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Abstract: The development of 3D printing technology using various materials has led
to the emergence of printing technology utilizing carbon fiber, which suggests its
potential application in the aerospace industry. The use of continuous carbon fiber for
3D printing can simplify the existing composite material manufacturing process, but
research is needed on non-destructive visualization techniques to detect defects that may
occur during the manufacturing process. In this paper, we propose a non-destructive
testing system utilizing a 6-axis robotic arm and laser ultrasonic testing (LUT), along
with a calculation method for inspection paths. The target of the inspection was the
control surface of an aircraft, which was fabricated using a continuous fiber 3D printer.
The control surface was fixed at the tip of the 6-axis robotic arm, and a full-area
inspection was performed by controlling its position. By using the proposed inspection
technique, we obtained a high signal-to-noise ratio from ultrasonic signals generated by
the laser. The reliability of the proposed inspection technique was verified through
analysis of the inspection results.
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Carbon-fiber-reinforced polymers

INTRODUCTION

3D printing technology has emerged as a remarkable innovation in the manufacturing industry. It
enables the creation of various parts based on user-modeled 3D files and typically uses thermoplastic
materials such as acrylonitrile butadiene styrene (ABS), polylactic acid (PLA), polyethylene
terephthalate glycol (PETG), and Nylon [1, 2]. Among the various 3D printing techniques, material
extrusion, which melts and extrudes materials, is mainly used [3]. However, those plastic materials have
limitations in terms of their strength and weight, making it difficult to apply to the aerospace industry
where high stiffness and strength are needed [1].

To combine the advantages of 3D printing technology and composite materials, 3D printing technology
using continuous fiber filaments has emerged [4-6]. Similar to the composite production process of
stacking ply sheets, continuous fibers are placed layer by layer during the printing process. Furthermore,
users can place the fiber specifically in areas where reinforcement is needed. The properties of
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composites made by continuous fiber 3D printing have been verified through various studies and suggest
the potential for replacing traditional composite manufacturing processes [7].

The 3D printing technology using continuous fiber is recognized as a manufacturing technology suitable
for small-scale and customized production. However, it has lower fiber volume fraction and production
size limitations compared to the continuous fibers commonly used for composites, which makes it
difficult to be used as the primary structure [8]. Therefore, to be applied in the aerospace industry, it can
be used mainly in a secondary structure that has complex shapes and requires rapid supply. Alternative
options need to be explored, and they can be highly applicable in the civilian aviation industry, such as
the unmanned air mobility (UAM) industry.

Defects that occur in the manufacturing process of continuous fiber 3D printing include debonding and
voids between extruded filaments [5, 8]. These occur mainly due to the behavior of high-stiffness
continuous fibers or calibration errors that occur during long-term printing. These defects are directly
related to the deterioration of the mechanical properties of the manufactured parts [9]. For composite
parts made by continuous fiber 3D printers to be applied in practice, an assessment of the manufacturing
suitability based on non-destructive testing is required. Common non-destructive testing methods for
composite include micro-computed tomography (micro-CT), water squirt ultrasonic testing, and phased
array ultrasonic testing (PAUT) [10-12]. However, their application is limited due to the vulnerability
of composite materials to moisture and the shape or size constraints of the inspection targets. In contrast,
laser ultrasonic testing (LUT) is suitable for integration with automated systems using robots, as they
do not require separate ultrasonic transmission media or contact-type probes [13]. Therefore, this paper
introduces a robot-based automated system using LUT and verifies its feasibility for detecting
manufacturing defects in continuous fiber 3D-printed aircraft parts.

METHODOLOGY

This section consists of four main headings. In the first heading, we introduce the aircraft control surface,
which is the inspection target fabricated by a continuous fiber 3D printer. In the second heading, we
qualitatively explain the principle of ultrasonic generation by a pulsed laser. In the third heading, we
describe how the laser ultrasonic principle was applied to the system and explain the inspection
techniques used. Finally, in the fourth section, we present an approach to calculating scan points.

Fabrication of a flight control surface

The selected component for inspection was the control surface (aileron) of the unmanned air mobility
wing. If the component is replaced with continuous fiber 3D printing instead of the traditional composite
manufacturing method, significant reductions in fabrication time and cost can be achieved. Due to the
maximum size limit that can be produced with continuous fiber 3D printing, the control surface was
divided into three parts as shown in Figure 1. The selected part of the control surface was part 1, which
is closer to the root section. Therefore, the height was set to 160 mm.

Figure 2 (a) shows an image taken during the 3D printing process. The stacking direction was arranged
so that the cross-section of the control surface was parallel to the printer bed, taking into consideration
the surface roughness and height resolution of the printer. The cross-section of the airfoil is presented
in Figure 2 (b). Two loops of continuous carbon fiber filament were placed along the outer wall of the
airfoil for external reinforcement. The interior was constructed using a triangular infill pattern with
chopped carbon fiber filament. To verify the defect detection capability of the inspection system and the
accuracy of the inspection path calculation, the control surface was imitated with an artificial defect.
The artificial defect was a debonding between the chopped carbon fiber used to construct the outer wall
of the control surface and the continuous carbon fiber used for reinforcement.
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Figure 2: Fabrication of 3D-printed control surface: (a) image of the continuous fiber 3D printing
process, (b) placement of carbon fiber filaments.

Laser ultrasonic testing

The non-destructive testing technique used in this paper was LUT, which generates ultrasonic waves
when a pulsed laser is irradiated onto a solid surface. Two lasers were used for ultrasonic generation
and measurement. An excitation laser with a pulse width in the nanosecond range was used for
generating ultrasonic in solid media. When the pulsed laser irradiates the solid surface, temporary energy
absorption occurs at the surface layer, and thermoelastic waves are generated in the thermoelastic regime,
without exceeding the damage threshold of the solid. The generated thermoelastic waves propagate in
the form of ultrasonic waves with a broad frequency range [14].

Generally, contact sensors are used for measuring the generated ultrasonic signals such as piezoelectric
sensors [15]. In this study, a laser Doppler vibrometer (LDV) was used for measurement. The LDV
measures the waveform and amplitude of the generated ultrasonic wave using the Doppler shift
phenomenon of the laser emitted from the sensor head. Therefore, generation and measurement are
performed simultaneously, it can be used as a completely non-contact non-destructive testing technique.

Robotic pulse-echo laser ultrasonic testing system

To measure high-quality ultrasonic signals using LDV, two constraints should be considered. The first
is the distance between the surface of the target and the measurement beam. The measurement beam of
LDV is aligned with the beam focus at the distance to be measured, so any variation in the measurement
distance during the inspection process leads to a decrease in signal level, increasing the noise. The
second constraint is that the measurement beam of LDV must be incident perpendicular to the surface
of the target and reflected. If the angle between the inspection surface and the measurement beam
changes during the inspection, it results in a decreased signal-to-noise ratio (SNR).

To address these limitations, we propose a robotic pulse-echo LUT system capable of inspecting curved
structures over the entire surface. The robotic arm was a key component of the system, providing precise
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manipulation and a wide range of motion for operation. The object being inspected was fixed at the end
defined as the tool center point (TCP) of the robotic arm. By calculating the coordinates and quaternion
of the TCP, the inspection path could be implemented, making it possible to apply the LUT for various
curved shapes.

One of the inspection modes of LUT applied in the inspection system was the pulse-echo, which
irradiates the excitation laser and LDV beam in the same direction [16]. The schematic diagram of the
pulse-echo mode is shown in Figure 3. The ultrasonic wave generated at the surface can be divided into
a direct wave and a back-wall echo, propagating in the thickness direction. If there is a defect or damage
in the medium through which the ultrasonic wave propagates, the ultrasonic wave can not propagate due
to the impedance change. This results in a difference in the back-wall echo signal. Therefore, by
measuring the waveform or phase change of the back-wall echo during the inspection, defects can be
visualized.

Specimen

Excitation laser

Sensing laser

Figure 3: Schematic of pulse-echo mode.

Calculation of a scan point

The robotic pulse-echo laser ultrasonic testing system performs inspection by controlling the position
of the control surface, which is attached to the robotic arm. Lasers remain fixed in place while the control
surface is moved. To perform the inspection, the system calculates the cartesian coordinates, and the
quaternion of the robotic arm's TCP to match the shape of the control surface. Information on the airfoil
cross-section, as shown in Figure 4, was used to determine these coordinates. Figure 4 (a) displays the
cartesian coordinates and quaternion at the n point representing the orientation of the frame with respect
to the surface normal vector of the airfoil cross-section. By using equations (1) and (2), the quaternion
q, atthe n" point is transformed into a rotation matrix R that matches the qtcp- Figure 4 (b) illustrates
the process of calculating the TCP coordinates. The rotated n point (x,,, y,., z,,) was symmetrically
translated with respect to the TCP to obtain (xs ys, zg), which was the final input value for the cartesian
coordinates.

qn = [90, 91, 92, 93] 1)
295 —1+2q7 2(91qz + 90q3)  2(q193 — 9092)
R=|2(q192 — 9093) 295 —1+2q95 2(49293 + qo41) (2

2(q193 + 9042)  2(4203 — Qoq1) 295 — 1+ 243
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Figure 4: The airfoil cross-section of the control surface, (a) calculation of rotation, (b) calculation of
translation.

RESULTS

The inspection result using an ultrasonic wave propagation imager (UWPI)

Using the described techniques in the Methodology section, we obtained the inspection results for the
entire area of the control surface that was fabricated using continuous fiber 3D printing. The information
for the lasers used for the inspection is provided in Table 1.

Table 1: Specifications of the lasers used for inspection.

Excitation laser (Q-switched) Laser Doppler vibrometer (LDV)
Wavelength 1064 nm Wavelength 1550 nm
Laser medium Nd:YAG Dynamic range 200 mm/s/V
Pulse repetition frequency 240 Hz Maximum frequency 3 MHz
Pulse energy 3.78 mJ Laser power <10 mW

By acquiring the ultrasonic wave signals at each scan point, they can be placed in a 2D space that
corresponds to the inspection area, resulting in an ultrasonic wave propagation imager (UWPI) that
visualizes the propagated signals over time [17]. Figure 5 shows the UWPI results, visualization of a
total of 1455 data points in the width direction and 960 data points in the height direction. Three images
were obtained with a time interval of 0.2 ps, and it can be observed that the gray color map changes in
the image due to the amplitude variation of the signal. Since the control surface fabricated by continuous
fiber 3D printing has intentionally induced defects, the difference in ultrasonic wave propagation images
between the left and right sides can be observed in the inspection result.

UwWPI uwpi UWPI
(a) Time : 5.82 yis. Freeze frame : 728 «10* (b) Time : 6.02 us. Freeze frame : 753 ot (c) Time : 6.22 jis, Freeze frame : 778
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Figure 5: Inspection results of the control surface: (a) UWPI at 5.82 us, (b) UWPI at 6.02 ps, (¢)
UWPI at 6.22 ps.
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An analysis of ultrasonic signals

To perform a detailed analysis from the perspective of ultrasonic signals, two regions in the shape of a
20 mm x 50 mm box were selected as shown in Figure 5 (c). The comparison of averaged ultrasonic
signals in each box is presented in Figure 6. From the averaged ultrasonic signals, it was confirmed that
the direct wave generated by the initial laser pulse was the same. The difference was observed in the
back-wall echo signal, which was caused by the thickness difference between the normal and defective
regions. The thickness difference was the debonding between the continuous and chopped carbon fiber
filaments, as presented in Figure 2 (b). In the region with a defect, the thickness decreases due to
debonding, causing a decrease in the ultrasonic signal propagation distance, resulting in the overlap of
the direct wave and back-wall echo signals. Therefore, in the suspected defective region, the signal
shows a tendency to oscillate repeatedly.
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Figure 6: Comparison of averaged ultrasonic signals.

The inspection result using a variable time window amplitude mapping (VTWAM)

To visualize the inspection results from the acquired ultrasonic signals data into a single image, we
utilized variable time window amplitude mapping (VTWAM) [18]. The selected time window was from
6.10 to 6.80 us, where the back-wall echo signal difference occurred. The results are shown in Figure 7.
The VTWAM results clearly distinguished between the normal and defective regions, where the blue
area indicates the normal area and the red area indicates the defective area. By placing the inspection
data in a 3D space using the shape information of the control surface, images shown in Figures 7 (b)
and (c) could be obtained. Since those 3D plotted images have the same dimensions as the inspection
target, we can intuitively identify the location of defects.

VTWAM VTWAM
(a) 5 YTWAM 105 (b) Time range: 6.10 us - 6.80 us 108 (C) Time range: 6.10 us - 6.80 us 10°
e L A AL R— 8
160

Height [mm)
Height [mm)]

Height [mm]

€0 N\
40 SN
20 N

“ Bracket W Bracket ! 1
e | 2 £ !

> A~
10 o < T -10 o
N -10 9 X distance [mm] X distance [mm] 0 10
Y distance [mm) Y distance [mm]

0 20 40 60 80 100 120 140
Width [mm]

Figure 7: Post-processed results: (a) VTWAM result, (b) VTWAM result in 3D coordinates (right side
view), (¢) VTWAM result in 3D coordinates (left side view).
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CONCLUSION

This study presents a robotic pulse-echo laser ultrasonic testing technique that can be applied to aircraft
components fabricated using continuous fiber 3D printing. The inspection target was fabricated using
continuous and chopped carbon fiber filaments. To conduct the inspection, quaternion-based rotation
transformation and coordinate transformation were used, and the validity of the calculated inspection
points and paths was verified.

The inspection process involved acquiring ultrasonic signals, which were then placed in a 2D space to
obtain the UWPI that visualized the propagated signals over time. To further analyze the inspection
results, two regions were selected to compare the averaged ultrasonic signals. The difference in back-
wall echo signal was caused by a thickness difference between normal and defective regions. The
defective regions were characterized by a debonding between continuous and chopped carbon fiber
filaments, which caused a decrease in thickness.

To visualize the inspection results in a single image, VTWAM was used. The VTWAM results clearly
distinguished between normal and defective regions, and 3D plotted images were obtained using the
shape information of the control surface. Overall, this study demonstrated the effectiveness of the robotic
pulse-echo laser ultrasonic testing system for inspecting parts fabricated using continuous fiber 3D
printing technology.
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