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Abstract: Since its advent in the 1970s, digital image correlation (DIC) applications have been
rapidly growing in different engineering fields including composite material testing and analysis.
DIC combined with a stereo camera system offers full-field measurements of three-dimensional
shapes, deformations (i.e., in-plane and out-of-plane deformations), and surface strains, which are
of most interest in many structural testing applications. DIC systems have been used in many
conventional structural testing applications in composite structures. However, DIC applications in
automated composite manufacturing and inspection are scarce. There are challenges in inspection of
a composite ply during automated manufacturing of composites and in measuring transient strain
during in-situ manufacturing of thermoplastic composites. This article presents methodologies using
DIC techniques to address these challenges. First, a few case studies where DIC was used in composite
structural testing are presented, followed by development of new applications for DIC in composite
manufacturing and inspection.

Keywords: Digital image correlation (DIC); composite structures; structural testing; experimental
mechanics; composite materials; automated composite manufacturing; composite inspection;
automated fiber placement (AFP)

1. Introduction

First conceived in the early 1970s, digital image correlation (DIC) is a technique that captures
images of an object of interest and delivers full-field measurements on the object of interest using
image analysis. Formerly, DIC was used for measuring deformations and strains on a planar object
subjected mainly to in-plane loadings. This was referred to as two-dimensional (2D) DIC, which
to date remains an important technique for 2D deformations and strain measurements in material
testing [1–10]. However, nonplanar objects subjected to out-of-plane loading and deformations
are mostly unavoidable in practice. In the 1990s, 2D DIC was extended to three-dimensional (3D)
measurements through stereovision systems [11–13]. Referred to as 3D DIC, the system consists of two
or more cameras to capture digital images of the object of interest from two or more perspectives.

Using a stereoscopic sensor setup, the position of each point in the area of interest is focused on a
specific pixel in the camera plane. If the orientation of the sensors with respect to each other (extrinsic
parameters) and the magnifications of the lenses and all imaging parameters (intrinsic parameters)
are known, the 3D position of any point in the area of interest can be calculated by applying image
correlation algorithms. This process determines the shift and/or rotation and distortion of little facet
elements in the reference image [14].
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DIC offers full-field and noncontact measurements and has seen significant growth in recent
years in different fields including aerospace, microscale measurements, bio materials, etc. The focus of
this article is on the application of DIC in manufacturing and inspection of composite materials and
structures. First, a few case studies where 3D DIC was used in testing composite structures at Concordia
Center for Composites (CONCOM) labs are presented in the “Conventional DIC Applications” section.
Subsequently, the development of two new DIC applications in manufacturing and inspecting of
composites made by an automated fiber placement (AFP) process is discussed in the “Development of
New Applications for DIC” section. One of the challenges for in situ manufacturing of thermoplastic
composites using AFP is the formation of residual strain and distortion during manufacturing. However,
because of the high temperature and pressure involved in in situ manufacturing of thermoplastic
composites, strain gages cannot be used to monitor and measure strain and deformation during
manufacturing. In Section 3.1, it is discussed how DIC can be employed to overcome this challenge.
Another main challenge in automated manufacturing of composites using AFP is the inspection of the
ply during manufacturing. Conventional manual inspection techniques are tedious, time consuming,
and operator-dependent. In Section 3.2, methodology and preliminary results are presented for the
first time that show how DIC can be used for inspection purposes during AFP.

2. Conventional Digital Image Correlation (DIC) Applications

2.1. DIC- and Gage-Measured Strain Comparisons

Two experiments were designed with the main goal of evaluating the accuracy of DIC strain
measurements in composite structures. In both experiments, strain gages were used as a reference to
evaluate the strain measurements obtained by DIC.

In the first experiment, buckling under an axial compression test on a composite cylinder was
performed, and a stereo DIC system (from LaVision Company, Ypsilanti, MI, USA called “StrainMaster”)
was used to measure strains. The composite cylinder was made of graphite/epoxy prepreg using hand
layup and autoclave processes. Preparation of the composite cylinder included applying some random
speckles on the cylinder’s surface using a spray paint technique (speckle size 3–5 pixels in the area of
interest, density about 50%). The test setup is shown in Figure 1. Before the start of the test, calibration
of the cameras was performed by moving a standard calibration panel in front of the cameras.
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Figure 1. Axial buckling test setup for evaluating DIC [15].

The composite cylinder was loaded through the aluminum end plates at a rate of 1 mm/min, and
buckling occurred after 2 min from the start. The axial strain measured by a strain gage installed at the
middle of the cylinder and the DIC system before and after buckling occurred is plotted in Figure 2a,b,
respectively. As can be seen from Figure 2, before buckling, the measured axial strains by strain gage
and the DIC system were in good agreement. However, after buckling occurred (around T = 120 s), the
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results from two techniques (i.e., strain age vs. DIC) did not agree quantitatively, although they had a
similar trend. This could be attributed to the fact that after buckling, due to large local deformation,
debonding between the strain gage and composite surface may have occurred. Accuracy for a specific
test setup depends on many factors including speckle pattern size and quality, resolution of the camera
used, lighting, stereo angle, lens selection, etc. For the setup used in this experiment (5 Megapixel
camera system from LaVision, Ypsilanti, MI, USA), the accuracy for measuring the local strain could be
expected to be around 200 microstrains [15].
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Figure 2. Comparison between strain gage and DIC (a) before and (b) after buckling [15].

In the second experiment, with the goal of comparing DIC strain measurements with strain gage
measurements, an L-shape composite angle was tested under tension using a universal testing machine.
The experiment involved large deformations of the composite angle under tension. A unidirectional
strain gauge was installed on the outer surface of the composite angle, and a random pattern was
created on the composite angle surface using permanent marker (Figure 3).
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Figure 3. L-shape composite angle with a random pattern and installed strain gage [16].

A stereo DIC system (from Correlated Solutions Company, Irmo, SC, USA called “VIC-3D”) was
used to measure strains. The strains measured by both strain gage and DIC are compared in Figure 4.
As can be seen, DIC results show an overall good agreement with strain gage results. The deviation
between DIC and the strain gage measurements was between 50 to 200 s of the test, which may be
due to the large out-of-plane deformation of the composite angle as it was flattened. During the large
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out-of-plane deformation, the motion of the points was perpendicular to the image plane, which may
cause error in DIC results. However, after 200 s of the test, as the L-shape angle flattened, an excellent
agreement between DIC results and strain gage results was observed [16].Appl. Sci. 2019, 9, x FOR PEER REVIEW 4 of 18 
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2.2. Bending and Buckling Analyses of Composite Conical Shells for Helicopter Tail-Boom Applications

2.2.1. Synopsis

In this case study, bucking and bending behaviors of composite conical shells were studied
experimentally and theoretically. In the theoretical approach, a first-order shear deformation shell
theory was proposed to study buckling and bending behaviors of composite conical shells, and a
semi-analytical solution was developed to study buckling under bending of composite conical shells.
In the experimental approach, a pure bending test setup was designed and developed to study buckling
under bending of composite shells. The setup was equipped with a 3D DIC system to measure
three-dimensional deformation and surface strain of the test article. A thermoplastic composite cone,
a full-scale section of a helicopter tail-boom, was tested using this setup in pure bending, and the
experimental buckling moment was measured, which agreed well with the theoretical one [15].

2.2.2. Experimental Work

Sample manufacturing and preparation: The test article, a composite conical shell, which was
a full-scale section of a helicopter tail-boom, was made out of advanced thermoplastic composite
material (carbon fiber and poly-ether-ether-ketone (PEEK) with the commercial name of AS4/APC-2
from Cytec Engineered Materials, Anaheim, CA, USA). It was manufactured at National Research
Council Canada’s facility in Montreal using an automated fiber placement (AFP) machine on a steel
mandrel with an internal heating system (Figure 5).



Appl. Sci. 2019, 9, 2719 5 of 18

Appl. Sci. 2019, 9, x FOR PEER REVIEW 4 of 18 

 

Figure 4. DIC strain measurement versus strain gage results for L-shape composite angle [16]. 

2.2. Bending and Buckling Analyses of Composite Conical Shells for Helicopter Tail-Boom Applications 

2.2.1. Synopsis 

In this case study, bucking and bending behaviors of composite conical shells were studied 

experimentally and theoretically. In the theoretical approach, a first-order shear deformation shell 

theory was proposed to study buckling and bending behaviors of composite conical shells, and a 

semi-analytical solution was developed to study buckling under bending of composite conical shells. 

In the experimental approach, a pure bending test setup was designed and developed to study 

buckling under bending of composite shells. The setup was equipped with a 3D DIC system to 

measure three-dimensional deformation and surface strain of the test article. A thermoplastic 

composite cone, a full-scale section of a helicopter tail-boom, was tested using this setup in pure 

bending, and the experimental buckling moment was measured, which agreed well with the 

theoretical one [15]. 

2.2.2. Experimental Work 

Sample manufacturing and preparation: The test article, a composite conical shell, which was 

a full-scale section of a helicopter tail-boom, was made out of advanced thermoplastic composite 

material (carbon fiber and poly-ether-ether-ketone (PEEK) with the commercial name of AS4/APC-2 

from Cytec Engineered Materials, Anaheim, CA, USA). It was manufactured at National Research 

Council Canada’s facility in Montreal using an automated fiber placement (AFP) machine on a steel 

mandrel with an internal heating system (Figure 5). 

 

Figure 5. Six-axis automated fiber placement (AFP) machine with a steel mandrel (courtesy of National
Research Council Canada) [15].

Preparation of the composite cone for bending tests included applying the end tabs, creating a
random pattern (Figure 6a) on the surface of the cone (for strain and deformation measurements using
DIC), installing strain gages, and potting the composite cone inside the installation rings (Figure 6c)
using low melting temperature point alloy (LMPA) (Figure 6b). The surface of the thermoplastic
composite cone was fairly black after manufacturing, and, to have maximum contrast, a white random
pattern was applied on the surface of the composite cone using permanent markers by hand. The
size of speckles ranged between 3 to 7 pixels with approximately 50% area of interest covered by
white speckles. A 3D DIC system from Correlated Solutions, Irmo, SC, USA equipped with two 5
Megapixel cameras (monochrome charge-coupled device (CCD) with 2/3-inch sensor from Point Grey)
attached to Schneider 17 mm lenses were used in this experiment, and results were obtained using
VIC-3D software.
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Figure 6. Test article preparation: (a) random pattern, (b) low melting temperature point alloy (LMPA),
and (c) installation ring [15].

Test setup: Despite the bending load being the dominant load on conical shells in many
applications (e.g., helicopter tail-boom), experimental setups to study bending and buckling behaviors
of cylindrical and conical shells under pure bending loads are scarce. In order to study bending and
buckling behaviors of conical shells, a pure bending test setup was developed at Concordia Centre for
Composites (CONCOM) laboratory (Figure 7). The test setup was equipped with a 3D DIC system that
consisted of four cameras to cover the top and front sections of the test article for full-field deformation
and strain measurements.
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2.2.3. DIC Measurements

The contour plot of the axial strain obtained by the camera pair, looking down at the top surface
of the composite cone, just prior to and after buckling is shown in Figure 8a,b, respectively. As can
be seen, prior to bucking, while the whole top surface of the cone was under compression, the strain
concentration occurred near the small end of the composite cone with the maximum value of 7100
microstrains. This nonuniform strain distribution can be expected because the small end had less
stiffness in comparison with the large end of the thermoplastic composite cone. Moreover, from
Figure 8a, which shows the strain distribution prior to buckling, one can forecast the possible location
of the failure based on the strain accumulation near the small end.
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The contour plot of the axial strain obtained by the camera pair, looking to the front side of the
composite cone, just prior to the buckling is shown in Figure 9. The purple color shows negative strain
(compression) at the top, and the red color represents positive strain (tension) at the bottom of the
composite cone. Once more, an axial strain concentration can be seen near the small end (left side of
Figure 9) where the failure occurred [15].Appl. Sci. 2019, 9, x FOR PEER REVIEW 7 of 18 
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2.3. Bending Behavior of Thick-Walled Composite Tubes

2.3.1. Synopsis

In this case study, the bending behavior of thick-walled composite tubes was investigated with
focus on the bending stiffness property of tubes. Both theoretical and experimental approaches were
considered. The theoretical formulation was developed based on a 3D elasticity theory, and the
bending stiffness calculation was validated by pure bending tests performed on thick-walled composite
tubes. The pure bending test was shown to be a better alternative test, compared to the conventional
three-point and four-point bending tests, to compare the theoretical result with the experiment for
validation purposes. This was mainly because the effect of stress concentration at the loading point
was less compared to three-point and four-point bending tests, and also the effect of shear was not
present in the pure bending test. A 3D DIC system was used during the test of composite tubes to
capture deformations and strains of the tubes until failure occurred [16].

2.3.2. Experimental Work

Two thick-walled thermoplastic composite tubes made of Carbon/PEEK material were
manufactured using an automated fiber placement (AFP) process and were tested using a homemade
pure bending test setup.

Sample manufacturing and preparation: The test articles were made of 0.25-inch wide
unidirectional tows supplied by TenCate Advanced Composites Company, Nijverdal, Netherlands
(commercial name “Cetex TC1200 PEEK AS4”). The tows were made of a semicrystalline
poly-ether-ether-ketone thermoplastic resin with unidirectional carbon fibers. The tows were fed into
a robotic-type AFP machine available at CONCOM for manufacturing two thick-walled composite
tubes (Figure 10). The first tube was made with a laminate stacking sequence of [(25)45, (−25)45] (i.e.,
the inner layer and out layer are oriented at 25 and −25 degrees with respect to the tube axis), while
the second tube had a laminate stacking sequence of [25,−25]45, which means it was made of [25,−25]
layers alternatively arranged. Both tubes had the same dimensions (outer diameter = 61.1 mm, inner
diameter = 38.1 mm, thickness = 11.5 mm, and length = 1016 mm).
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Figure 10. Manufacturing of the thermoplastic composite tube using AFP [16].

For preparation of the tubes for measuring deformations and strains using DIC, the surface of the
tubes should have a random pattern with good contrast to be recognized by the cameras. The surface
of the thermoplastic tubes were quite black, and, therefore, a white random pattern was applied on the
specimens’ surface by hand using permanent markers (Figure 11). According to the recommendation
of the DIC system’s manufacturer (Correlated Solutions, Irmo, SC, USA), the size of the speckles was
kept between 3 to 5 pixels with about 50% density. Two 5 Megapixel CCD cameras (from Point Grey
with 2/3-inch sensor) attached with Schneider 17 mm lenses were used in this experiment.

Appl. Sci. 2019, 9, x FOR PEER REVIEW 8 of 18 

 

Figure 10. Manufacturing of the thermoplastic composite tube using AFP [16]. 

For preparation of the tubes for measuring deformations and strains using DIC, the surface of 

the tubes should have a random pattern with good contrast to be recognized by the cameras. The 

surface of the thermoplastic tubes were quite black, and, therefore, a white random pattern was 

applied on the specimens’ surface by hand using permanent markers (Figure 11). According to the 

recommendation of the DIC system’s manufacturer (Correlated Solutions, Irmo, SC, USA), the size 

of the speckles was kept between 3 to 5 pixels with about 50% density. Two 5 Megapixel CCD cameras 

(from Point Grey with 2/3-inch sensor) attached with Schneider 17 mm lenses were used in this 

experiment. 

 

Figure 11. Random pattern on the surface of the thick composite tube [16]. 

Test setup: The bending test was carried out using a homemade pure bending test setup as 

shown in Figure 12. The DIC system used for the test consisted of two pairs of cameras; one pair was 

placed in front of the tube, and the other pair was mounted above the test setup. After calibrating the 

cameras and connecting all the gages to the data acquisition system, the test was started. End forces 

applied by two hydraulic cylinders were converted to the bending moment using two moment arms 

at two ends of the setup. The bending moments were transferred to the tube ends through a set of 

inner and outer rings filled with low melting temperature point alloy (LMPA) for smooth transition 

of the load to the tube. In order to prevent tube failure inside the rings, tabs were added at the tube 

ends.  

61.1 mm 

Figure 11. Random pattern on the surface of the thick composite tube [16].

Test setup: The bending test was carried out using a homemade pure bending test setup as shown
in Figure 12. The DIC system used for the test consisted of two pairs of cameras; one pair was placed
in front of the tube, and the other pair was mounted above the test setup. After calibrating the cameras
and connecting all the gages to the data acquisition system, the test was started. End forces applied by
two hydraulic cylinders were converted to the bending moment using two moment arms at two ends
of the setup. The bending moments were transferred to the tube ends through a set of inner and outer
rings filled with low melting temperature point alloy (LMPA) for smooth transition of the load to the
tube. In order to prevent tube failure inside the rings, tabs were added at the tube ends.
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Figure 12. Bending test setup including the DIC system and thick composite tube (after failure) [16].

2.3.3. DIC Measurements

Deformation results: Axial and hoop deformations captured by the first camera pair located in
front of the tube is shown in Figure 13 just before failure. Axial deformation results (Figure 13a) showed
that in the upper part of the tube, due to compression, both sides were moved towards each other,
while in the lower part, due to tension, they were moved away from each other. This indicates the
smooth transition of the load to the test article. The tube deformation in the hoop direction (Figure 13b)
revealed that maximum deflection happened at the mid length of the tube, closer to the neutral axis
than the lower part. This is an interesting finding and can be explained due to ovalization of the tube
cross section.
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Figure 13. Deformation of the tube from the front view just before failure: (a) axial deformation u (mm),
(b) hoop deformation v (mm) [16].

Axial and out-of-plane deformations captured by the second pair of cameras looking to the top of
the tube is shown in Figure 14 just before and after failure. Figure 14a shows that both sides of the tube
deformed toward each other, and the axial deformation was zero at the middle of the tube. Maximum
out-of-plane deflection before failure occurred at the mid length of the tube as expected (Figure 14c).
After failure, the location of the maximum deformation moved below the failure zone (Figure 14d).
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Figure 14. Axial deformation u (mm) just before (a) and after (b) failure. Out-of-plane deformation w
(mm) just before (c) and after (d) failure [16].

Strain results: Figure 15 shows the contour plot of the axial strain just before and after failure
measured by the first camera pair located in front of the tube. While it shows a negative axial strain in
the upper part and a positive axial strain in the lower part, the absolute strain values at the top and the
bottom side of the tube were nearly the same as expected in a typical pure bending case (Figure 15a).
After failure (Figure 15b), the maximum axial strain was accumulated at the failure location on the
upper right side of the tube.

Axial strain measured by the second camera pair located above the tube, just before and after
failure, is shown in Figure 15. Just before failure (Figure 15c), the maximum compressive strain was
measured at the top position in the tube, and one could expect the failure location by observing the
accumulation of the axial strain at the right side of the tube (purple color pattern). After failure
(Figure 15d), the maximum compressive strain accumulated around the crack that propagated parallel
to the fiber directions of the outer layer [16]. The failure mechanism can be explained by a kink
band mechanism [17,18]. Kink bands develop under compression stress due to plastic microbuckling
induced by nonlinear matrix deformation. It is a complex phenomenon affected by many factors
like fiber failure, matrix failure, fiber–matrix interface strength, etc. For the tube under bending
(Figure 15c), delamination started under the outer layers (i.e., [25,−25] layer) at the top right side of
the tube accompanied with matrix cracking causing the delaminated layers to slide parallel to the
fiber direction (i.e., 25 degrees) towards the neutral axis of the tube. This sliding motion removes the
constraint on the fibers in the layer below (i.e., −25 degrees) causing microbuckling [16].
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Figure 15. Axial strain (εxx) side view just before (a) and after (b) failure. Axial strain (εxx) top view
just before (c) and after (d) failure [16].

3. Development of New Applications for DIC

3.1. Strain and Deformation Measurements for In-situ Manufacturing of Thermoplastic Composites Using
Automated Fiber Placement (AFP)

3.1.1. Synopsis

Advanced thermoplastic composites are of special interest because of their superior properties, such
as unlimited shelf life, high-fracture toughness, high-temperature resistance, high-fatigue performance,
etc., in comparison to thermoset composites. They have a unique possibility to be manufactured in-situ
using the automated fiber placement (AFP) process, which eliminates the need for a secondary process
leading to significant savings in cost and energy. In AFP processing of thermoplastic composites, heat
and pressure are applied simultaneously to a composite tow to achieve in-situ consolidation of the
part. The composite tow consisting of fiber and a matrix is passed by a high-temperature heat source
that melts the matrix and is placed by a pressure roller on the tool. High processing temperature and
pressure combined with fast layup speed involved in AFP cause transient strain development, which
in turn leads to residual stresses in the thermoplastic composites.

Conventional strain gages cannot be used to measure transient strain during AFP of thermoplastic
composites because they are processed at a high temperature and pressure. In this case study, 3D DIC
was proposed to measure full-field transient strain and deformation of the thermoplastic composite
tow during manufacturing [19].

3.1.2. Experimental Work

To employ DIC it is necessary to have a random pattern with correctly sized speckles and good
density on the composite tow surface. The main challenge in using DIC for strain measurement in
this application was to make a fine speckle pattern that can survive high temperatures and pressures,
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as the composite tow would pass the heat source and would go under the compaction roller during
AFP. Furthermore, due to the small width of the tow (one quarter of an inch), creating a correctly sized
random pattern was a challenging task. In order to overcome these challenges, a high-temperature,
abrasion-resistant paint with the commercial name of CP4040-S1 of Aremco Products, Valley Cottage,
NY, USA was used. The random pattern was generated using a stiff bristle brush and a mesh metal
sheet. The paint particles were thrown to the composite tow from a distance of 8 inches using the
bristle brush, while a fine metal mesh was used to make sure only small paint particles could reach the
tow surface. The size of speckles ranged from 0.1 mm (5 pixels) to 0.4 mm. The pattern density was
about 50% (i.e., overall area covered by paint was about 50%). The random pattern was created on a
composite tow made of carbon fiber and a poly-ether-ether-ketone (PEEK) matrix (commercial name
TenCate Cetex TC1200). After applying the pattern on the tow, the paint was cured in an oven between
two aluminum sheets for 45 min (Figure 16).
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Figure 16. Preparation of carbon/poly-ether-ether-ketone (PEEK) tape with random pattern.

The test setup including the AFP head and the DIC system is shown in Figure 17. The cameras
were distanced 8 inches apart and were positioned at about a 40-degree stereo angle. The light source
was placed between the cameras to create proper lighting conditions without creating reflections in the
pictures. As AFP laid the composite tows, a series of photos were taken at a rate of 10 pictures per
second, providing the opportunity to measure transient strain from the initial layup moment until it
was cooled down to about room temperature.
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Figure 17. Setup for strain measurements during AFP manufacturing: (1) AFP head mounted on a
robotic arm, (2) hot gas torch, (3) compaction roller, (4) DIC camera system, and (5) halogen lamp [19].
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3.1.3. DIC Measurements

Strain measurement: To measure strain build-up after AFP layup, it was assumed that, at the
moment in which the tow passed under the roller and came out, there was no strain along the width
and length of the tow. For DIC calculations, VIC-3D software from Correlated Solutions, Irmo, SC, USA
was used, and a subset size of 35 pixels (i.e., spatial resolution 35 × 35 of pixels) with a step size (i.e.,
the spacing of the points that are analyzed during correlation) of 3 pixels was selected. A default value
of 0.05 for the pixel confidence margin was set for the matching process using the covariance matrix
of the correlation equation in VIC-3D software. Two 5 Megapixel cameras (monochrome CCD with
2/3-inch sensor from Point Grey) attached to Schneider 28 mm lenses were used in this experiment.
Figure 18a shows this moment; three virtual strain gages were located right after the roller within
a distance of 0.5 inches from one another along the length of the tow. Just after passing the roller,
strains started building up, as it is shown in Figure 18b, due to heat dissipation to the environment and
the substrate. As one can expect, the highest lateral strain build up was measured at Gage 1 (about
10,000 microstrains) since the temperature drop (∆T) would be higher than other two gages (i.e., Gage
2 and 3) after 60 s of layup. Fast strain build up can be seen in all three gages during the first 10 s after
layup, which emphasizes the significance of the first few seconds just after the AFP head laid down the
composite tow. It should be mentioned that in Figure 18b, photos that were taken between 5–7 s after
layup were removed from the strain analysis because during this interval the AFP head moved up
after finishing the layup, causing tool vibration and consequently creating errors in the photos [19].
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Figure 18. (a) Virtual gage locations just after layup. (b) Lateral strain variation after layup [19].

Deformation measurement: To measure lateral deformation after AFP layup, the initial condition
(T = 0 s) was assumed to be at the moment the tow came out under the roller (i.e., all deformations
were zero at this time). The distribution of lateral deformation across the width and along the length of
the tow is shown in Figure 19a after 60 s of layup. As it can be seen, due to cooling of the composite
tow, contraction happened across the width of the tow (i.e., positive deformation (red color) on the left
side and negative deformation (purple color) on the right side of the tow). Along the length of the tow,
the lateral deformation gradient was higher at the top side of the tow because it was closer to the AFP
head, considering the layup direction, and consequently had higher temperature drop out (∆T). The
variation of lateral deformation during the first 60 s after layup across the width of the tow in Section 1
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(see Figure 19a) is plotted in Figure 19b. As can be seen, lateral deformation increased rapidly during
the first 10 s after layup and stabilized after about 60 s [19].Appl. Sci. 2019, 9, x FOR PEER REVIEW 14 of 18 
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Figure 19. (a) Distribution of the lateral deformation along the width and length of the composite tow
one minute after layup. (b) Variation of lateral deformation along the width of the composite tow one
minute after layup [19].

3.2. Inspection of the Automated Fiber Placement (AFP) Process

3.2.1. Synopsis

Automated fiber placement (AFP) is a composite manufacturing technique in which narrow
composite tows consisting of fiber and matrix are pushed against the tool surface. While the head of the
AFP machine is laying the composite tows, heat and pressure are applied simultaneously to consolidate
the laminate [20]. AFP is a relatively new manufacturing technique, and development of inspection
techniques to assure the quality of the composite part during the layup process is the topic of ongoing
research and development activities in the aerospace industry. Possible defects needed to be inspected
are gaps and overlaps between tows, deviation in fiber orientation and tow location, etc. [21]. Gaps and
overlaps are common defects during AFP, and several studies [22–24] have shown that they reduce
structural performance of composite laminates. Figure 20 shows a typical gap between two composite
tows. The gaps between tows make resin-rich areas and cause failure initiation points, while overlaps
create thickness build-up and cause out-of-plane waviness in adjacent plies and stress concentration.
In this study, the possibility of using DIC for inspecting gaps and overlaps was considered, and proof
of concept was demonstrated.
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3.2.2. Proof of Concept

In order to use DIC to measure the three-dimensional shape of composite tows and consequently
extract any gaps and/or overlaps between them, there should be enough random textures with contrast
on the tows and the substrate layer. However, composite tows made of carbon fiber and epoxy are
usually black, and they are laid on a black substrate as well (previous layer), which makes it difficult, if
not impossible, for DIC to capture the features of interest (i.e., gaps and overlaps). Applying a random
pattern using a marker or spray paint is not a viable option during inspection, as it takes time to apply
the pattern and it might introduce unwanted materials (i.e., marker ink) between composite layers.
In order to overcome this difficulty, a random pattern was projected by a digital projector to a set of
tows laid on a composite substrate. A regular digital projector (i.e., a computer data projector) with
full High-definition (1920 × 1080 pixels) capability was placed at the correct distance from the sample
under inspection and projected a pattern to the area of interest. Since only the shape measurement
was of interest in this application, and not strain measurement, there was no need for a pattern to be
actually applied on the surface, and only projection served this purpose. After a regular calibration
procedure, stereo DIC was used to evaluate the possibility of detecting the tows’ locations and the gap
between them.

Figure 21a shows a flat panel consisting of a substrate layer and two tows, in which a random
pattern was projected on them. As it can be seen from Figure 21c, DIC was able to detect both tows’
locations and the gap between the ends of the tows. However, the shape measurement results were
relatively noisy for inspection purposes; the main reason for this was due to the quality of the projected
pattern on the composite layer. Since a digital projector was used, not only were the white dots
projected, but the black background of the pattern was also projected, which made the pattern look
noisy on the composite layer. It was suggested that an optical projector should be used instead of a
digital projector to avoid this issue.
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shape measurement results, z-axis represents thickness direction.

In order to evaluate the potential of DIC to measure gaps and overlaps, assumed to be of good
quality and have a random pattern, a spray technique was used to generate white dots randomly on a
gap and overlap features between two tows, as shown in Figure 22. For evaluation purposes, two tows
were placed in such a way to create a continuously decreasing gap, and the other two tows were placed
to simulate continuously decreasing overlap. It was found that, if a good random pattern quality is
used, gaps and overlaps as small as about 0.4 mm could be detected.
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Furthermore, other types of defects beside gaps and overlap that might occur during AFP can
be detected and inspected by DIC. Two examples of such defects are twisted tow and damaged tow.
During AFP and when the AFP head places composite tows on the substrate, the placed tows might get
twisted, which is referred to as a twisted tow defect, or the fibers might be pulled out by the compaction
roller creating a damaged tow defect. Figure 23 shows the capability of DIC to detect such defects.
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4. Discussion

Application of 3D DIC in composite structural testing is presented using a few case studies
performed at CONCOM over the years. It was found that the accuracy of the technique in strain
measurements of composites was limited to about 200 microstrains; therefore, it may not be an
appropriate measurement technique in structural testing in which few strains are expected.

Furthermore, two new applications for DIC in manufacturing and inspecting of thermoplastic
composites developed at CONCOM are presented, and proof of concepts are demonstrated. It was
demonstrated that 3D DIC can be used for composite ply inspection during manufacturing using AFP.
However, an optical random pattern projector needs to be developed for this purpose.
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