process/citations
https://www.researchgate.net/publication/286730547_Process_and_design_considerations_for_the_automated_fiber_placement_process/citations
https://doi.org/10.1115/1.1736685

A. Brasington et al.

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]
[110]

[111]

B. Shirinzadeh, G. Cassidy, D. Oetomo, G. Alici, M.H. Ang, Trajectory generation
for open-contoured structures in robotic fibre placement, Robot. Comput. Integr.
Manuf. 23 (4) (2007) 380-394, https://doi.org/10.1016/j.rcim.2006.04.006.
Aug.

N. Patrikalakis, T. Maekawa, Shape Interrogation or Computer Aided Design and
Manufacturing, Springer Science & Business Media, 2002.

Z. Giirdal, B.F. Tatting, K.C Wu, Tow-placement technology and fabrication issues
for laminated composite structures, in: Proceedings of the Collection of Technical
Papers - AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics and
Materials Conference 4, 2005, pp. 2716-2733, https://doi.org/10.2514/6.2005-
2017.

A.W. Blom, M.M. Abdalla, Z. Giirdal, Optimization of course locations in fiber-
placed panels for general fiber angle distributions, Compos. Sci. Technol. 70 (4)
(2010) 564-570, https://doi.org/10.1016/j.compscitech.2009.12.003. Apr.

M. Bruyneel, S. Zein, A modified fast marching method for defining fiber
placement trajectories over meshes, Comput. Struct. 125 (2013) 45-52, https://
doi.org/10.1016/j.compstruc.2013.04.015. Sep.

C.J. Brampton and H.A. Kim, “Optimization of tow steered fiber orientation using
the level set method,” 2013.

AW. Blom, C.S. Lopes, P.J. Kromwijk, Z. Giirdal, P.P. Camanho, A theoretical
model to study the influence of tow-drop areas on the stiffness and strength of
variable-stiffness laminates, J. Compos. Mater. 43 (5) (2009) 403-425, https://
doi.org/10.1177/0021998308097675. Mar.

M. Jiang, B. Wu, F. Li, Path optimization for open-contoured structures in robotic
fibre placement, in: Proceedings of the 32nd Youth Academic Annual Conference
of Chinese Association of Automation, 2017, pp. 207-212, https://doi.org/
10.1109/YAC.2017.7967406. YAC 2017Jun.

M.H. FarzanehKaloorazi, I.A. Bonev, L. Birglen, Simultaneous path placement and
trajectory planning optimization for a redundant coordinated robotic workeell,
Mech. Mach. Theory 130 (2018) 346-362, https://doi.org/10.1016/j.
mechmachtheory.2018.08.022. Dec.

S. Lei, Simulation based optimization on automated fibre placement process, in:
Proceedings of the IOP Conference Series: Materials Science and Engineering 307,
2018, https://doi.org/10.1088/1757-899X/307/1/012001. Feb.

M.A. Khan, P. Mitschang, R. Schledjewski, Parametric study on processing
parameters and resulting part quality through thermoplastic tape placement
process, J. Compos. Mater. 47 (4) (2013) 485-499, https://doi.org/10.1177/
0021998312441810. Feb.

M. Nagelsmith and W. Guerrits, “Influence of steering radius on the mechanical
properties of fiber placed composite laminates,” 2013.

E. Oromiehie, B.G. Prusty, P. Compston, G. Rajan, The influence of consolidation
force on the performance of AFP manufactured laminates, in: Proceedings of the
ICCM International Conferences on Composite Materials, 2020, 2017vol. 2017-
Augus, AccessedFeb. 19,[Online]. Available: https://ro.uow.edu.au/eispaperslh
ttps://ro.uow.edu.au/eispapers1,/1810.

R. Engelhardt, R. Irmanputra, K. Brath, N. Aufenanger, K. Drechsler, Thermoset
prepreg compaction during automated fiber placement and vacuum debulking,
Proc. CIRP 85 (2019) 153-158, https://doi.org/10.1016/j.procir.2019.09.025.
Jan.

J. Chen, T. Chen-Keat, M. Hojjati, A. Vallee, M.A. Octeau, A. Yousefpour, Impact
of layup rate on the quality of fiber steering/cut-restart in automated fiber
placement processes, Sci. Eng. Compos. Mater. 22 (2) (2015) 165-173, https://
doi.org/10.1515/secm-2013-0257. Mar.

M.A. Khan, P. Mitschang, R. Schledjewski, Identification of some optimal
parameters to achieve higher laminate quality through tape placement process,
Adv. Polym. Technol. 29 (2) (2010) 98-111, https://doi.org/10.1002/adv.20177.
Jun.

M. Belhaj, et al., Dry fiber automated placement of carbon fibrous preforms,
Compos. Part B Eng. 50 (2013) 107-111, https://doi.org/10.1016/j.
compositesb.2013.01.014. Jul.

K.DF., K.V S., A new compact robotic head for thermoplastic fiber placement, Int.
SAMPE Symp. Exhib. Soc. Adv. Mater. Process Eng. 38 (1) (1993) 138-151.
Accessed: Jul. 21, 2020. [Online]. Available: https://jglobal.jst.go.jp/en/detail?
JGLOBAL_ID=200902189958781145.

D. Saenz, D.S. Del Castillo, I. Martin, F. Rodriguez-Lence, and A. Guemes, “On-line
monitoring of a laser-Assisted fiber placement process with CFR thermoplastic
matrix by using Fiber Bragg Gratings,” 2016, Accessed: Feb. 19, 2020. [Online].
Available: http://www.ndt.net/?id=20174.

C. Schmidt, B. Denkena, T. Hocke, K. Voltzer, Influence of AFP Process
parameters on the temperature distribution used for thermal in-process
monitoring, in: Proceedings of the 1st CIRP Conference on Composite Materials
Parts Manufacturing 66, 2017, pp. 68-73, https://doi.org/10.1016/j.
procir.2017.03.220.

P.E. Bourban, N. Bernet, J.E. Zanetto, J.A.E. Ménson, Material phenomena
controlling rapid processing of thermoplastic composites, Compos. Part A Appl.
Sci. Manuf. 32 (8) (2001) 1045-1057, https://doi.org/10.1016/51359-835X(01)
00017-3. Aug.

T.G. Gutowski, Advanced Composites Manufacturing, John Wiley & Sons, 1997.
F.O. Sonmez, H.T. Hahn, Analysis of the on-line consolidation process in
thermoplastic composite tape placement, J. Thermoplast. Compos. Mater. 10 (6)
(1997) 543-572, https://doi.org/10.1177/089270579701000604. Nov.

F.O. Sonmez, H.T. Hahn, Modeling of heat transfer and crystallization in
thermoplastic composite tape placement process, J. Thermoplast. Compos. Mater.
10 (3) (1997) 198-240, https://doi.org/10.1177/089270579701000301. May.

16

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

Composites Part C: Open Access 6 (2021) 100182

F.O. Sonmez, H.T. Hahn, M. Akbulut, Analysis of process-induced residual stresses
in tape placement, J. Thermoplast. Compos. Mater. 15 (6) (2002) 525-544,
https://doi.org/10.1177,/0892705702015006207. Nov.

J.J. Tierney, J.W. Gillespie, Crystallization kinetics behavior of PEEK based
composites exposed to high heating and cooling rates, Compos. Part A Appl. Sci.
Manuf. 35 (5) (2004) 547-558, https://doi.org/10.1016/j.
compositesa.2003.12.004. May.

M.A. Khan, P. Mitschang, R. Schledjewski, Tracing the void content development
and identification of its effecting parameters during in situ consolidation of
thermoplastic tape material, Polym. Polym. Compos. 18 (1) (2010) 1-15, https://
doi.org/10.1177/096739111001800101. Jan.

S. Ranganathan, S.G. Advani, M.A. Lamontia, A non-isothermal process model for
consolidation and void reduction during In-situ tow placement of thermoplastic
composites, J. Compos. Mater. 29 (8) (1995) 1040-1062, https://doi.org/
10.1177/002199839502900803. May.

F. Yang, R. Pitchumani, Nonisothermal healing and interlaminar bond strength
evolution during thermoplastic matrix composites processing, Polym. Compos. 24
(2) (2003) 263-278, https://doi.org/10.1002/pc.10027. Apr.

K.J. Ahn, J.C. Seferis, T. Pelton, M. Wilhelm, Analysis and characterization of
prepreg tack, Polym. Compos. 13 (3) (1992) 197-206, https://doi.org/10.1002/
pc.750130308.

0. Dubois, J.B. Le Cam, A. Béakou, Experimental analysis of prepreg tack, Exp.
Mech. 50 (5) (2010) 599-606, https://doi.org/10.1007/s11340-009-9236-7. Jun.
R.J. Crossley, P.J. Schubel, N.A. Warrior, The experimental determination of
prepreg tack and dynamic stiffness, Compos. Part A Appl. Sci. Manuf. 43 (3)
(2012) 423-434, https://doi.org/10.1016/j.compositesa.2011.10.014. Mar.

R.J. Crossley, P.J. Schubel, D.S.A. De Focatiis, Time-temperature equivalence in
the tack and dynamic stiffness of polymer prepreg and its application to
automated composites manufacturing, Compos. Part A Appl. Sci. Manuf. 52
(2013) 126-133, https://doi.org/10.1016/j.compositesa.2013.05.002. Sep.

A. Endruweit, D.S.A. De Focatiis, S. Ghose, B.A. Johnson, D.R. Younkin, and N.A.
Warrior, “Characterization of prepreg tack to aid automated material placement,”
2016.

A. Endruweit, et al., Characterisation of tack for uni-directional prepreg tape
employing a continuous application-and-peel test method, Compos. Part A Appl.
Sci. Manuf. 114 (2018) 295-306, https://doi.org/10.1016/j.
compositesa.2018.08.027. Nov.

W. Zhang, F. Liu, Y. Lv, X. Ding, Modelling and layout design for an automated
fibre placement mechanism, Mech. Mach. Theory 144 (2020), https://doi.org/
10.1016/j.mechmachtheory.2019.103651. Feb.

T. Rudberg, J. Cemenska, E. Sherrard, A process for delivering extreme AFP head
reliability, SAE Tech. Pap. (2019), https://doi.org/10.4271/2019-01-1349.

T. Aized, B. Shirinzadeh, Robotic fiber placement process analysis and
optimization using response surface method, Int. J. Adv. Manuf. Technol. 55
(1-4) (2011) 393-404, https://doi.org/10.1007/s00170-010-3028-1. Jul.
Z.Han, S. Sun, Z. Shao, H. Fu, Multiscale collaborative optimization of processing
parameters for carbon fiber/epoxy laminates fabricated by high-speed automated
fiber placement, Adv. Mater. Sci. Eng. (2016), https://doi.org/10.1155/2016/
5480352.

R. Wehbe, C. Sacco, A. Baz Radwan, M. Albazzan, R. Harik, Influence of process
parameters in AFP fiber steering on cylinders: constant curvature paths, Compos.
Part C Open Access 2 (2020), 100036, https://doi.org/10.1016/j.
jeome.2020.100036. Oct.

A.B. Radwan, Experimental Analysis of the Automated Fiber Placement
Manufacturing Parameters for High and Low Tack Prepreg Material, University of
South Carolina, 2019.

N. Bakhshi, M. Hojjati, An experimental and simulative study on the defects
appeared during tow steering in automated fiber placement, Compos. Part A Appl.
Sci. Manuf. 113 (March) (2018) 122-131, https://doi.org/10.1016/j.
compositesa.2018.07.031. Oct.

S. Rajan, M.A. Sutton, S. Sockalingam, W. McMakin, Z. Gurdal, A. Kidane,
Simulations and experiments for automated fiber placement of prepreg slit tape:
Wrinkle formation and fundamental observations, Compos. Part B Eng. 201
(2020), https://doi.org/10.1016/j.compositesb.2020.108287.

V. Hutten, et al., A validation study of a physics-based tack model for an
automated fiber placement process simulation, Int. SAMPE Tech. Conf. (2019),
https://doi.org/10.33599/NASAMPE/S.19.1512, 2019-May.

R. Lichtinger, J. Lacalle, R. Hinterholzl, U. Beier, K. Drechsler, Simulation and
experimental validation of gaps and bridging in the automated fiber placement
process, Sci. Eng. Compos. Mater. 22 (2) (2015) 131-148, https://doi.org/
10.1515/secm-2013-0158.

J. Jiang, Y. He, H. Wang, Y. Ke, Modeling and experimental validation of
compaction pressure distribution for automated fiber placement, Compos. Struct.
256 (2021), 113101, https://doi.org/10.1016/J.COMPSTRUCT.2020.113101.
Jan.

S. Rajan, M.A. Sutton, R. Wehbe, Z. Gurdal, A. Kidane, I. Emri, Characterization of
viscoelastic bending stiffness of uncured carbon-epoxy prepreg slit tape, Compos.
Struct. 275 (2021), 114295, https://doi.org/10.1016/J.
COMPSTRUCT.2021.114295. Nov.

S. Rajan, et al., Characterization of mode I and mode II traction-separation laws
for cohesive separation of uncured thermoset tows, Int. J. Fract. 221 (1) (2020)
25-38, https://doi.org/10.1007/s10704-019-00399-1.

K. Yassin, M. Hojjati, Processing of thermoplastic matrix composites through
automated fiber placement and tape laying methods: a review, J. Thermoplast.
Compos. Mater. 31 (12) (2018) 1676-1725, https://doi.org/10.1177/
0892705717738305. Dec.


https://doi.org/10.1016/j.rcim.2006.04.006
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0089
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0089
https://doi.org/10.2514/6.2005-2017
https://doi.org/10.2514/6.2005-2017
https://doi.org/10.1016/j.compscitech.2009.12.003
https://doi.org/10.1016/j.compstruc.2013.04.015
https://doi.org/10.1016/j.compstruc.2013.04.015
https://doi.org/10.1177/0021998308097675
https://doi.org/10.1177/0021998308097675
https://doi.org/10.1109/YAC.2017.7967406
https://doi.org/10.1109/YAC.2017.7967406
https://doi.org/10.1016/j.mechmachtheory.2018.08.022
https://doi.org/10.1016/j.mechmachtheory.2018.08.022
https://doi.org/10.1088/1757-899X/307/1/012001
https://doi.org/10.1177/0021998312441810
https://doi.org/10.1177/0021998312441810
https://ro.uow.edu.au/eispapers1https://ro.uow.edu.au/eispapers1/1810
https://ro.uow.edu.au/eispapers1https://ro.uow.edu.au/eispapers1/1810
https://doi.org/10.1016/j.procir.2019.09.025
https://doi.org/10.1515/secm-2013-0257
https://doi.org/10.1515/secm-2013-0257
https://doi.org/10.1002/adv.20177
https://doi.org/10.1016/j.compositesb.2013.01.014
https://doi.org/10.1016/j.compositesb.2013.01.014
https://jglobal.jst.go.jp/en/detail?JGLOBAL_ID=200902189958781145
https://jglobal.jst.go.jp/en/detail?JGLOBAL_ID=200902189958781145
http://www.ndt.net/?id=20174
https://doi.org/10.1016/j.procir.2017.03.220
https://doi.org/10.1016/j.procir.2017.03.220
https://doi.org/10.1016/S1359-835X(01)00017-3
https://doi.org/10.1016/S1359-835X(01)00017-3
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0109
https://doi.org/10.1177/089270579701000604
https://doi.org/10.1177/089270579701000301
https://doi.org/10.1177/0892705702015006207
https://doi.org/10.1016/j.compositesa.2003.12.004
https://doi.org/10.1016/j.compositesa.2003.12.004
https://doi.org/10.1177/096739111001800101
https://doi.org/10.1177/096739111001800101
https://doi.org/10.1177/002199839502900803
https://doi.org/10.1177/002199839502900803
https://doi.org/10.1002/pc.10027
https://doi.org/10.1002/pc.750130308
https://doi.org/10.1002/pc.750130308
https://doi.org/10.1007/s11340-009-9236-7
https://doi.org/10.1016/j.compositesa.2011.10.014
https://doi.org/10.1016/j.compositesa.2013.05.002
https://doi.org/10.1016/j.compositesa.2018.08.027
https://doi.org/10.1016/j.compositesa.2018.08.027
https://doi.org/10.1016/j.mechmachtheory.2019.103651
https://doi.org/10.1016/j.mechmachtheory.2019.103651
https://doi.org/10.4271/2019-01-1349
https://doi.org/10.1007/s00170-010-3028-1
https://doi.org/10.1155/2016/5480352
https://doi.org/10.1155/2016/5480352
https://doi.org/10.1016/j.jcomc.2020.100036
https://doi.org/10.1016/j.jcomc.2020.100036
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0128
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0128
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0128
https://doi.org/10.1016/j.compositesa.2018.07.031
https://doi.org/10.1016/j.compositesa.2018.07.031
https://doi.org/10.1016/j.compositesb.2020.108287
https://doi.org/10.33599/NASAMPE/S.19.1512
https://doi.org/10.1515/secm-2013-0158
https://doi.org/10.1515/secm-2013-0158
https://doi.org/10.1016/J.COMPSTRUCT.2020.113101
https://doi.org/10.1016/J.COMPSTRUCT.2021.114295
https://doi.org/10.1016/J.COMPSTRUCT.2021.114295
https://doi.org/10.1007/s10704-019-00399-1
https://doi.org/10.1177/0892705717738305
https://doi.org/10.1177/0892705717738305

A. Brasington et al.

[137]

[138]
[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]
[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

J.P.H. Belnoue, et al., Understanding and predicting defect formation in
automated fibre placement pre-preg laminates, Compos. Part A Appl. Sci. Manuf.
102 (2017) 196-206, https://doi.org/10.1016/j.compositesa.2017.08.008. Nov.
R. Wehbe, Modeling Of Tow Wrinkling In Automated Fiber Placement Based On
Geometrical Considerations, University of South Carolina, 2017.

R. Wehbe, B. Tatting, R. Harik, Z. Gurdal, and A. Halbritter, “Tow-path based
modeling of wrinkling during the automated fiber placement process,” 2017.

A. Beakou, M. Cano, J.B. Le Cam, V. Verney, Modelling slit tape buckling during
automated prepreg manufacturing: a local approach, Compos. Struct. 93 (10)
(2011) 2628-2635, https://doi.org/10.1016/j.compstruct.2011.04.030. Sep.
M.Y. Matveev, P.J. Schubel, A.C. Long, I.A. Jones, Understanding the buckling
behaviour of steered tows in automated dry fibre placement (ADFP), Compos.
Part A Appl. Sci. Manuf. 90 (2016) 451-456, https://doi.org/10.1016/j.
compositesa.2016.08.014. Nov.

M. Belhaj, M. Hojjati, Wrinkle formation during steering in automated fiber
placement: modeling and experimental verification, J. Reinf. Plast. Compos. 37
(6) (2018) 396-409, https://doi.org/10.1177/0731684417752872.

R. Wehbe, R. Harik, and Z. Giirdal, “In-plane tow deformations due to steering in
automated fiber placement,” 2019, doi: 10.2514/6.2019-1271.

R. Wehbe, B. Tatting, Z. Giirdal, R. Harik, Fiber tow deformations during layup of
steered paths using automated fiber placement process, Int. SAMPE Tech. Conf.
(2019), https://doi.org/10.33599/NASAMPE/S.19.1591, 2019-May.

J. Briining, B. Denkena, M.A. Dittrich, T. Hocke, Machine learning approach for
optimization of automated fiber placement processes, in: Proceedings of the 1st
CIRP Conference on Composite Materials Parts Manufacturing 66, 2017,

Pp. 74-78, https://doi.org/10.1016/j.procir.2017.03.295.

C. Schmidt, C. Schultz, P. Weber, B. Denkena, Evaluation of eddy current testing
for quality assurance and process monitoring of automated fiber placement,
Compos. Part B Eng. 56 (2014) 109-116, https://doi.org/10.1016/j.
compositesb.2013.08.061. Jan.

J. Cemenska, T. Rudberg, M. Henscheid, Automated in-process inspection system
for AFP machines, SAE Int. J. Aerosp. 8 (2) (2015), https://doi.org/10.4271/
2015-01-2608.

B. Denkena, C. Schmidt, K. Voltzer, T. Hocke, Thermographic online monitoring
system for automated fiber placement processes, Compos. Part B Eng. 97 (2016)
239-243, https://doi.org/10.1016/j.compositesb.2016.04.076. Jul.

E.D. Gregory, P.D. Juarez, In-situ thermography of automated fiber placement
parts, in: Proceedings of the AIP Conference 1949, 2018, https://doi.org/
10.1063/1.5031551. Apr.

C. Schmidt, B. Denkena, K. Voltzer, T. Hocke, Thermal image-based monitoring
for the automated fiber placement process, in: Proceedings of the 1st CIRP
Conference on Composite Materials Parts Manufacturing 62, 2017, pp. 27-32,
https://doi.org/10.1016/j.procir.2016.06.058.

P.D. Juarez, E.D. Gregory, In situ thermal inspection of automated fiber placement
manufacturing, in: Proceedings of the AIP Conference 2102, 2019, https://doi.
org/10.1063/1.5099847. May.

E. Hu, F. Haifeng, Surface profile inspection of a moving object by using dual-
frequency Fourier transform profilometry, Optik 122 (14) (2011) 1245-1248,
https://doi.org/10.1016/j.ijle0.2010.08.007 (Stuttg)Jul.

C. Sacco, Machine Learning Methods for Rapid Inspection of Automated Fiber
Placement Manufactured Composite Structures, University of South Carolina,
2019.

C. Sacco, A.B. Radwan, R. Harik, and M. Van Tooren, “Automated fiber placement
defects: automated inspection and characterization,” 2018, Accessed: Jul. 14,
2020. [Online]. Available: https://ntrs.nasa.gov/search.jsp?R=20190027133.

J. Citation: Cemenska, T. Rudberg, M. Henscheid, Automated in-process
inspection system for AFP machines, SAE Int. J. Aerosp 8 (2) (2015), https://doi.
org/10.4271/2015-01-2608.

G. Gardiner, “Coriolis composites and Edixia develop inline inspection for AFP,”
Composites World, 2020. https://www.compositesworld.com/articles/coriolis-co
mposites-and-edixia-develop-inline-inspection-for-afp (accessed Apr. 05, 2021).
“Technology: view Electroimpact’s catalogue of advance composites
manufacturing products,” 2021.

D. Maass, Progress in automated ply inspection of AFP layups, Reinf. Plast. 59 (5)
(2015) 242-245, https://doi.org/10.1016/j.repl.2015.05.002. Sep.

A. Krizhevsky, 1. Sutskever, G.E. Hinton, ImageNet classification with deep
convolutional neural networks, Adv. Neural Inf. Process. Syst. (2012) 1-9,
https://doi.org/10.1016/j.protcy.2014.09.007.

C.V. Dung, L.D. Anh, Autonomous concrete crack detection using deep fully
convolutional neural network, Autom. Constr. 99 (2018) 52-58, https://doi.org/
10.1016/j.autcon.2018.11.028. December2019.

M. Meng, Y.J. Chua, E. Wouterson, C.P.K. Ong, Ultrasonic signal classification and
imaging system for composite materials via deep convolutional neural networks,
Neurocomputing 257 (2017) 128-135, https://doi.org/10.1016/j.
neucom.2016.11.066. Sep.

K. He, X. Zhang, S. Ren, and J. Sun, “Identity mappings in deep residual
networks,” 2016, doi: 10.1007/978-3-319-46493-0_38.

Q. Sun, Y. Liu, T. Chua, B. Schiele, Meta-transfer learning for few-shot learning,
in: Proceedings of the IEEE/CVF Conference on Computer Vision and Pattern
Recognition (CVPR), 2019, pp. 403-412.

S.J. Pan, Q. Yang, A survey on transfer learning, IEEE Trans. Knowl. Data Eng. 22
(10) (2010) 1345-1359, https://doi.org/10.1109/TKDE.2009.191.

B. Krawczyk, GPU-accelerated extreme learning machines for imbalanced data
streams with concept drift, Proc. Comput. Sci. 80 (2016) 1692-1701, https://doi.
org/10.1016/j.procs.2016.05.509.

17

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]
[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

Composites Part C: Open Access 6 (2021) 100182

L. Wienbrandt, J.C. Kassens, M. Hiibenthal, D. Ellinghaus, 1000 faster than
PLINK: combined FPGA and GPU accelerators for logistic regression-based
detection of epistasis, J. Comput. Sci. 30 (2019) 183-193, https://doi.org/
10.1016/j.jocs.2018.12.013,

T. Posewsky, D. Ziener, Throughput optimizations for FPGA-based deep neural
network inference, Microprocess. Microsyst. 60 (2017) 151-161, https://doi.org/
10.1016/j.micpro.2018.04.004. June2018.

S. Liang, S. Yin, L. Liu, W. Luk, S. Wei, FP-BNN: binarized neural network on
FPGA, Neurocomputing 275 (2018) 1072-1086, https://doi.org/10.1016/j.
neucom.2017.09.046.

J. Pérez, A. Alabdo, J. Pomares, G.J. Garcia, F. Torres, FPGA-based visual control
system using dynamic perceptibility, Robot. Comput. Integr. Manuf. 41 (2016)
13-22, https://doi.org/10.1016/j.rcim.2016.02.005.

D.H. Noronha, B. Salehpour, and S.J.E. Wilton, “LeFlow: enabling flexible FPGA
high-level synthesis of Tensorflow deep neural networks,” 2018.

C. Sacco, A. Baz Radwan, A. Anderson, R. Harik, E. Gregory, Machine learning in
composites manufacturing: a case study of automated fiber placement inspection,
Compos. Struct. 250 (2020), https://doi.org/10.1016/j.compstruct.2020.112514.
C. Sacco, A. Baz Radwan, T. Beatty, R. Harik, Machine learning based AFP
inspection: a tool for characterization and integration, in: Proceedings of the
International SAMPE Technical Conference, 2019, 2019-May.

C. Sacco, A.B. Radwan, A. Anderson, R. Harik, and S. Carolina, “NDE inspection of
AFP manufactured cylinders using and intelligent segmentation algorithm,” 2020.
K. Peters, P. Pattis, J. Botsis, P. Giaccari, Experimental verification of response of
embedded optical fiber Bragg grating sensors in non-homogeneous strain fields,
Opt. Lasers Eng. 33 (2) (2000) 107-119, https://doi.org/10.1016/50143-8166
(00)00033-6. Feb.

R.M. Measures, Smart composite structures with embedded sensors, Compos. Eng.
2 (5-7) (1992) 597-618, https://doi.org/10.1016/0961-9526(92)90045-8. Jan.
S. Huang, M.M. Ohn, M. LeBlanc, R.M. Measures, Continuous arbitrary strain
profile measurements with fiber Bragg gratings, Smart Mater. Struct. 7 (2) (1998)
248, https://doi.org/10.1088/0964-1726/7/2/012.

E. Oromiehie, et al., In situ process monitoring for automated fibre placement
using fibre Bragg grating sensors, Struct. Health Monit. 15 (6) (2016) 706-714,
https://doi.org/10.1177/1475921716658616.

J. Jiang, Y. He, H. Wang, Y. Ke, Modeling and experimental validation of
compaction pressure distribution for automated fiber placement, Compos. Struct.
256 (2020), 113101, https://doi.org/10.1016/j.compstruct.2020.113101.
October2021.

G. Qiao, B.A. Weiss, Industrial robot accuracy degradation monitoring and quick
health assessment, J. Manuf. Sci. Eng. Trans. ASME 141 (7) (2019), https://doi.
0rg/10.1115/1.4043649.

C. Wohl, F. Palmieri, A. Forghani, C. Hickmott, H. Bedayat, B. Coxon,

A. Poursartip, B. Grimsley, et al., Tack measurements of prepreg tape at variable
temperature and humidity, CAMX 2017, Compos. Adv. Mater. Expo (2017)
12-14, 2017-Decem.

S. Rajan, et al., Experimental investigation of prepreg slit tape wrinkling during
automated fiber placement process using StereoDIC, Compos. Part B Eng. 160
(2019) 546-557, https://doi.org/10.1016/j.compositesb.2018.12.017. Mar.

K. Xia, R. Harik, J. Herrera, J. Patel, and B. Grimsley, “Numerical simulation of
AFP nip point temperature prediction for complex geometries,” 2018.

K. Croft, L. Lessard, D. Pasini, M. Hojjati, J. Chen, A. Yousefpour, Experimental
study of the effect of automated fiber placement induced defects on performance
of composite laminates, Compos. Part A Appl. Sci. Manuf. 42 (5) (2011) 484-491,
https://doi.org/10.1016/j.compositesa.2011.01.007. May.

A. Rafal, et al., An experimental investigation concerning the effects of AFP
defects on progressive failure of tensile coupons. AIAA SciTech Forum, 2019,
pp. 1-9, https://doi.org/10.2514/6.2019-1547.

A. Brasington, T. Schachner, and R. Harik, “3D modeling and printing of
automated fiber placement defects,” 2020.

M. Kirkpatrick et al., “Creation of a digital twin for automated fiber placement,”
2020.

R. Harik, J.A. Halbritter, D. Jegley, R. Grenoble, B. Mason, Automated fiber
placement of composite wind tunnel blades: process planning and manufacturing,
Int. SAMPE Tech. Conf. (2019) 1-16, https://doi.org/10.33599/nasampe/
5.19.1538, 2019-May.

CompositesWorld, “General atomics aeronautical developing tool-less
thermoplastics composites process,” 2019. https://www.compositesworld.com
/news/general-atomics-aeronautical-developing-tool-less-thermoplastics-compos
ites-process.

A.T. Noevere, C.S. Collier, R. Harik, J. Halbritter, Development of a design for
manufacturing tool for automated fiber placement structures, AIAA SciTech
Forum (2019), https://doi.org/10.2514/6.2019-0520.

A. Noevere, C. Collier, and R. Harik, “Integrated design and manufacturing
analysis for automated fiber placement structures,” 2019.

W. Wang, X. Peng, Y. Su, Y. Qiao, J. Cheng, TTPP: temporal transformer with
progressive prediction for efficient action anticipation, Neurocomputing 438
(2021) 270-279, https://doi.org/10.1016/j.neucom.2021.01.087.

T.H. Kim, M.S.M. Sajjadi, M. Hirsch, B. Scholkopf, Spatio-temporal transformer
network for video restoration, Eur. Conf. Comput. Vis. 11207 (2018) 111-127,
https://doi.org/10.1007/978-3-030-01219-9_7. LNCS.

H. Bilen, M. Pedersoli, T. Tuytelaars, Weakly supervised object detection with
convex clustering, in: Proceedings of the IEEE Computer Society Conference on
Computer Vision and Pattern Recognition 07-12, 2015, pp. 1081-1089, https://
doi.org/10.1109/CVPR.2015.7298711. -June.


https://doi.org/10.1016/j.compositesa.2017.08.008
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0138
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0138
https://doi.org/10.1016/j.compstruct.2011.04.030
https://doi.org/10.1016/j.compositesa.2016.08.014
https://doi.org/10.1016/j.compositesa.2016.08.014
https://doi.org/10.1177/0731684417752872
https://doi.org/10.33599/NASAMPE/S.19.1591
https://doi.org/10.1016/j.procir.2017.03.295
https://doi.org/10.1016/j.compositesb.2013.08.061
https://doi.org/10.1016/j.compositesb.2013.08.061
https://doi.org/10.4271/2015-01-2608
https://doi.org/10.4271/2015-01-2608
https://doi.org/10.1016/j.compositesb.2016.04.076
https://doi.org/10.1063/1.5031551
https://doi.org/10.1063/1.5031551
https://doi.org/10.1016/j.procir.2016.06.058
https://doi.org/10.1063/1.5099847
https://doi.org/10.1063/1.5099847
https://doi.org/10.1016/j.ijleo.2010.08.007
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0153
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0153
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0153
https://ntrs.nasa.gov/search.jsp?R=20190027133
https://doi.org/10.4271/2015-01-2608
https://doi.org/10.4271/2015-01-2608
https://www.compositesworld.com/articles/coriolis-composites-and-edixia-develop-inline-inspection-for-afp
https://www.compositesworld.com/articles/coriolis-composites-and-edixia-develop-inline-inspection-for-afp
https://doi.org/10.1016/j.repl.2015.05.002
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0159
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0159
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0159
https://doi.org/10.1016/j.autcon.2018.11.028
https://doi.org/10.1016/j.autcon.2018.11.028
https://doi.org/10.1016/j.neucom.2016.11.066
https://doi.org/10.1016/j.neucom.2016.11.066
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0163
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0163
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0163
https://doi.org/10.1109/TKDE.2009.191
https://doi.org/10.1016/j.procs.2016.05.509
https://doi.org/10.1016/j.procs.2016.05.509
https://doi.org/10.1016/j.jocs.2018.12.013
https://doi.org/10.1016/j.jocs.2018.12.013
https://doi.org/10.1016/j.micpro.2018.04.004
https://doi.org/10.1016/j.micpro.2018.04.004
https://doi.org/10.1016/j.neucom.2017.09.046
https://doi.org/10.1016/j.neucom.2017.09.046
https://doi.org/10.1016/j.rcim.2016.02.005
https://doi.org/10.1016/j.compstruct.2020.112514
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0172
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0172
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0172
https://doi.org/10.1016/S0143-8166(00)00033-6
https://doi.org/10.1016/S0143-8166(00)00033-6
https://doi.org/10.1016/0961-9526(92)90045-8
https://doi.org/10.1088/0964-1726/7/2/012
https://doi.org/10.1177/1475921716658616
https://doi.org/10.1016/j.compstruct.2020.113101
https://doi.org/10.1115/1.4043649
https://doi.org/10.1115/1.4043649
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0180
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0180
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0180
http://refhub.elsevier.com/S2666-6820(21)00077-3/sbref0180
https://doi.org/10.1016/j.compositesb.2018.12.017
https://doi.org/10.1016/j.compositesa.2011.01.007
https://doi.org/10.2514/6.2019-1547
https://doi.org/10.33599/nasampe/s.19.1538
https://doi.org/10.33599/nasampe/s.19.1538
https://www.compositesworld.com/news/general-atomics-aeronautical-developing-tool-less-thermoplastics-composites-process
https://www.compositesworld.com/news/general-atomics-aeronautical-developing-tool-less-thermoplastics-composites-process
https://www.compositesworld.com/news/general-atomics-aeronautical-developing-tool-less-thermoplastics-composites-process
https://doi.org/10.2514/6.2019-0520
https://doi.org/10.1016/j.neucom.2021.01.087
https://doi.org/10.1007/978-3-030-01219-9_7
https://doi.org/10.1109/CVPR.2015.7298711
https://doi.org/10.1109/CVPR.2015.7298711

A. Brasington et al.

[194]

[195]

[196]

[197]

[198]

Z. Xiaopeng, J. Feng, H. Xiong, and Q. Tian, “Zigzag Learning for weakly
supervised object detection,” 2018.

E. Crawford, J. Pineau, Spatially invariant unsupervised object detection with
convolutional neural networks, in: Proceedings of the AAAI Conference on
Artificial Intelligence 33, 2019, pp. 3412-3420, https://doi.org/10.1609/aaai.
v33i01.33013412.

X.S. Wei, C.L. Zhang, J. Wu, C. Shen, Z.H. Zhou, Unsupervised object discovery
and co-localization by deep descriptor transformation, Pattern Recognit. 88
(2019) 113-126, https://doi.org/10.1016/j.patcog.2018.10.022.

H. Tian, Y. Chen, J. Dai, Z. Zhang, and X. Zhu, “Unsupervised object detection
with LiDAR clues,” arXiv, 2020.

S. Gibb, H.M. La, T. Le, L. Nguyen, R. Schmid, H. Pham, Nondestructive
evaluation sensor fusion with autonomous robotic system for civil infrastructure

18

[199]

[200]

[201]

Composites Part C: Open Access 6 (2021) 100182

inspection, J. F. Robot. 35 (6) (2018) 988-1004, https://doi.org/10.1002/
rob.21791.

T.H. Loutas, A. Panopoulou, D. Roulias, V. Kostopoulos, Intelligent health
monitoring of aerospace composite structures based on dynamic strain
measurements, Expert Syst. Appl. 39 (9) (2012) 8412-8422, https://doi.org/
10.1016/j.eswa.2012.01.179.

G.P. Asner, et al., Carnegie airborne observatory-2: increasing science data
dimensionality via high-fidelity multi-sensor fusion, Remote Sens. Environ. 124
(2012) 454-465, https://doi.org/10.1016/j.rse.2012.06.012.

J. Moore, A. Colvin, S. Ghose, and B. Johnson, “Design for manufacturing:
laminate focused design and analysis tools for automated composites
manufacturing,” 2019, doi: 10.33599/nasampe/s.19.1478.


https://doi.org/10.1609/aaai.v33i01.33013412
https://doi.org/10.1609/aaai.v33i01.33013412
https://doi.org/10.1016/j.patcog.2018.10.022
https://doi.org/10.1002/rob.21791
https://doi.org/10.1002/rob.21791
https://doi.org/10.1016/j.eswa.2012.01.179
https://doi.org/10.1016/j.eswa.2012.01.179
https://doi.org/10.1016/j.rse.2012.06.012

	Automated Fiber Placement: A Review of History, Current Technologies, and Future Paths Forward
	Publication Info

	Automated fiber placement: A review of history, current technologies, and future paths forward
	Introduction
	Background
	History of AFP developments

	Materials
	Thermoset
	Thermoplastic
	Dry fiber

	Design
	AFP machine hardware
	Platforms
	Compaction rollers
	Solid compaction rollers
	Segmented compaction rollers
	Thermoplastic compaction

	Heat sources
	Hot gas torches
	IR heaters
	Laser heaters
	Pulsed light heaters

	Modular AFP Heads

	Toolform manufacturing
	Types of tool geometries
	Effects of tool geometry

	Process planning
	Layup strategies
	Reference curves
	Coverage strategies
	Path optimization

	Process parameters
	Speed
	Pressure
	Temperature
	Tow tension
	Parameter optimization

	Process modeling

	Process data collection
	Inspection techniques
	Thermography
	Profilometry
	In-situ inspection
	Automated defect identification

	Parameter monitoring
	Compaction monitoring
	Machine motion
	Temperature monitoring

	AFP defects

	Research opportunities
	Design for manufacturing
	Hardware challenges
	Tooling challenges
	Process planning challenges
	Inspection challenges
	Increasing detection accuracy
	Sensor fusion
	Integration and influence on manufacturing

	Summary

	Declaration of Competing Interest
	References


