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A B S T R A C T

For the first time, an experimental investigation is presented quantifying out-of-plane wrinkle formation and in-
plane deformations occurring in prepreg slit tape specimens during automated fiber placement (AFP). The AFP
process is conducted on 6.35 mm wide individual prepreg tows that are placed along a straight path and steered
along circular paths with radii of curvature, ρ = 2540 mm, 1270 mm and 305 mm. Full-field shape, displacement
and strain measurements are obtained using StereoDIC in three successive stages; (i) immediately after lay-up of
the tow, (ii) one hour after lay-up and (iii) after reheating of the as-placed tow by traversing the AFP head close
to the tow path and exposing the specimen to the same levels of heating as employed during the initial lay-up
(without compaction pressure). Measurements obtained in stage (i) showed that (a) all tows exhibited local
wrinkling at locations where the underlying substrate had defects (e.g., gaps, overlaps), (b) excluding the
substrate defect locations, tows steered with ρ = 2540 mm showed no evidence of additional out-of-plane
wrinkling after placement, (c) tows steered with ρ = 1270 mm exhibited several small amplitude wrinkles in-
itiated at locations outside the substrate overlap regions and (d) tows steered with ρ = 305 mm incurred sig-
nificant additional localized wrinkling along the inner radius of the tow with an increase in both the amplitude
and frequency of the wrinkles. In addition, higher variability in the wrinkle wavelength is observed for
ρ = 305 mm. Measurements obtained in stages (ii) and (iii) showed an increase in wrinkle amplitude, indicating
that wrinkle amplitude is a function of both time and temperature for an as-placed tow.

1. Introduction

Due to their high strength to weight ratio and ability to be tailored
to obtain desired properties in different directions, fiber-reinforced
composite materials are increasingly being used in areas where weight
reduction is a major consideration, especially in the aerospace industry
[1]. However, manufacturing of complicated structures using compo-
site materials has many challenges. The recent introduction of auto-
mated fiber placement (AFP) offers an efficient and accurate method for
placement and bonding of prepreg tows along curvilinear paths to ob-
tain variable stiffness properties that improve buckling performance
and increase first ply failure strength [2]. The ability to steer tows at
preferred orientation opens a wide range of design options for tailoring
properties in composite laminates. It has been shown by Gürdal et al.
[3,4] that orienting fibers within each lamina along optimal paths can
result in favorable stress distributions and improved performance of a
laminate for specific applications. Buckling analysis of variable angle

tow composites performed by Cheng et al. [5] and Wu et al. [6] has
shown that buckling resistance can be significantly improved by opti-
mizing the tow placement path.

To perform adaptive tow placement, modern AFP systems are
equipped with a computer controlled robotic arm to lay-up bands of
tows (8–32 bands) along predefined paths [7]. During the AFP process,
tows are heated via an infrared light source1 and adhered to a substrate
by using a compaction roller that applies pressure to the tow during
placement. Application of the compaction pressure improves adherence
of the heated tows by removing voids that tend to form in the laminate
during lay-up. Depending on the properties of the tow (prepreg tack,
elastic moduli of materials) and process parameters (contact pressure,
temperature, lay-up speed), there is potential to introduce defects
during manufacturing that compromises the strength and fatigue life of
the laminate. As noted in Ref. [8], there are a variety of deformation
mechanisms (intra-ply shear, tension and ply bending) that occur
during processing of continuous, aligned fiber systems, and these
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deformations will affect the quality of the resulting composite system.
For example, tows placed along curvilinear paths have an inherent
mismatch in length along the inner and outer radii, resulting in a nat-
ural tendency for the tow to separate and develop out-of-plane wrinkles
along the inner radius.

In addition to out-of-plane wrinkling due to length mismatch across
a tow, other common types of defects found in the steered tows [9] are
(a) localized delamination from the substrate, (b) splitting of tows due
to in-plane shear and (c) in-plane buckling. Identifying the ideal com-
bination of heating and local pressure to be applied during AFP of tows
steered along curvilinear paths is essential to increase adhesive strength
and maximize the quality of the as-placed tows so that the manu-
factured component will have optimal strength and fatigue life. De-
fining the “critical tow path” as that curvilinear path along which a tow
can be steered without incurring measurable localized out of plane
wrinkling or related defects, it is important that the minimum steering
radius (ρc) for the critical tow path [10] be determined.

Various measurement and modeling techniques have been devel-
oped in recent years in an attempt to identify the optimum process
parameters and quantify the critical ρc so that the number of defects in
the AFP steered laminates can be minimized. To measure in-situ tem-
perature and strain during the AFP process, Ebrahim et al. [11] used
two fiber Bragg grating (FBG) sensors between the 2nd and 3rd plies
that are placed at 15° angles relative to each other. Each FBG could also
act as a structural health monitoring system (SHM) to detect the effect
of flaws, while providing strain and temperature measurements. The
authors also showed that acoustic emission could detect the onset of
local flaw growth. The authors obtained temperature and strain data for
a CF/PEEK composite (10 plies) during placement of the 4th to 10th
plies. However, validation of the accuracy of measurements has yet to
be completed, an essential aspect of such experiments since placement
of the FBG sensors can have an adverse effect on the adhesion of a tow
to the substrate.

In addition to the experimental work noted above, there has been
considerable modeling effort directed towards prediction of the critical
radius of curvature. For example, Matveev et al. [12] formulated a
closed form solution to model wrinkle formation in steered tows with
different radii of curvature, ρ. Their analytical expression is based on
elastic buckling of an orthotropic plate on an elastic foundation. An
approximate solution to their model for wrinkle formation was ob-
tained by using the Raleigh-Ritz method. The authors also obtained an
expression for ρc. Beakou et al. [13] published similar work in which
the authors developed an approximate solution for the response of an
orthotropic plate on an elastic foundation to determine the critical
buckling load and minimum steering radius when there are simply
supported boundary conditions on three edges and a free boundary on
the edge where wrinkling occurs. The authors also performed sensi-
tivity analysis to show that the most important factors affecting critical
buckling load are prepreg tack and tow width. It is noted that (a) the
effect of delamination and viscoelasticity are not considered in either of
these analytical models, (b) neither model is able to predict in-plane
wrinkling or other defects and (c) neither the assumed in-plane load
distributions nor the assumed out-of-plane wrinkle shape has been va-
lidated experimentally.

Several finite element (FE) based models have also been developed
for determining conditions during thermo-forming operations that re-
sult in defect formation [14–17]. Recently Bakhshi et al. [18] used fi-
nite element modeling of the AFP process to predict various defects
observed during layup of a 6.35 mm wide tow on an aluminum sub-
strate. In their work, the tow was modelled as an elastic shell and co-
hesive zone modeling was used represent the adhesion of tow with the
substrate. Comparison of their model prediction with photograph of the
actual tow surface shows that the model was able to predict out of plane
wrinkling and localized delamination of the tow (blister). However,
neither the amplitude nor wavelength of the wrinkles were correlated

with the FE results. Comparisons of these FE model predictions to ex-
perimental observations are typically performed through qualitative
comparison of model predictions to photographs of the wrinkle shape/
defects without direct comparison of quantitative metrics which is an
indispensable part of FE model validation. The in-situ measurement of
tow response during AFP processing has yet to be demonstrated and is
the focus of the enclosed work.

Regarding experimental characterization, recent work has been
performed [19] by the authors using the StereoDIC non-contacting
measurement method to quantify the full-field deformations and
wrinkles that occur for thermoplastic tows that are steered along cur-
vilinear paths, but not adhered to the substrate. Results from this study
show that (a) uplift (wrinkling) occurs on the compressive side of the
tow for circular paths with radii of curvature, ρ, in the range
305 mm ≤ ρ ≤ 2540 mm, (b) the tensile side remains nominally flat on
the surface of the planar substrate and (c) the wrinkle mode shape is the
same for most specimen widths and various ρ. The lone exception is the
narrowest tow width (9.5 mm) and the smallest ρ = 305 mm, where the
uplifted shape flattens near the centerline as the tape rotates out of
plane by 900 and more, (d) the amplitude of wrinkling increases with
increases in ρ in all but the exceptional case noted above and (e) in-
creasing the temperature of the prepreg tape from 25 °C to 110 °C does
not alter the wrinkle shape, whereas increasing the temperature above
the glass transition temperature and within the range 150μC → 350 °C
results in reduced amplitude and localized kinking of the specimen near
midspan. With the exception of these recent studies, experimental data
for wrinkle shape, wrinkle spacing and full-field deformations in tows
that are placed and adhered to the substrate along curvilinear paths
does not exist.

Taking advantage of the developments presented in Ref. [19], the
enclosed work focuses on experimental characterization of the shape
and deformation of AFP processed tows that are adhered to the sub-
strate. StereoDIC [20–24], also known as 3D-DIC, is employed to obtain
full-field, three-dimensional surface displacement data on the tow
during AFP processing to improve our understanding of the mechan-
isms associated with wrinkling and other forms of defects. To this end,
an experimental setup is developed using StereoDIC to investigate
wrinkling modes and measure both the shape and deformation of as-
placed and adhered tows as a function of towpath steering radius of
curvature. In-contrast to conventional point-based measurements, Ste-
reoDIC provides full-field displacement and strain data which is ad-
vantageous when performing model validation and Finite Element
Model Updating [25]. The paper is divided into four sections. Section 1
provides a brief introduction, including some of the recently completed
background work. Section 2 describes the experimental process, in-
cluding details regarding the AFP and the experimental StereoDIC setup
employed to obtain deformation and shape measurements during pro-
cessing. Sections 3, 4 and 5 present the Experimental Results, Discus-
sion of Results and Summary of the findings, respectively. Section 6
acknowledges those contributing to the completion of the work and
Section 7 provides a list of references.

2. Experimental setup and procedures

2.1. Stereovision measurement system

A typical StereoDIC setup consists of a stereo camera pair, mounting
frame for the stereo cameras, tripod to mount the cameras and frame, a
calibration grid for the cameras, a dedicated computer with digital
image correlation software installed (VIC-3D) [26] and a suitable high
contrast speckle pattern on the surface of the tow. Since many of the
details regarding the stereovision system used in this study are similar
to those described in Ref. [19], a brief summary of the key camera and
lens parameters used in this work is given in Table 1. As noted in Ref.
[19], linear polarizing filters for both the LED light and the camera
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lenses are required for these studies since it is not possible to coat the
specimen surface and remove reflections2; additional coatings applied
to the tow (e.g. paint) altered the mechanical response of the flexible
tow. The linear polarizers are adjusted to remove strong reflections
from the images and provide a high contrast pattern with minimal re-
flectivity. Next, to obtain a white speckle pattern that could withstand
the wear and elevated temperature conditions associated with the AFP
process, two pattern application methods are evaluated. First, a fine
spray of high temperature white flat paint (stable up to a maximum of
700 °C) is applied to form a speckle pattern on the tow surface. The
natural black background on the tow surface with the white dots of
spray paint gave good contrast pattern on the tow surface. In the second
approach, white airbrush paint is applied with an airbrush system to
create a speckle pattern. Both types of speckle pattern are evaluated for
resistance to abrasion due to friction between the compaction roller and
other contact areas in the tow feed and guidance system inside the AFP
head. Both the high temperature paint and the airbrush paint are ob-
served to give similar abrasion and temperature resistance at the
maximum temperature that occurs during the automated fiber place-
ment process. Thus, both methods could be used effectively.3 Since the
authors found better control of the speckle pattern size using the air-
brush process, all speckle patterns used in this work are applied using
an airbrush. By varying the size of the airbrush needle, the average
speckle size is adjustable for a given application. The StereoDIC para-
meters4 selected for this work are shown in Table 2. Finally, the cali-
bration process followed the general procedure outlined in Ref. [19],
though the calibration target used in these studies had different phy-
sical dimensions. The calibration target dot size and spacing are given
in Table 1.

2.2. Data stitching for AFP experiments

To characterize the full-field behavior of a 6.35 mm wide by
610 mm long tow undergoing AFP processing, it is necessary to use
relatively high magnification imaging to obtain accurate deformations
across the width of the tow with available digital cameras.5 To obtain
the required spatial resolution over the complete length and width of
the tow, one of two methods is used; (a) Multiview stereo system

incorporating several stereo camera pairs to capture the complete
length of the tow or (b) Single stereo camera system used to capture
images by rigidly translating and rotating the system to acquire images
spanning the entire tow length. For the second method using a single
stereo camera pair, the tow remains stationary during the image ac-
quisition process for both the reference (pre-AFP) and deformed (post-
AFP) configurations. This is an important requirement for the single
camera stereo system, as there is a time lapse between each successive
image pair from one end to the other end as the stereo camera pair is
translated along the tow length. If the pre-AFP and post-AFP tow
lengths continue to move and are not stationary, the first method
(Multiview stereo system) should be used. In this work, it is observed
that the tow remained stationary in the reference and deformed con-
figurations for the duration of the image acquisition (30 s). Hence the
second method (b) is implemented in this work.6

As discussed in a recent book by one of the authors [27] and de-
monstrated conclusively in the first known experiment on a commercial
jet-liner in 1995 [28], once a stereovision system is calibrated, then the
stereo camera pair can be moved as a unit without affecting the cali-
bration or measurement accuracy. For this to be true, the relative po-
sition of the two cameras in the stereo vision system should be fixed and
the internal parameters in both cameras (e.g., focal lengths, distortion
correction parameters) should remain the same. To meet these re-
quirements, cameras typically are mounted on a rigid platform to en-
sure that no relative motion occurs between the two cameras.7 A
schematic of the image acquisition method implemented in this work is
shown in Fig. 1. The stereo images are numbered 1 to N, with 1 on the
left end and N for the right end of the tow. All the neighboring images
are configured to have an overlap of ∼15–20% of the field of view
(FOV). The speckle images of the overlap region are used to obtain the
rigid body coordinate transformation matrix between the two stereo
camera systems and align neighboring image coordinates. Since the
only difference between positions in the overlapped region obtained by
the stereovision system before and after repositioning is a general rigid
body motion, this observation can be used to “stitch together” common
regions and extract shape and deformation data from different portions
of the tow in a common coordinate system with relatively high spatial
resolution. The process outlined above is used to obtain overlapping
images for both the reference and deformed configurations of the tow.
It is noted that the authors placed markers on the tow surface to assist
in identifying the matching image sets in the reference and deformed

Table 1
Camera and lens parameters for stereovision system.

Camera and lens parameters

Camera 5 MP CMOS PointGrey camera, 2448 × 2048 pixels2 array
3.45 μm pixel size

Calibration 12 × 9 dot grid, 1.5 mm dot size, 5 mm dot spacing
More than 120 stereo image pairs

Lens Nikon Micro-Nikkor 25 mm focal length
Lens Filter Linear polarizer
Light Source LED with linear polarizing film
Lens Distortion 3rd Order Radial Distortion Correction

Table 2
StereoDIC parameters.

StereoDIC parameters

Subset size 25 × 25 pixels2

Step size 7 pixels
Filter type Center-weighted Gaussian filter
Strain Filter size 5 × 5 data points (area of 35 × 35 pixels2)
Strain measure Lagrangian large strain tensor definition for all strain

components
Field of view 114 mm × 95 mm
Magnification 0.045 mm/pixel
Average speckle size 0.15 mm

2 Any specular reflection from the measured surface will be detrimental to the
correlation of speckle images [27].

3 In this study, the maximum temperature of the tow during placement is in
the range of 40–50 °C and airbrush paint wis found be stable in this range, for
AFP/ATL process involving higher temperatures the high temperature resistant
paint may be required [19].

4 An estimate for the accuracy of the strain measurements using StereoDIC is
obtained by performing image correlation of multiple speckle images taken in
the reference configuration. Results confirm that the standard deviation in the
strain measurements for the parameters noted above is ∼150 με.

5 The field of view is much smaller than the physical length of the tow to
obtain the required measurement spatial resolution with available 5 MP digital
cameras. Thus, multiple high magnification images are obtained along the
length of the tow and used to extract deformation data spanning the entire tow
width and length.

6 A Multiview camera system could be used in this work. However, it is more
expensive, requiring several cameras and more sophisticated image acquisition.
Furthermore, a typical multiple camera system is arranged along a straight line
in the reference position, making it less flexible when imaging steered tows
having a range of radii of curvature.

7 In order to check whether the cameras remain calibrated, the authors re-
peated the calibration process after each movement of the stereo system and
compared the calibration parameters obtained before and after system move-
ment. Results indicated negligible difference between the parameters for our
studies, confirming that initial calibration parameters could be used to extract
reliable measurements.
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positions.8

The process outlined in the previous paragraph provides a direct
way to obtain the required full-field displacement and strain data along
the entire tow length. Straightforward analysis of the imaging process
in our studies confirmed that the maximum length of tow that can be
imaged while ensuring adequate spatial resolution across the width of
the tow is ∼114 mm. To obtain deformations along the entire length of
the tow, the camera pair is moved as a rigid body approximately 90 mm
a total of 8 times and images are acquired of adjacent regions with
∼20% overlap. Post-processing using a stitching process to relate ro-
tated and translated stereo camera coordinate systems is performed
using a built in Multiview option in VIC-3D [26] to combine all the full
field data along the entire length of the tow into a global coordinate
system. The general procedure for data stitching is as follows.

• Correlate the speckle images in the matching images sets of re-
ference and deformed coordinate system (for example image set 1
and 1′ shown in Fig. 1) to obtain displacement and strain data in the
reference image set coordinate system.

• Using the translation vector between the coordinate system and
transformation matrix obtained from the overlap region, transform
the displacement and strain data from all the image sets to the first
image set coordinate system. For the 3rd to Nth image sets this in-
volves multiple operations of transformation (AN1 = [A21]. [A32] ….
[AN(N-1)] where Aij is the transformation operation from jth image set
coordinate system to ith image set coordinate system).

2.3. AFP lay-up process and stereovision imaging

The prepreg slit tape used for AFP lay-up is a 6.35 mm wide Hexcel
IM7G/8552-1 unidirectional prepreg slit tape. A commercial AFP
system (Horizontal Lynx® AFP from Ingersoll Machine Tools) in the
McNair Aerospace Center at the University of South Carolina is used to

perform the fiber placement of tows along predefined paths using an
offline program. Four different fiber paths are programmed for lay-up
of tows including a straight path and three circular paths with
ρ = 2540 mm, 1270 mm and 305 mm. All process variables including
lay-up speed (2438 mm/min), temperature (40 °C) and compaction
force (200 N) are maintained throughout the layup process. All the tows
are placed on a substrate laminate of the same material [90/0/90].

To apply the speckle pattern and capture reference speckle images
(un-deformed configuration), tows are manually drawn from the ma-
chine head and straightened with light tension on a flat plate using
masking tape (see Fig. 2). After applying the speckle pattern to the
whole length of the tow, slightly overlapping images with FOV of
114 mm × 90 mm spanning the length of the tow are obtained in the
reference configuration. Once the entire length of the tow has been
speckled and imaged, the tow is rewound onto the spool in preparation
for AFP processing. For each tow path, speckle images spanning the
entire length of the tow, with up to 20% overlap between the images,
are captured just after the tow is placed on the substrate; the time re-
quired to obtain these images is less than 30 s. For investigating the
influence of time and the effect of heating during the placement of
neighboring tows on the already placed tow, the process is repeated to
capture additional set of images (a) one hour after placement and (b)
re-heating of the as-placed tow by exposing the specimen to the same
levels of heating as employed during the initial lay-up without me-
chanical loading.9 Heating is performed using the IR heating element of
the AFP system, which is brought very close to the steered tow (within
38 mm) as it is traversed along the length of the tow at 2438 mm/min.

Fig. 3 shows images of the four tows after undergoing AFP along a
straight path and along circular arcs with ρ = 2540 mm, 1270 mm and
305 mm. To combine the data obtained from multiple images for each
tow path and experimental condition, the stepwise shifting procedure
outlined in Section 2.2 is performed. Each set of deformed images is
compared with the reference (un-deformed) image set to obtain the

Fig. 1. Schematic of the image acquisition process.

8 The white markers added to the tow to assist in identifying corresponding
images in the reference and deformed configuration of the tow are larger than a
physical camera pixel size and spaced at an interval of 90 mm.

9 Reheating is performed immediately after measurement in (a) and DIC
measurement on the reheated tow is completed within 30 s.
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shape and out-of-plane deformations of the tow. For all experimental
results reported in the remainder of the article, analysis of the speckle
images is performed using commercial DIC software, VIC-3D [26], with
the StereoDIC parameters shown in Table 2.

3. Experimental results

3.1. Out-of-plane wrinkle shape after AFP lay-up along a straight path

The deformed shape of the entire tow length along the straight path
defined in Fig. 3 is shown in Fig. 4. As shown in Fig. 4, there is a clearly
visible, regular, repeating pattern of out-of-plane wrinkling located
every ∼100 mm along the length. Further investigation of this surface

profile confirms that these local variations in the shape of the straight
tow are due to the presence of gaps and overlaps in the as-manufactured
laminate substrate10 shown in Fig. 3. Thus, the observed local out-of-
plane wrinkle for the straight tow shown in Figs. 4–6 reflect the
structure of the substrate and are not indicative of wrinkling due solely
to deformation of the tow during placement.

Fig. 2. Photograph of the tool, initial layers of [90/0/90] composite substrate, AFP head and initial length of patterned, unspooled tow that is imaged before re-
spooling.

Fig. 3. Speckle images of four different tow paths. The top path is straight. The second and third paths from the top have ρ = 2540 mm and ρ = 1270 mm,
respectively. The fourth or bottom path has ρ = 305 mm. INSET: Geometry of as-fabricated composite substrate for AFP of tows. Overlap of the substrate tows occurs
every 100 mm in horizontal direction, resulting in periodic “defects” in tow substrate.

10 The laminate substrate is fabricated by placing sixteen, 6.35 mm tows side-
by-side in one pass using the AFP system and then repeating this process by
moving the AFP head in a raster pattern.
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3.2. Out-of-plane wrinkle shape after AFP lay-up along three curved paths

Figures 7-8, 9-10 and 11-12 show the shape of the tows steered
along circular paths with ρ = 2540 mm, 1270 mm and 305 mm, re-
spectively.11 Comparison of the out of plane displacements along the
length of tows for ρ = ∞, 2540 mm, 1270 mm and 305 mm are shown
in Fig. 13. As shown in Fig. 13, all four tows experienced local

wrinkling at the four locations where laminate substrate defects are
present. Thus, the relatively small laminate substrate imperfections, on
the order of the tow thickness of 0.100 mm, act as nucleation cites for
local wrinkling in all cases.

For ρ = 2540 mm and 1270 mm, inspection of Figs. 7, 9 and 13
shows that, to a reasonable approximation, other than the wrinkles due
to imperfections in the substrate, there are no large wrinkles in the tow
after placement for either case. However, additional inspection of
Fig. 13 for ρ = 1270 mm indicates that there are several small ampli-
tude local wrinkle initiation sites (wrinkle height < 0.080 mm). Since

Fig. 4. Shape of the tow after placement along a straight path.

Fig. 5. Out-of-plane deformation map of the straight tow in the region highlighted by rectangular box in Fig. 4.

Fig. 6. Out-of-plane deformation along length of a straight tow. Plot corresponds to displacements along a line 1 mm above the bottom edge).

11 The imperfections due to the overlapping tows in the substrate are also
present in each of these cases.
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the amplitude is much larger than the StereoDIC measurement varia-
bility for w(x,y,z) of 0.006 mm, these smaller, separate wrinkles are not
entirely noise in the data but appear to be due to a combination of
substrate surface variations and initiation of tow wrinkling due to local
conditions including tow deformation.

For the smallest radius of curvature, ρ = 305 mm, there is a

remarkable difference in the wrinkle amplitude and frequency. Here,
the number and amplitude of new local wrinkles that are not due to
substrate defects have increased significantly. Magnified views of the
interaction of the local substrate imperfections and the deformation of
the tow for ρ = 305 mm are shown in Figs. 12 and 14. Defining the
measured distance between the peaks of adjacent wrinkles as the

Fig. 7. Shape of the tow after placement along a circular path with ρ = 2540 mm.

Fig. 8. Out-of-plane deformation map of the tow in the region highlighted by rectangular box in Fig. 7 for ρ = 2540 mm.

Fig. 9. Shape of the tow after placement along a circular path with ρ = 1270 mm.
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wavelength, λ, and the width of the wrinkle as the wrinkle width, lw,
Table 3 presents the average value and variation of λ and lw for
ρ = 2540 mm, 1270 mm and 305 mm. Here, it is shown that as ρ de-
creases from 1270 mm to 305 mm, the mean value of wrinkle wave-
length decreases by 1.5X. For wrinkles formed at substrate overlap lo-
cations, the amplitude increases by 2X and the wrinkle width increases
by 1.16X. For wrinkles formed outside the substrate overlap regions, as

ρ decreases from 1270 mm to 305 mm there is an order of magnitude
increase in the amplitude and width of the wrinkles. With regard to λ,
as shown in Table 3 there is relatively consistent wrinkle wavelength
for ρ = 1270 mm, and much wider variability in wavelength for
ρ = 305 mm. These experimental results indicate that high radii of
curvature provide results that are nominally consistent with previous
theoretical model predictions [12,13], whereas lower radii of curvature

Fig. 10. Out-of-plane deformation map of the tow in the region highlighted by rectangular box in Fig. 9 for ρ = 1270 mm.

Fig. 11. Shape of the tow after placement along a circular path with ρ = 305 mm.

Fig. 12. Out-of-plane deformation map of the tow in the region highlighted by rectangular box in Fig. 11 for ρ = 305 mm.
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show much more variability in wrinkle wavelength. The low variability
and consistency in the wrinkle wavelength for high values of ρ are
nominally consistent with conditions that are used in typical plate/
beam on elastic foundation models that are limited to relatively small
deformations and displacements. The increased variability in λ for
smaller ρ indicates that additional nonlinearities are present in the
mechanics of wrinkle formation that are not included in these models.
Variability in the wavelength of wrinkles is also reported in Ref. [18],
where the authors placed 6.35 mm tows along curvilinear paths with ρ
in the range of 558.8 –2032 mm with wrinkles observed for
ρ = 558.8 mm and 635 mm.

3.3. Time and temperature effect on the wrinkled shape of tow: full-field
displacement and deformations for ρ= 305mm

In order to investigate viscoelastic effects of the tow, a separate
experiment is carried out for a tow that is placed at ρ = 305 mm. The
substrate imperfections due to overlap and gaps are minimized in this
lay-up process by improving the substrate quality. This reduced varia-
bility in the wrinkle wavelength compared to the previous experiment
(compare Figs. 13 and 16). Fig. 15 shows the out-of-plane displacement
fields for a magnified region of the tow that has been steered with
ρ = 305 mm at three specific stages. The in-plane coordinates shown in
each figure correspond to the reference material directions for the tow

prior to placement. Fig. 15a 12 shows the stage one conditions where
the out of plane displacement data is obtained immediately after lay-up
of the tow. Fig. 15b shows the out of plane displacement data obtained
one hour after lay-up. Measurements in Fig. 15c are obtained just after
re-heating of the tow occurred when the AFP heat source passed by
close to the tow path. To simplify comparison of the data shown in
Fig. 15, results for the complete length of the tow along a horizontal
line located 1 mm above the lower tow edge on the compressive side of
the tow are shown in Fig. 16.

4. Additional discussion of results

The out-of-plane wrinkle shapes for the AFP manufactured tow
shows significant differences from the wrinkle shapes of tows when
there is no adhesion [19]. When there is no adhesion, it was shown that
wrinkling occurs on the compressive side of the tow and only a single
wrinkle occurs along the entire length of the tow, when adhesion is
present, multiple wrinkles are formed on the compressive side.

If the adhesion is of sufficient strength to prevent uplift on the
tensile side of the tow, the relatively inextensible carbon fibers on the
tensile side are sufficiently restrained to remain in plane. In this case,
the fibers tend to slide transversely towards the neutral surface, redu-
cing the distance between them while minimizing the axial strain in the
fibers. The “macroscopic” transverse Lagrangian strain associated with
the observed sliding of fibers is shown in Fig. 17 for ρ = 305 mm.

As noted in the previous section, the wrinkle shapes and wrinkle
positions in tows with ρ = 305 mm during the AFP process are much
more complex (see Figs. 13, 15 and 16) than the assumed shape used for
analytical modeling in the published literature [12,13], with non-line-
arities such as the interaction of prepreg tow wrinkling deformation
with highly nonlinear cohesive forces between the uncured tow and the
laminate substrate contributing to the measured wrinkling response. As
shown in the measurements in Fig. 13 and highlighted previously, ex-
isting surface defects on the substrate act as nucleation sites for local
wrinkling of the tow, most likely due to the lack of adhesion between
the substrate and the tow at such locations. For smaller ρ, the substrate-
induced wrinkles are supplemented by additional wrinkling sites. When
the tow is steered with ρ = 305 mm, eighteen local wrinkle locations
are observed over a length of 400 mm of the tow, with an average
wavelength of 21.30 mm and a standard deviation in the wavelength of

Fig. 13. Comparison of out of plane deformation along the length of tows placed with ρ = ∞, 2540 mm, 1270 mm and 305 mm. Plot corresponds to displacements
along a line that is 1 mm above the bottom edge of the reference configuration in Fig. 1.

Fig. 14. Effect of gap and overlap in the substrate on the deformation for tow
placed with ρ = 305 mm.

12 Displacement data shown in Fig. 15a, b and c are between horizontal axis
position of 165 mm and 240 mm. This region is a subset of the displacement
data along the entire tow length that is shown in Fig. 16.
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12.93 mm. The average wavelength observed is nominally consistent
with results in Ref. [12]. Though quantitative data on the variability in
the wavelength is not available in the published literature, photographs
of the wrinkle pattern in Ref. [12] indicate a non-uniform spacing of the
wrinkles. The presence of variability in the frequency of occurrence of
wrinkles also is reported in Ref. [18].

Results from a second lay-up experiment with reduced substrate
overlaps and gaps (Fig. 16) show that the number of wrinkles increases
(wavelength decreases) and variability in the wrinkle spacing decreases
compared to the first lay-up experiment on a substrate with significant

overlaps and gaps (Fig. 13). In addition, the average amplitude and
width of the wrinkles decreases in the second lay-up experiment. A
plausible reason for the lower number of wrinkles with increased am-
plitude and width at substrate overlap locations in the first experiment
is that the measured larger lw values results in additional energy release
in these regions and less energy available to initiate new wrinkles.

As shown in Fig. 16, during the first hour after placement, tow wrinkle
amplitude increases as the temperature of the tow reaches ambient levels in
the laboratory. After the tow is re-heated without additional mechanical
loading, there can be marked changes in the out-of-plane wrinkle shape for

Fig. 15. Out-of-plane deformation map of a portion of the tow with ρ = 305 mm (a) immediately after placement (b) one hour after placement and (c) after applying
heating to the tow. The portion of the tow is between 165 mm and 240 mm from the left end of the tow in the reference configuration.

Fig. 16. Out-of-plane deformation along a line 1 mm above the bottom edge of the reference configuration for ρ = 305 mm. INSET: Magnified portion of the
displacement plot showing merging of two wrinkles. Region beyond 320 mm separated from substrate just before one hour so no additional measurements available.

Table 3
Average wavelength, amplitude of wrinkles for different radii of curvature.

ρ (mm) Number of wrinkles for length of
400 mm

Wavelength λ (mm) Width lw (mm) Amplitude (mm) Remarks

∞ 4 100.10 ± 0.63 6.62 ± 0.97 0.136 ± 0.033 Wrinkle only at substrate overlap locations.
2540 4 101.14 ± 0.66 6.02 ± 1.61 0.172 ± 0.045 Wrinkle only at substrate overlap locations
1270 12 102.09 ± 0.61

30.25 ± 8.89c
7.80 ± 1.45
1.45 ± 0.75a

0.296 ± 0.145
0.062 ± 0.022a

Four wrinkles at substrate overlap locations.
Eight small amplitude wrinkles at non-overlap substrate locations

305
305

18
22b

106.57 ± 1.36
21.30 ± 12.93c

15.55 ± 7.14b

9.04 ± 2.87
8.03 ± 1.77a

7.26 ± 2.32b

0.644 ± 0.242
0.488 ± 0.308a

0.504 ± 0.324b

Four wrinkles at substrate overlap locations. Twelve wrinkles at non-
overlap substrate locations.
Twenty-two wrinkles observed at non-overlap substrate locations.b

a Wrinkles at non-overlap substrate locations.
b Tow lay-up on a substrate with reduced overlaps and gaps.
c Mean and standard deviation of wavelength calculated by considering all the wrinkles at substrate overlap and non-overlap locations.
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the tow. For example, as shown in Fig. 16, two of the adjacent wrinkles
merge into one large wrinkle. These experiments show that time and
temperature-dependent properties of the binder material can influence the
amplitude and coalescence of adjacent wrinkles, especially when fibers are
steered at smaller radii of curvatures. Though the amplitude of the wrinkles
increased with time, no new wrinkles are observed to form during the first
one hour. In this regard, careful observation of the layup process showed
that the wrinkles initiate immediately after the roller pressure is released.
Hence, the experimental evidence strongly suggests that the initiation
“toughness” for wrinkle formation will not be a function of time.

Though the primary focus of this work is related to quantifying
wrinkling as a function of radius of curvature during AFP, additional
commonly observed defects during tow placement include (a) bunching
of fibers, (b) folding over of tows during placement and (c) crack for-
mation/matrix failure; Fig. 18 shows photographs of these defects,13 with
Fig. 18a showing a severe case of fiber bunching combined with matrix
failure. In our definition of fiber bunching, the results in Fig. 17 for the
transverse strain are an indicator that “fiber bunching” is occurring in our
experiments. In addition, as shown in Fig. 18b and c, the investigators
also observed both tow fold-over and fiber-matrix cracking during these

studies. The defects shown in Fig. 18a and b are mainly observed in re-
gions of poor adhesion of the tow with the substrate. The separation and
crack formation shown in Fig. 18c are a function of the relatively weak
uncured tow matrix and the presence of modest transverse tensile strains
on the side closer to the inner radius. Another form of defect, in-plane
wrinkling, is reported in Ref. [18]. However, for the selected radii of
curvature, tow materials and process parameters, our experiments do not
show any indication of in-plane wrinkling based on the measured strain
or displacement data. One of the reasons for occurrence of in-plane
wrinkles in Ref. [18] could be due to the low adhesion of the tow with the
aluminum tool, whereas in our layup experiments, the tows were placed
on a substrate of the same material. The absence of indications of in-plane
wrinkling suggests that this could be caused by higher energy being re-
quired to overcome the bonding stresses for inducing in-plane wrinkling
(when compared to conditions for out of plane wrinkling and other forms
of deformation seen in our experiments).

5. Summary

For the first time, an experimental investigation using StereoDIC to
obtain in-situ measurements is presented quantifying out-of-plane
wrinkle formation and in-plane deformations occurring in prepreg slit
tape during automated fiber placement (AFP) and adherence of tows to a
composite laminate substrate. The methodology is employed to obtain
deformation of 6.35 mm wide thermoset prepreg tow after lay-up using

Fig. 17. Transverse Lagrangian strain map on the surface of the tow immediately after placement with ρ = 305 mm for the region shown in Fig. 15. The arrows
represent mapping of the material points from the reference to deformed configuration.

Fig. 18. Commonly observed defect other than wrinkling in tows steered along curvilinear paths such as (a) fiber bunching, (b) fold over and (c) matrix failure.

13 Since these defects result in either obscuring or damage of the speckle
images beyond recognition, correlation of the deformed and reference speckle
images is difficult.
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AFP process to understand the effect of steering radius of curvature, ρ,
time and temperature on wrinkle formation. The tow lay-up process is
performed for a range of ρ using an industrial-scale AFP machine
(Horizontal Lynx® AFP from Ingersoll Machine Tools), with full field
three-dimensional tow shape and surface deformation measurements
performed (a) immediately after lay-up of the tow, (b) one hour after lay-
up and (c) shortly after applying heating to the already placed tow by
traversing the AFP head with infrared heat source close to the tow path.
Results from our experimental studies give the following observations.

• Tow wrinkling is observed in all tows at each location where the
underlying laminate substrate showed surface defects such as tow
overlaps and gaps.

• For straight paths and for a circular path with radius of curvature,
R = 2540 mm, no additional out-of-plane wrinkles are observed
away from the tow overlap locations.

• For circular paths with R = 1270 mm and 305 mm, additional
wrinkles are observed with mean wavelengths of 30.25 mm and
21.3 mm with standard deviations of 8.89 mm and 12.93 mm, re-
spectively. The amplitudes of the additional out-of-plane wrinkles
for R = 1270 mm are on the order of the thickness of the tow.
However, for R = 305 mm, the amplitudes of the wrinkles are an
order of magnitude larger.

• For the shortest radius of curvature (R = 305 mm), the lay-up pro-
cess is performed (a) on a substrate having defects (overlaps) at
intervals of 100 mm and (b) on a substrate with no defects. For AFP
lay-up trial (a), the wrinkle wavelength showed larger variability;
mean value of 21.30 mm with a standard deviation of 12.93 mm. For
trial (b) that had no surface defects, the mean wavelength is
15.55 mm with a standard deviation of 7.14 mm. The variability in
the wavelength of wrinkles cannot be predicted by existing wrinkle
models [12,13] that assumes a uniform spacing.

• During the first hour of lay-up, tow wrinkle amplitude increases to
almost twice the amplitude of the wrinkle immediately after pla-
cement, apparently due to viscoelastic effects in the prepreg tack.
However, the wrinkle mode shapes remain the same.

• After applying heating to the steered tow, wrinkles which are close
to each other tend to merge into one large wrinkle, apparently due
to considerable loss in stiffness of the cohesive layer between the
tow and substrate.

Currently, a non-linear finite element-based model incorporating a
mixed mode cohesive traction-separation relationship for modeling the
tow-substrate interaction is ongoing. Since the simulations require the
mixed mode traction-separation relationship for the bonded tows, the
authors are also developing a novel specimen to perform mixed Mode I/
II experiments with the tows. Results from these ongoing studies will be
the subject of future publications.
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