,ﬁ Structural Durability & (Térch Science Press
l Health Monitoring '

https://doi.org/10.32604/sdhm.2026.083081

ARTICLE Check for

updates

Numerical and Experimental Investigation of Focused Ultrasonic Wave
Interaction with Out-of-Plane Fiber Waviness in CFRP Laminates

Pulkit Kumar, Junzhen Wang" and Daniel J. Barnard

Center for Nondestructive Evaluation, Iowa State University, Ames, IA, USA
*Corresponding Author: Junzhen Wang. Email: junzhenw@iastate.edu
Received: 28 March 2026; Accepted: 09 June 2026; Published: 23 October 2026

ABSTRACT: Quantitative characterization of non-uniform out-of-plane fiber waviness in carbon fiber reinforced
polymer (CFRP) laminates remains a significant challenge in ultrasonic testing-based nondestructive evaluation
(NDE). To elucidate the distinctive interaction mechanisms between a focused normal-incidence ultrasonic wave and
embedded wrinkle defects, this study presents a systematic numerical and experimental investigation. Two-dimensional
multi-physics finite element models are initially developed to reveal the wave scattering features induced by both
convex and concave waviness. The models explicitly account for both the geometric variation of fiber waviness and the
accompanying resin-rich and resin-poor zones. In addition, immersion ultrasonic pulse-echo C-scan and pitch-catch
A-scan experiments are conducted to validate the numerical predictions. The C-scan approach, employing a focused
ultrasonic beam incident on the top surface of the composite plate, enables the successful imaging of spatially varying,
successive convex and concave waviness regions. Analysis of the pulse-echo A-scan responses reveals that the temporal
signals obtained from convex waviness exhibit greater similarity to those from pristine laminates than those generated
by concave waviness. Furthermore, shifts in the resonance frequencies effectively capture local changes in the effective
ply thickness caused by waviness-induced geometric variations. The experimentally obtained scattering patterns show
remarkable agreement with the simulation results, highlighting the additional lateral scattering phenomena associated
with convex waviness. These results demonstrate that the wave scattering features induced by non-uniform out-of-plane
fiber waviness can serve as reliable indicators for wrinkle detection. Furthermore, the findings of this work provide
valuable insights for the development of more effective ultrasonic inspection strategies for characterizing out-of-plane
fiber waviness in CFRP laminates.

KEYWORDS: Ultrasonic testing; fiber waviness; carbon fiber reinforced polymer; wave scattering; nondestructive
evaluation; numerical simulation

1 Introduction

Carbon fiber reinforced polymer (CFRP) composites are widely used in mechanical, automotive,
aerospace, marine, and civil engineering applications [1]. They offer not only a high strength-to-weight
ratio but also exceptional mechanical properties, such as high stiffness and strong corrosion resistance [2].
However, manufacturing imperfections may arise during fabrication [3], among which fiber waviness is one
of the most common defects. Fiber waviness can occur due to factors such as fiber misalignment during layup,
residual stresses generated during curing, or thermal expansion mismatch between the fiber and matrix
constituents [4]. Consequently, these defects can significantly degrade the overall structural properties and
performance of CFRP laminates.
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Depending on the orientation, fiber waviness can be generally classified as in-plane and out-of-plane [4].
Out-of-plane fiber waviness exhibits wrinkle-like distortions extending through the laminate thickness
direction. It is reported that such wrinkles are often prone to form in regions with internal radii, where
reduced consolidation pressures may occur due to the bridging of the vacuum bag during the manufacturing
process [5]. In contrast, in-plane fiber waviness is characterized by fiber undulations within the laminate
plane [6]. Furthermore, based on their geometric configurations, waviness can be categorized as uniform
or non-uniform, with the latter often referred to as graded waviness [5]. This study focuses on embedded
non-uniform out-of-plane fiber waviness [7], which cannot be directly observed from the external surface
and is therefore more challenging to detect compared to surface-visible waviness defects.

A wide range of nondestructive evaluation (NDE) methods have been proposed for the inspection
of out-of-plane fiber waviness in CFRP laminates, including micro-CT X-ray imaging [8,9], eddy current
testing [10,11], microwave imaging [12], shearography [13], and ultrasonic testing [14-16]. Among these
techniques, ultrasonic testing offers several advantages, such as high sensitivity to internal defects, deep
penetration capability, and relatively low inspection cost. For example, Chakrapani et al. [17,18] employed
ultrasonic Rayleigh waves to quantify out-of-plane marcel defects in thick composites based on variations
in time-of-flight measurements. However, their capability to resolve deeply embedded waviness is limited,
particularly in thick composite laminates with complex internal architectures. On the other hand, most
existing studies have focused on utilizing bulk waves to evaluate wrinkle characteristics across structural
cross-sectional slices. Pain and Drinkwater [19] extracted the average scattering matrix associated with fiber
waviness using a contact ultrasonic array. Later, Larrafiaga-Valsero et al. [20] compared the full matrix
capture (FMC)/total focusing method (TFM) approach with phased array and single-element immersion
techniques, demonstrating that the FMC/TFM method provides improved diagnostic performance for
waviness detection. More recently, further improvements in wrinkle imaging efficiency and noise reduction
have been achieved through the gradual phase shift migration algorithm applied to FMC data processing [21].

In addition to experimental investigations, numerical approaches have also been employed to elucidate
the mechanisms of interaction between incident ultrasonic waves and out-of-plane fiber waviness. Zhang
et al. [22] conducted finite element simulations showing that fiber waviness and thick resin-rich layers can
disturb the wave-propagation path and cause wave-vector deviation in interply reflection signals. In addition,
Liu et al. [23] numerically discovered that the echo signals from conventional single-sided B-mode scanning
gradually attenuate and deviate significantly in the presence of wrinkle defects. To address this challenge,
they proposed a double-sided inverse-variance weight-synthetic phase B-mode imaging method for more
accurate characterization of wrinkle defects. These numerical modeling approaches provide useful insights
into the mechanisms of wave-waviness interaction, which are often difficult to capture through experimental
measurements alone.

It should be noted that most existing studies focus on uniform or artificially introduced waviness
defects [19,24], which are highly idealized and may not adequately represent the accidental or spatially
varying nature of fiber waviness encountered in practical composite structures. Consequently, a knowledge
gap still exists regarding the interaction mechanisms between ultrasonic waves and embedded non-
uniform out-of-plane fiber waviness. This research investigates the generation, propagation, interaction with
both convex and concave waviness, and reception of normal-incidence focused ultrasonic waves, whose
effectiveness has been demonstrated in previous studies [20,23]. In particular, the directivity-dependent
scattering behavior induced by wrinkle defects is examined through both numerical simulations and
experimental measurements. To the best of the authors’ knowledge, the scattering characteristics associated
with embedded non-uniform out-of-plane fiber waviness under focused ultrasonic inspection have not
yet been systematically investigated in existing ultrasonic NDE studies. The findings of this work may
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provide valuable insights into designing effective ultrasonic inspection systems for the characterization of
out-of-plane fiber waviness in CFRP laminates.

The remainder of this paper is organized as follows: Section 2 introduces the research methods employed
in this study, including finite element modeling (FEM) and ultrasonic experiments. Section 3 illustrates
the numerical and experimental results regarding waviness-induced pulse-echo responses and scattering
behavior. Finally, some conclusions and future work are drawn in Section 4.

2 Methods
2.1 Finite Element Modeling

Finite element simulations are initially carried out using COMSOL Multiphysics to elucidate the
generation, propagation, interaction with out-of-plane fiber waviness, and reception of focused ultrasonic
longitudinal waves. In this study, both convex and concave waviness profiles are considered, with correspond-
ing numerical models displayed in Fig. 1a,b, respectively. The lower CFRP plate has a thickness of 6.4 mm and
consists of 32 plies with a layup sequence of [+45/90,/0/903/0/90,/+45/90/+45]s. Specifically, the thicknesses
of each fiber ply and resin interlayer are 0.18 and 0.02 mm, respectively. The material properties of the 0° ply
are adopted from the experimental data reported in Ref. [25], while the material properties of the resin layer
are obtained from Ref. [22]. Table 1 summarizes the material properties of the 0° ply, resin layer, backing layer,
and matching layer. The focused transducer is modeled using the COMSOL built-in PZT-5H piezoelectric
material properties. The water environment between the matching layer and the composite plate is assumed
at room temperature, with a sound speed of approximately 1500 m/s.
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Figure 1: Two-dimensional finite element models of normal-incidence focused ultrasonic wave propagation in a CFRP
plate with non-uniform out-of-plane fiber waviness: (a) Convex waviness laminates; (b) Concave waviness laminates.
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Table 1: Material properties used in FEM.

E B E G, G G p
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) Xy e yz (kg/m®)
CFRP (0° ply) 17322 13.32 13.32 6.26 6.26 5.01 0.204 0.204 0.329 1640
Resin layer 4.67 4.67 4.67 1.70 1.70 1.70 0.370 0.370 0.370 1301
Backing layer 10.42 10.42 10.42 3.95 3.95 3.95 0.318 0.318 0.318 6580
Matching
layer

Material

21.28 2128  21.28 8.41 8.41 8.41 0.266 0.266 0.266 2280

The non-uniform out-of-plane fiber waviness is introduced within the central region of the CFRP plate,
while the two lateral regions are modeled as pristine (wrinkle-free) laminates. Particularly, the plies are
locally compressed toward the top surface for convex waviness (Fig. 1a), whereas they are correspondingly
stretched for concave waviness (Fig. 1b). Besides, the thickness of each resin interlayer varies with the local
fiber curvature, thereby mimicking the resin-rich and resin-poor regions formed around the waviness defect.
The focused PZT transducer is modeled by a curved strip to facilitate acoustic focusing at the top surface of
the composite plate. A backing layer with a low-reflecting boundary condition [26] is incorporated to absorb
backward-propagating wave energy, and a matching layer is deployed to enhance acoustic transmission
into the water domain. Consequently, the numerical model accounts for the fully coupled interactions
among acoustic, structural, and piezoelectric fields. The outer boundaries of both the water domain and the
laminates are constructed as perfectly matched layers (PMLs) to suppress boundary reflections and prevent
contamination of the scattered wave field [27]. In addition, a series of sensing points is distributed within the
water domain to record the scattered acoustic pressure responses induced by the wrinkle defect.

It should be noted that the finite element models are constructed based on the plane-strain assump-
tion. Such a 2D approximation assumes negligible structural geometric and material variations along the
y-direction. Moreover, in practice, a focused beam generated by a finite-aperture transducer exhibits 3D
diffraction effects, leading to reduced focal intensity and modified scattering amplitudes compared with an
idealized 2D representation. Therefore, the 2D model may overestimate the scattered-wave amplitude near
the focal region [28].

The excitation waveform is a Gaussian-modulated sinusoid signal centered at 7.5 MHz. This frequency
is tailored based on the ply resonance theory [29]

c 2850m/s
f= 5= S o = 7125 MHz 1)
where ¢ denotes the longitudinal wave velocity in the composite ply and h stands for the ply thickness.
Accordingly, the time step is determined to provide twenty sampling points per cycle of the excitation
frequency, and the mesh size is set to one-tenth of the acoustic wavelength in water [30]. These parameters
are sufficient to ensure the computation accuracy. Furthermore, Eq. (1) implies that the resonance frequency
would become higher when it comes to the convex waviness case due to the decreased effective local
thickness, whereas it shifts lower for the concave waviness owing to the increased effective local thickness.

In this study, the severity of non-uniform waviness is defined based on the most distorted ply, namely
the 11th ply in Fig. 1a and the 10th ply in Fig. 1b. Fig. 2a depicts the corresponding waviness profiles. The
waviness is characterized by the following formulation
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(2)

{a cos ( ox ) , Convex waviness
7=

a [1 — Ccos (%)] ,  Concave waviness

where a stands for the waviness height and / represents the waviness width. In addition, the aspect ratio y
can be defined as [18]

y=- (3)
a
Accordingly, the aspect ratio considered in the numerical simulations renders 10. It can be noted that
the waviness condition becomes more severe as y decreases. Besides, the waviness angle, which describes the
variation of fiber orientation in the xz plane, can be expressed as [23]

dz na . [7Tx
0 = arctan — = +arctan [— sin (—)] (4)
dx ! l

where —1 corresponds to the convex waviness case, and +1 corresponds to the concave waviness case. Fig. 2b
illustrates the corresponding angle details. Thus, the maximum waviness angle occurs at the two ends of
the waviness region. In numerical models, such variations in ply angle are implemented by introducing a
locally rotated coordinate system within the corresponding ply. Therefore, the non-uniform out-of-plane
fiber waviness constructed in this research captures not only interply thickness variations but also changes
in ply angles and localized resin-layer thickness. In contrast, the ply orientations (i.e., 0°, +45°, and 90°) are
established with respect to the global coordinate system.

Convex waviness 20

Convex waviness

z (mm)
0 (degree)

2 1 0 1 2 2 1 0 1 2
x (mm) x (mm)
(a) (b)

Figure 2: Waviness diagrams: (a) Profile; (b) Angle.

2.2 Experiments

In order to validate the numerical modeling results, immersion ultrasonic experiments were conducted.
The wrinkle specimen was provided by the Inspection Development Group of Northrop Grumman. Fig. 3
shows the top (Fig. 3a) and side (Fig. 3b,c) views of the CFRP sample. The specimen is 6 mm thick and has the
same layup as the numerical model. A strip of tape was adhered to the top surface to enhance visual contrast
with the waviness defect. It also serves as a fiducial marker that allows precise measurement of the distance
between the waviness and the tape edge in both the physical sample and the scan images. Two tight-radius
corners exist in the xz plane of the sample, extending along the y direction. The wrinkle region is located near
one of these corners, and its trajectory is not parallel to the y axis. To be specific, it is closer to the corner on
the left side (Fig. 3b) and nearer to the tape boundary on the right side (Fig. 3¢). It can be observed that the
non-uniform out-of-plane fiber waviness consists of continuous convex and concave patterns. In addition to
the wrinkle defect, a 45° ply overlap can be noticed near the top surface, which may have been introduced
during the fabrication process.
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Figure 3: Out-of-plane fiber waviness CFRP sample: (a) Top surface with an adhesive tape; (b) Left view; (c) Right
view.

Fig. 4 depicts the microscopic images of the out-of-plane wrinkle defects observed on both sides of
the CFRP sample. The images show that the waviness defects are oblique, as the most distorted fibers
are not aligned with the z-direction. The aspect ratio y was characterized to be approximately 11 for
the wrinkle defects located in the 0° plies on both sides of the specimen. It should be noted that this
experimentally characterized aspect ratio (y ~ 11) introduces a slight discrepancy from the aspect ratio
adopted in the numerical simulations (y = 10). However, selecting y = 10 enables more efficient and robust
implementation of the non-uniform wrinkle geometry in the numerical model while maintaining close
agreement with the experimentally observed defect morphology. In addition, resin-rich layers can also be
noticed, predominantly between the +45° plies.

w=~Richresin -

(a) (b)
Figure 4: Microscopic images of out-of-plane fiber waviness defects: (a) Left view; (b) Right view.

Two types of immersion ultrasonic experiments were carried out to fully capture the wave scattering
characteristics induced by non-uniform out-of-plane fiber waviness. Fig. 5a presents the first C-scan experi-
mental setup, which operates in pulse-echo mode using a single transducer as both transmitter and receiver.
The transducer has a center frequency of 10 MHz, a diameter of 0.5 inch, and a focal length of 6 inches. It
should be noted that this transducer is also capable of capturing the response of the frequency component
illustrated in Eq. (1) owing to its 6 dB frequency bandwidth [21]. The focal point was positioned on the top
surface of the CFRP plate. A UT340 pulser/receiver system from UTEX Scientific Instruments Inc. was used
for the immersion experiments. The excitation amplitude was set to 100 V, and a 10 dB gain was applied in
the receiving mode. A rectangular area of 6 inches x 3 inches was scanned with a spatial resolution of 0.05
inches in each of the x and y scan directions, and the sampling rate was 125 MHz.
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Figure 5: Diagrams of experimental setup: (a) Immersion C-scan for waviness imaging; (b) Immersion A-scan for
waviness-induced scattering investigation.

Fig. 5b shows the second immersion A-scan experimental setup, which operates in pitch-catch mode
using two transducers. The transducer used in the C-scan experiment served as the receiver, while the
transmitter was a 10 MHz probe with a 0.5-inch diameter and an 8-inch focal length. The focal points of both
transducers were aligned at the same spot on the top surface. To compensate for the relatively weak scattered
signals near the plate, a 50 dB gain was applied in the receiver. The position and angle of the receiver were
controlled using a two-dimensional gimbal, enabling measuring scattered waves in the xz plane on both sides
of the transmitter. Due to geometric constrains of the setup, scattering angles ranging from 30° to 70°, with
an increment of 5°, were achieved on each side of the transmitter. In addition, measurements were performed
at two representative locations corresponding to the pristine region and the convex waviness region.

3 Results and Discussions
3.1 Normal-Incidence Pulse-Echo

The piezoelectric transducer generates a normally incident longitudinal wave, which propagates
through the water medium and gradually focuses on the top surface of the CFRP plate. Upon entering
the plate, partial reflections take place, propagating toward the transducer and producing front-wall echo
signals. When the incident wave interacts with the waviness defect, more complex wave phenomena arise,
including transmission, reflection, refraction, scattering, and mode conversion [22]. Fig. 6 displays the
reflected and scattered wave components in the water domain. Front-wall echo patterns can be noticed in
both the convex and concave waviness cases. For the convex waviness case (Fig. 6a), additional backscattered
wave patterns are evident on both lateral sides of the front-wall echo. In comparison, no obvious lateral
backscattering is found in the concave waviness case (Fig. 6b). Instead, the dominant scattered components
are concentrated near the normal-incidence direction and follow the front-wall echo. It can be inferred that
these scattered wave components originate from the interaction between the incident wave and the curved
waviness interfaces. Physically, the convex curvature tends to defocus the backscattered waves, resulting
in a broader angular distribution, while the concave curvature focuses the backscattered waves toward the
transducer, leading to energy concentration near the normal-incidence direction. Subsequently, the front-
wall echo, together with the scattered waves, is received by the transducer, forming the pulse-echo signal.
From the snapshots, it can be seen that the PMLs perform effectively, as no apparent wave reflections from
the water boundaries are observed.
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Figure 6: Simulated acoustic pressure snapshots captured at 5 ps: (a) Convex waviness case; (b) Concave waviness case.

Fig. 7 presents the simulated pulse-echo signals. The initial response belongs to the excitation pulse,
followed by transducer ringing. Then, the transducer picks up the front-wall echo. For the pristine case, the
convex waviness case, and the concave waviness case, the first three main crests exhibit consistent phase
behavior. However, beyond this region, the backscattered wave components lead to a noticeable phase shift
in the time-trace signals (see the zoomed-in view). Specifically, the subsequent wave crest in the convex
waviness case (i.e., at approximately 6.4 ps) occurs slightly earlier than that of the pristine case, whereas
the corresponding crest in the concave waviness case is slightly delayed relative to the pristine response.
Such time-of-flight (ToF) features between successive voltage peaks can be extracted to reconstruct the
laminate interfaces [16]. Moreover, the phase information of the signal may also be utilized to quantitatively
characterize the waviness profile [23]. Overall, the waveform of the convex waviness case remains more
consistent with that of the pristine case compared to the concave waviness case, as evidenced by the Pearson
correlation coefficients (0.94 vs. 0.84). In addition, an interesting observation is that more pronounced
interlaminar reflections and scattering signals between the front-wall and back-wall echoes are detected in
the concave waviness case, especially at 8 ps.
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o Frontwall echo onvex waviness
———————— Concave waviness

- Back-wall echo,
AT 2

Transducer ringing
-0.5

Pulse-echo amplitude (V)
o
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Figure 7: Simulated pulse-echo signals.

Fig. 8 presents the experimental C-scan results. The scanned plate boundaries are clearly delineated and
correspond well with the specimen displayed in Fig. 3a. In addition, the rectangular tape region and the 45°
ply overlap are distinctly identified. The convex waviness is represented by red regions (high amplitude),
whereas the concave waviness appears in yellow. Notably, the trajectory of the concave waviness agrees well
with that shown in Fig. 3a, i.e., exhibiting distortion as it crosses the 45° ply overlap. It should also be noted
that another concave waviness feature near the left boundary (x = 6 mm) is seemingly detected. However, it
is partially merged with the plate boundary in the vicinity of the tight-radius corner. The two points #S1 and
#S2 are selected for the experimental scattering investigation discussed in Section 3.2.
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Figure 8: Experimental C-scan image.

Two representative B-scan cross-sectional images are presented in Fig. 9, with their locations indicated
in Fig. 8, i.e., cross-section I is positioned near the left boundary, whereas cross-section II is located near the
right boundary. The tape region in B-scan images appears as a step lower than the surrounding areas, which
results from the implementation of a follower gate on the main wave package [31]. As shown in Fig. 9a, the
continuous convex and concave waviness profiles are clearly visible in a region far from the left boundary of
the adhesive tape. In contrast, for cross-section ITin Fig. 9b, the waviness pattern progressively extends to the
tape region, highlighting the spatial variation of cross-sectional waviness along the y direction. Furthermore,
the bottom surface of the CFRP plate seems slightly curved, as inferred from the ToF of the back-wall echo.
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Figure 9: Experimental B-scan images: (a) Cross-section I; (b) Cross-section II.

Three representative points are selected from Fig. 9a. To be specific, point #1 corresponds to the pristine
region, point #2 to the convex waviness, and point #3 to the concave waviness. Fig. 10 presents the associated
A-scan time-domain signals, where the initial excitation responses have been excluded for clarity. The
front-wall echo appears at approximately 2.5 ps. For the pristine case, the subsequent echoes behind the
front-wall echo exhibit a distinctive resonant behavior, reflecting nearly uniform wave interaction between
the plies across the thickness direction. The immersion C-scan experiment was conducted twice under
identical conditions to reduce the influence of measurement randomness. The root-mean-square deviation
(RMSD) of the two A-scan signals at point #1 renders 0.0096, demonstrating reasonable repeatability of the
experimental measurements.
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Figure 10: Experimental A-scan time-trace signals.

A closer inspection of the zoomed-in signals reveals that the convex waviness case shares similar
amplitude and phase characteristics as those of the pristine region, with a Pearson correlation coefficient
of 0.88. In contrast, the concave waviness case shows a remarkable deviation from the pristine response,
with a corresponding Pearson correlation coefficient of 0.78. This trend is consistent with the simulation
results. For the specimen considered here, the normal-incidence pulse-echo configuration demonstrates
higher sensitivity to concave waviness, which explains the distinct color mapping assigned to this region
in Fig. 8. In particular, an obvious wave crest can be noticed in the pulse-echo signal of the concave waviness
case at approximately 4.3 us, indicating the enhanced localized interlaminar reflections and scattering. This
observation coincides with the numerical findings presented in Fig. 7. Furthermore, the back-wall echo
remains clearly detectable in all cases. However, these three signals exhibit different ToF values, reflecting
slightly variations in the local thickness of the specimen.

Fig. 11 shows the corresponding frequency spectra of the three experimental A-scan signals. It can be
clearly noticed that the resonance frequency for the convex waviness case is higher than that of the pristine
case, whereas the concave waviness exhibits a lower resonance frequency. This trend complies with the ply
resonance theory illustrated in Eq. (1), which relates the resonance frequency to the effective local thickness
variation induced by waviness. It can be noticed that the resonance frequency of the concave waviness case,
i.e., approximately 7.14 MHz as shown in Fig. 11c, was successfully captured by the 10 MHz focused probe. This
observation confirms that the 7.5 MHz frequency adopted in numerical simulations lies within the effective
operating bandwidth of the experimental transducer and is therefore physically reasonable for comparison.
These results further demonstrate that the use of a comparatively broadband transducer enables capturing
the frequency shifts associated with various waviness-induced local geometrical variations, thereby allowing
the identification of waviness-dependent resonance features.

3.2 Waviness-Induced Scattering

Fig. 6a has illustrated the simulated wave scattering behavior in the water domain. A more conven-
tional approach to characterizing such scattering features is through the use of a directivity-dependent
diagram [32], which presents the angular distribution of wave propagation in a manner analogous to
describing directional characteristics in anisotropic media [33]. In this study, the directivity plot captures the
maximal amplitude of the scattering wave as a function of angle. In the immersion A-scan experiments, two
representative points, i.e., #SI and #S2 indicated in Fig. 8, are chosen to represent the pristine and convex
waviness cases, respectively. It should be noted that point #S2 is located near the end of the concave waviness.
Thus, it can reasonably be considered to lie within the convex waviness region. The center of the convex
waviness region was not selected for capturing the wave scattering features because it is located adjacent to
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the front tight-radius corner of the specimen. Unavoidable boundary reflections in this region may interfere
with the scattered wavefield and affect the accurate characterization of the wave scattering behavior.
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Figure 11: Frequency spectra of the experimental A-scan signals: (a) Pristine (#1); (b) Convex waviness (#2);
(c) Concave waviness (#3).

Fig. 12 shows a comparison between the numerical and experimental scattering directivity patterns.
The horizontal line means the top surface of the CFRP plate, and the focused normal-incidence ultrasonic
wave comes from the 90° direction. To highlight the primary scattering features, the amplitude data in the
angular range of 70°-110° are excluded from the directivity plots due to saturation in this region. It is observed
that even in the pristine case, the scattered amplitude does not monotonically decrease from 90° toward 0°
or 180°. Notably, side lobes can be found in the angular ranges of 30°-0° and 150°-180°, which are likely
attributable to multiple scattering and mode conversion effects approaching the near-horizontal directions.
The experimental results, as shown in Fig. 12¢, exhibit similar side-lobe features, confirming the validity of the
numerical predictions. A noticeable difference between the numerical and experimental results is observed
in the angular locations of the maximum scattering amplitudes. In detail, the numerical simulations predict
the strongest scattering around 15° and 165°, whilst the experimental measurements indicate peak scattering
at approximately 40° and 155°.

For the convex waviness case, additional scattering features are identified in both the numerical
and experimental results, as illustrated in Fig. 12b,d, respectively. Specifically, the numerical results reveal
enhanced scattering amplitudes along the 30°, 50°,130°, and 150° directions, which align with the snapshot
displayed in Fig. 6a. The experimental measurements confirm the presence of additional scattering com-
ponents along 45° and 135°. It should be noted that such discrepancies in scattering directivity between
the numerical and experimental results may stem from the differences between the idealized finite element
model and the actual waviness morphology. Although the established numerical models adopted a similar
aspect-ratio to that of the CFRP sample, accurately reproducing the complex practical waviness geometry,
including local irregularities and twisted fiber orientations (see Fig. 4), remains challenging. These findings
suggest that the scattering features induced by the non-uniform out-of-plane fiber waviness can serve as
reliable indicators for detecting the existence of a waviness defect.
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Figure 12: Scattering directivity patterns: (a) Simulation result of the pristine case; (b) Simulation result of the convex
waviness case; (¢) Experimental result of point #SI; (d) Experimental result of point #S2.

4 Concluding Remarks and Future Work

This paper presented a systematic numerical and experimental investigation of the interaction mech-
anisms between a focused normal-incidence ultrasonic longitudinal wave and embedded non-uniform
out-of-plane fiber waviness in CFRP laminates. The wave scattering characteristics induced by both convex
and concave waviness defects were disclosed, and remarkable agreement between the numerical simulations
and experimental measurements was achieved.

The tailored two-dimensional finite element models revealed additional lateral wave backscattering
features during the interaction between the focused wave and convex waviness. These additional scattering
features can be effectively exploited for waviness detection. In contrast, the scattered wave components
induced by the concave waviness mainly concentrate near the normal-incidence direction and behind
the front-wall echo. Variations in amplitude and phase observed in the time-domain pulse-echo signals
between the pristine and waviness cases provide useful indicators for characterizing the waviness profile.
The immersion C-scan experiments successfully visualized the spatially varying and continuous convex
and concave waviness defects. In addition, the detected resonance frequency shifts effectively captured the
localized variations in effective ply thickness induced by the waviness geometry. These findings provide
invaluable insights into the development of effective ultrasonic inspection systems for detecting wrinkle
defects in CFRP laminates.

Future work will include comprehensive parametric studies considering different waviness geome-
tries, aspect ratios, and three-dimensional morphological variations to further evaluate their influence on
ultrasonic wave scattering behavior. It should also be noted that the present study focuses on imaging the
non-uniform out-of-plane fiber waviness located near the top surface. Thus, future work will aim to develop
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advanced ultrasonic techniques capable of characterizing waviness throughout the full thickness of the
composite plate.

Acknowledgement: The authors would like to thank the Inspection Development Group of Northrop Grumman for
providing the CFRP laminates samples as part of the Center for Nondestructive Evaluation (CNDE) Industrial Advisory
Board (IAB) membership.

Funding Statement: This study was supported through the CNDE IAB funding program.

Author Contributions: The authors confirm contribution to the paper as follows: Conceptualization, Junzhen Wang;
methodology, Junzhen Wang and Daniel J. Barnard; software, Pulkit Kumar and Junzhen Wang; validation, Pulkit
Kumar and Junzhen Wang; formal analysis, Pulkit Kumar and Junzhen Wang; investigation, Pulkit Kumar, Junzhen
Wang and Daniel J. Barnard; resources, Daniel J. Barnard; data curation, Junzhen Wang; writing—original draft
preparation, Pulkit Kumar and Junzhen Wang; writing—review and editing, Junzhen Wang and Daniel J. Barnard;
visualization, Pulkit Kumar and Junzhen Wang; supervision, Junzhen Wang; project administration, Pulkit Kumar;
funding acquisition, Pulkit Kumar. All authors reviewed and approved the final version of the manuscript.

Availability of Data and Materials: The data that support the findings of this study are available from the corresponding
author, Junzhen Wang, upon reasonable request.

Ethics Approval: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Rajak DK, Pagar DD, Menezes PL, Linul E. Fiber-reinforced polymer composites: manufacturing, properties, and
applications. Polymers. 2019;11(10):1667. d0i:10.3390/polym11101667.

2. Hegde S, Satish Shenoy B, Chethan KN. Review on carbon fiber reinforced polymer (CFRP) and their mechanical
performance. Mater Today Proc. 2019;19(2):658-62. doi:10.1016/j.matpr.2019.07.749.

3. Wang J, Potter KD, Hazra K, Wisnom MR. Experimental fabrication and characterization of out-of-plane
fiber waviness in continuous fiber-reinforced composites. ] Compos Mater. 2012;46(17):2041-53. doi:10.1177/
0021998311429877.

4. Kulkarni P, Mali KD, Singh S. An overview of the formation of fibre waviness and its effect on the mechanical
performance of fibre reinforced polymer composites. Compos Part A Appl Sci Manuf. 2020;137:106013. doi:10.1016/
j.compositesa.2020.106013.

5. Thor M, Sause MGR, Hinterholzl RM. Mechanisms of origin and classification of out-of-plane fiber waviness in
composite materials—a review. ] Compos Sci. 2020;4(3):130. doi:10.3390/jcs4030130.

6. Buddala RR, Tallur S, Banerjee S. Non-destructive evaluation of a composite honeycomb sandwich panel with
in-plane waviness damage using ultrasonic guided waves. Nondestruct Test Eval. 2024;40(5):1835-53. d0i:10.1080/
10589759.2024.2363983.

7. Zhang H, Ren Y, Song ], Zhu Q, Ma X. The wavenumber imaging of fiber waviness in hybrid glass-carbon fiber
reinforced polymer composite plates. ] Compos Mater. 2021;55(30):4633-43. doi:10.1177/00219983211047692.

8. Glinz J, Thor M, Schulz J, Zabler S, Kastner J, Senck S. Non-destructive characterisation of out-of-plane
fibre waviness in carbon fibre reinforced polymers by X-ray dark-field radiography. Nondestruct Test Eval.
2022;37(5):497-507. doi:10.1080/10589759.2022.2063860.

9.  Gomes RCVV, Mohseni E, Tunukovic V, Maes V, Contino M, Pierce SG, et al. Assessment of out-of-plane ply
waviness in carbon-fibre reinforced plastics: comparing different non-destructive evaluation modalities. NDT E
Int. 2026;160(9):103630. doi:10.1016/j.ndteint.2026.103630.


https://doi.org/10.3390/polym11101667
https://doi.org/10.1016/j.matpr.2019.07.749
https://doi.org/10.1177/0021998311429877
https://doi.org/10.1177/0021998311429877
https://doi.org/10.1016/j.compositesa.2020.106013
https://doi.org/10.1016/j.compositesa.2020.106013
https://doi.org/10.3390/jcs4030130
https://doi.org/10.1080/10589759.2024.2363983
https://doi.org/10.1080/10589759.2024.2363983
https://doi.org/10.1177/00219983211047692
https://doi.org/10.1080/10589759.2022.2063860
https://doi.org/10.1016/j.ndteint.2026.103630

14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Struct Durab Health Monit. 2026;20(6):2

Mizukami K, Mizutani Y, Todoroki A, Suzuki Y. Detection of in-plane and out-of-plane fiber waviness in unidi-
rectional carbon fiber reinforced composites using eddy current testing. Compos Part B Eng. 2016;86(12):84-94.
doi:10.1016/j.compositesb.2015.09.041.

Mussatayev M, Yi Q. Modeling and experimental evaluation of eddy-current probes for prepreg fiber waviness
inspection. NDT E Int. 2026;157(7-8):103501. doi:10.1016/j.ndteint.2025.103501.

Dvorsky M, Munalli D, Al Qaseer MT, Zoughi R. Application of microwave polarimetry to the characterization of
fiber misalignment in composites. IEEE Open J Instrum Meas. 2022;1:1-9. doi:10.1109/OJIM.2022.3184347.
Niezrecki C, Avitabile P, Chen J, Sherwood ], Lundstrom T, LeBlanc B, et al. Inspection and monitoring of wind
turbine blade-embedded wave defects during fatigue testing. Struct Health Monit. 2014;13(6):629-43. doi:10.1177/
1475921714532995.

Wooh SC, Daniel IM. Wave propagation in composite materials with fibre waviness. Ultrasonics. 1995;33(1):3-10.
doi:10.1016/0041-624X(95)00003- L.

Zardan JP, Gueudré C, Corneloup G. Study of induced ultrasonic deviation for the detection and identification of
ply waviness in carbon fibre reinforced polymer. NDT E Int. 2013;56(9):1-9. d0i:10.1016/j.ndteint.2013.02.001.
Admay Amif M, Khan I, Jack DA. Characterization of out-of-plane wrinkles in woven CFRP laminate: develop-
ment of a novel algorithm utilizing ultrasonic scan data. Compos Part A Appl Sci Manuf. 2025;190:108644. doi:10.
1016/j.compositesa.2024.108644.

Chakrapani SK, Dayal V, Barnard DJ, Eldal A, Krafka R. Ultrasonic Rayleigh wave inspection of waviness in wind
turbine blades: experimental and finite element method. AIP Conf Proc. 2012;1430(1):1911-7. d0i:10.1063/1.4716444.
Chakrapani SK, Dayal V, Barnard D. Detection and characterization of waviness in unidirectional GFRP using
Rayleigh wave air coupled ultrasonic testing (RAC-UT). Res Nondestruct Eval. 2013;24(4):191-201. doi:10.1080/
09349847.2013.786158.

Pain D, Drinkwater BW. Detection of fibre waviness using ultrasonic array scattering data. ] Nondestruct Eval.
2013;32(3):215-27. doi:10.1007/s10921- 013- 0174- z.

Larrafiaga-Valsero B, Smith RA, Tayong RB, Ferndndez-Loépez A, Giiemes A. Wrinkle measurement in glass-
carbon hybrid laminates comparing ultrasonic techniques: a case study. Compos Part A Appl Sci Manuf.
2018;114(10):225-40. doi:10.1016/j.compositesa.2018.08.014.

Zhang H, Si], Zhang H, Wei H, Chen Y, Zhu W, et al. Ultrasonic detection of wrinkles in composites with gradual
phase shift migration. Ultrasonics. 2025;148:107557. doi:10.1016/j.ultras.2024.107557.

ZhangZ, Guo S, Li Q, Cui F, Malcolm AA, Su Z, et al. Ultrasonic detection and characterization of delamination and
rich resin in thick composites with waviness. Compos Sci Technol. 2020;189(3):108016. doi:10.1016/j.compscitech.
2020.108016.

Liu M, Li Z, Wang S, Zhang Z, Leung CM. Quantitative characterization of out-of-plane fiber wrinkling in thick
CFRP with Double-side inverse-variance weight-synthetic ultrasonic imaging. Compos Part A Appl Sci Manuf.
2023;166(2):107376. doi:10.1016/j.compositesa.2022.107376.

Zhang Z, Cao A, Li Q, Yang W, Li Y. Imaging of fiber waviness in thick composites with unknown material prop-
erties using probability-based ultrasound non-reciprocity. Materials. 2023;16(10):3786. doi:10.3390/mal6103786.
Barazanchy D, Roth W, Giurgiutiu V. A non-destructive material characterization framework for retrieving a
stiffness matrix using bulk waves. Compos Struct. 2018;185(6):27-37. doi:10.1016/j.compstruct.2017.10.071.

Wang J, Nagy PB, Carius HM, Kim JY, Jacobs L]. Analytical and numerical modeling of non-collinear wave mixing
due to material and interface nonlinearity. ] Acoust Soc Am. 2025;158(4):3210-25. d0i:10.1121/10.0039665.
Forrester DM, Huang J, Pinfield V]. Modelling viscous boundary layer dissipation effects in liquid surrounding
individual solid nano and micro-particles in an ultrasonic field. Sci Rep. 2019;9(1):4956. d0i:10.1038/s41598-019-
40665-9.

Schmerr IW. Fundamentals of ultrasonic nondestructive evaluation: a modeling approach. 2nd ed. Cham,
Switzerland: Springer; 2016. doi:10.1007/978-3-319-30463-2.

Smith RA, Nelson L], Mienczakowski MJ, Wilcox PD. Ultrasonic analytic-signal responses from polymer-matrix
composite laminates. IEEE Trans Ultrason Ferroelectr Freq Control. 2018;65(2):231-43. do0i:10.1109/TUFFC.2017.
2774776.


https://doi.org/10.1016/j.compositesb.2015.09.041
https://doi.org/10.1016/j.ndteint.2025.103501
https://doi.org/10.1109/OJIM.2022.3184347
https://doi.org/10.1177/1475921714532995
https://doi.org/10.1177/1475921714532995
https://doi.org/10.1016/0041-624X(95)00003-L
https://doi.org/10.1016/j.ndteint.2013.02.001
https://doi.org/10.1016/j.compositesa.2024.108644
https://doi.org/10.1016/j.compositesa.2024.108644
https://doi.org/10.1063/1.4716444
https://doi.org/10.1080/09349847.2013.786158
https://doi.org/10.1080/09349847.2013.786158
https://doi.org/10.1007/s10921-013-0174-z
https://doi.org/10.1016/j.compositesa.2018.08.014
https://doi.org/10.1016/j.ultras.2024.107557
https://doi.org/10.1016/j.compscitech.2020.108016
https://doi.org/10.1016/j.compscitech.2020.108016
https://doi.org/10.1016/j.compositesa.2022.107376
https://doi.org/10.3390/ma16103786
https://doi.org/10.1016/j.compstruct.2017.10.071
https://doi.org/10.1121/10.0039665
https://doi.org/10.1038/s41598-019-40665-9
https://doi.org/10.1038/s41598-019-40665-9
https://doi.org/10.1007/978-3-319-30463-2
https://doi.org/10.1109/TUFFC.2017.2774776
https://doi.org/10.1109/TUFFC.2017.2774776

Struct Durab Health Monit. 2026;20(6):2 15

30. Moser F, Jacobs L], Qu J. Modeling elastic wave propagation in waveguides with the finite element method. NDT
E Int. 1999;32(4):225-34. d0i:10.1016/S0963-8695(98)00045- 0.

31. Mendikute ], Carmona I, Aizpurua I, Bediaga I, Castro I, Galdos L, et al. Defect detection in wind turbine blades
applying convolutional neural networks to ultrasonic testing. NDT E Int. 2025;154(11):103359. d0i:10.1016/j.ndteint.
2025.103359.

32. Shen Y, Wang J, Xu W. Nonlinear features of guided wave scattering from rivet hole nucleated fatigue cracks
considering the rough contact surface condition. Smart Mater Struct. 2018;27(10):105044. doi:10.1088/1361- 665X/
aadd2d.

33. Wang J, Shen Y. Seamlessly integrated modeling platform for guided wave propagation in elastic waveguides of
arbitrary cross-sections. Eng Struct. 2025;325(3-5):119462. doi:10.1016/j.engstruct.2024.119462.


https://doi.org/10.1016/S0963-8695(98)00045-0
https://doi.org/10.1016/j.ndteint.2025.103359
https://doi.org/10.1016/j.ndteint.2025.103359
https://doi.org/10.1088/1361-665X/aadd2d
https://doi.org/10.1088/1361-665X/aadd2d
https://doi.org/10.1016/j.engstruct.2024.119462

	Numerical and Experimental Investigation of Focused Ultrasonic Wave Interaction with Out-of-Plane Fiber Waviness in CFRP Laminates
	1 Introduction
	2 Methods
	3 Results and Discussions
	4 Concluding Remarks and Future Work
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


