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ABSTRACT: Three-dimensional (3D) printed continuous fiber composites are increasingly considered for unmanned
aerial vehicle (UAV) secondary structures because of their geometric flexibility and manufacturing efficiency. However,
process-induced features such as inter-bead gaps and disbonding between the Onyx wall/infill and continuous carbon
fiber (CF) reinforcement can occur during printing. This paper presents a comparative laser ultrasonic testing (LUT)
case study of baseline and fiber-misaligned 3D-printed composite UAV propeller pusher caps. Inspection paths were
generated using a previously developed computer-aided design (CAD) model-based scan path generation method and
implemented in a robotic pulse-echo ultrasonic propagation imaging (PUPI) system for LUT. Two pusher caps
fabricated from the same geometry, material system, and nominal fiber pattern were inspected using identical scan
paths and inspection parameters. Variable time window amplitude mapping (VITWAM) and averaged 1D ultrasonic
signals of the two specimens were interpreted with respect to the printing path, fiber loop arrangement, and expected
void and disbonding locations. The nominally printed baseline specimen showed responses associated with inherent
printing features, whereas the fiber-misaligned specimen showed additional localized VIWAM and waveform
variations consistent with the expected shallow Onyx wall/CF and medium-depth CF/Onyx infill disbonding
conditions. Signal-to-noise ratio (SNR) analysis indicated that sufficient measurement quality was maintained over the
curved inspection surface. A correlation-based waveform dissimilarity analysis further quantified the matched-location
waveform differences between the two specimens. These results demonstrate the importance of combining robotic
PUPI results with CAD geometry and slicer-defined fiber arrangement for interpreting manufacturing process related

ultrasonic responses in complex continuous fiber 3D-printed structures.
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1. INTRODUCTION

Recent unmanned aerial vehicle (UAV) secondary structures
often utilize three-dimensional (3D)-printed composites because
of their geometric flexibility and manufacturing efficiency [1].
However, internal process-induced defects may develop
during printing, and void related material quality can affect
real world applications of 3D-printed carbon fiber-reinforced
composite structures [2,3]. Therefore, post-manufacturing
non-destructive testing (NDT) methods capable of evaluating
internal process-induced features are needed to support
structural integrity assessment. Previous robotic pulse-echo
ultrasonic propagation imaging (PUPI) studies demonstrated

the feasibility of laser ultrasonic testing (LUT) and computer-
aided design (CAD) model-based scan path generation for
3D-printed composites [4,5]. For complex continuous fiber
parts such as a UAV propeller pusher caps, ultrasonic response
cannot be interpreted solely from the inspection results
because even nominally printed structures may contain
features caused by slicer-defined tool paths and local bead
placement. Accordingly, a nominally printed baseline pusher
cap was used as a process-informed comparator for interpreting
the fiber-misaligned specimen.

Micro-computed tomography (micro-CT) provides high
resolution volumetric characterization of manufacturing defects
but is limited by the size of the specimen that can be
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accommodated. The pusher caps could not be accommodated
by the available micro-CT equipment and were not destructively
sectioned. Cho et al. [6] compared LUT and micro-CT on
smaller 3D-printed carbon fiber-reinforced plastic (CFRP)
specimens and reported that LUT visualized defects of similar
size, location, and shape, proposing LUT as a practical
alternative for inspecting larger structures. Robotic PUPI has
also been applied to complex-shaped 3D-printed composite
surfaces [4]. Therefore, robotic PUPI was selected in this study
to inspect the pusher caps using the CAD model-based scan
path generation approach [5]. The measured LUT responses
were interpreted with respect to the expected void and
disbonding locations rather than treated as verified defect
locations.

Previous studies evaluated manufacturing defects in
cylindrical continuous fiber 3D-printed structures using LUT
[2], established robotic path planning and inspection for
complex 3D-printed composite surfaces [4], and introduced
CAD model-based scan path generation [5]. Based on these
established methods, this study presents a process-informed
paired case comparison of a baseline pusher cap and a fiber-
misaligned pusher cap fabricated from the same CAD model,
material system, and nominal toolpath. The expected void
locations were inferred from the slicer-defined nominal Onyx/
CF bead arrangement and the imposed fiber nozzle
misalignment. The resulting variable time window amplitude
mapping (VITWAM) responses and averaged 1D signals were
compared at matched nominal CAD positions using a
correlation-based waveform dissimilarity index. The objective
of this case study is to examine how manufacturing process
information can support interpretation of robotic PUPI
responses in a complex continuous fiber reinforced 3D-
printed component.

2. METHODOLOGY

2.1 3D-printed composite pusher caps

A Markforged X7 material-extrusion 3D printer capable of
fabricating continuous-fiber composites was used to fabricate
the baseline and fiber-misaligned pusher caps (Fig. 1). The
printer head has a plastic nozzle and a fiber nozzle, which
extrude Onyx filament (chopped fibers mixed in nylon
material) and carbon fiber (CF) filament (multiple strands of
CF coated in nylon matrix), respectively (Fig. 2). The nominal
filament extrusion thickness was 0.4 mm for Onyx and 1.0 mm
for continuous CE

Both pusher caps were manufactured from the same
paraboloid-shaped CAD model with an external diameter
175.3 mm, height 187.4 mm, and constant wall thickness
3mm. Each pusher cap has four 40 mm wide half height
openings to accommodate the propeller blades. Fig. 3 shows
the 3D-printing toolpaths of continuous CF and Onyx infill
settings in slicing software. Identical materials and infill

Baseline pusher cap (b) Fiber-misaligned pusher cap

oclock ' oclock oclock ' o clock

6 o’clock 6 o’clock

Fig. 1. 3D-printed composite pusher caps (a) Baseline (b) Fiber-
misaligned

Onyx filament Carbon fiber filament
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Plastic nozzle " Fiber nozzle
e
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Fig. 2. Schematic diagram of printer head

pattern were applied in layers 5-1479 where fiber reinforcement
was set for the outer shell, while the layers at floor and roof are
pure Onyx. Because of the openings in the design, there were
two types of patterns in the pusher caps distinguished as the
upper and lower parts. The upper part without openings in the
wall had one single concentric fiber loop laid in each layer to
reinforce the outer shell. The space between the fiber loop and
the inner shell was filled by Onyx. In the lower part, the
existence of openings prohibited the fiber to go around the
circumference like the upper part. The wall was separated into
4 parts, each containing an individual fiber loop to reinforce
the outer shell, giving 4 individual fiber loops in each layer.
Almost no Onyx infill was present in the lower part because
the 3 mm wall thickness can only accommodate the Onyx
outer wall and a fiber loop.

In this study, the baseline pusher cap denotes the nominally
printed specimen fabricated without intentional fiber nozzle
misalignment. It is used as a nominal manufacturing comparator
for matched-location comparison and not as a defect-free
control or statistical reference population. The fiber-misaligned
pusher cap was fabricated by intentionally misaligning the
fiber nozzle relative to the slicer-defined nominal fiber path,
with the aim of introducing interfacial gaps between the
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continuous CF bead and adjacent Onyx beads. Therefore, the
Onyx beads followed their nominal deposition paths, whereas
the continuous CF beads were deposited at intentionally
misaligned positions. Consequently, voids and associated
disbonding were expected at the interfaces between the
continuous CF and the Onyx outer wall or infill.

2.2 Expected internal conditions

Process-induced voids or inter-bead gaps can occur in both
the baseline and fiber-misaligned pusher caps because of the
printing mechanism [6]. Fig. 4 summarizes the expected
internal conditions based on the slicer-defined nominal Onyx/
CF bead arrangement, nominal bead thicknesses, and

imposed fiber nozzle misalignment, including the estimated
depths from the external surface.

The baseline pusher cap was 3D-printed according to the
slicer-defined nominal toolpaths and bead arrangement
shown in Fig. 3. The upper part was expected to be unaffected
by voids associated with fiber nozzle misalignment (View B).
The fibers were expected to remain adjacent to the Onyx wall,
with Onyx infill occupying the remaining space. However,
inherent inter-bead gaps were expected in the lower part (View
E), even though no intentional fiber nozzle misalignment was
introduced. These gaps were expected to extend longitudinally
in the printing direction because adjacent beads did not fully
overlap [6] and to occur approximately in the middle of the
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wall thickness.

In the upper part of the fiber-misaligned pusher cap, the
fiber loops were shifted toward the 6-8 oclock direction. Voids
were expected in the 12-2 oclock region (View A) between
Onyx outer wall and CE at approximately 0.4 mm depth. In
the 6-8 oclock region (View C), voids were expected to occur
between CF and Onyx infill, at approximately 1.4 mm depth.
In the lower part, voids were expected to occur between Onyx
outer wall and fiber at 12-2 oclock region (View D), similar to
its upper half at approximately 0.4 mm depth. In the 6-8
oclock region, the voids were expected to occur at
approximately 2.6 mm depth between CF and the opposite
Onyx wall (View F). However, the shallower inter-bead gap at
approximately 14 mm was expected to have a greater
influence on the measured ultrasound response than the
deeper interface at approximately 2.6 mm. Thus, the response
in this region was interpreted primarily with reference to the
shallower 1.4 mm inter-bead gap rather than used to identify
the 2.6 mm interface independently. In the other regions, the
inter-bead gaps at 1.4 mm depth were expected.

These expected internal conditions were inferred from the
slicer-defined nominal Onyx/CF bead arrangement, nominal
bead thicknesses, and imposed fiber nozzle misalignment.
They were subsequently used as an interpretation framework
for the VTWAM images and averaged 1D ultrasonic signals in
Sections 3.1 and 3.3.

2.3 Robotic PUPI system and CAD model-based scan
path generation

The robotic PUPI system was an effective inspection
approach for 3D-printed composites [4]. It performs LUT in
pulse-echo (PE) mode using bulk waves, providing flexibility
on the size, shape and distance of the inspection target. During
inspection (Fig. 5(a)), a Q-switched laser emits laser pulses for
ultrasound excitation, while a laser Doppler vibrometer (LDV)
detects the generated ultrasonic waves. The 6-axis robot arm
movement is controlled based on specimen geometry data. A
perpendicular sensing laser incident angle and constant
standoff distance can then be maintained between the LDV

(a) (b)

Robot arm | 4
LDV

Pusher Cap

nal

Excitation laser

Input STL mesh (c)

Table 1. Scan parameters for both pusher caps

Scan parameters (each ROI)

Excitation laser Nd:YAG, 1064 nm wavelength
Sensing laser LDV, 1550 nm wavelength
Inspection area 125.5 mm x 140 mm

Scan interval 0.5 mm

Total scan points 251 x 280 points

Standoff distance 380 mm

Robot speed 60 mm/s

LDV range 200 mm/s

Frequency range 2250-2500 kHz

Sampling rate 125 MHz

and the inspection surface throughout the inspection to
achieve high signal-to-noise ratios (SNR) in the ultrasound
signals. The scan parameters used in this study are listed in
Table 1. PE LUT provides depth-related information because
internal interfaces affect the propagation and superposition of
reflected ultrasonic signals. Previous robotic PUPI studies
have demonstrated that variations in reflected waveform
characteristics can be used to interpret internal conditions in
3D-printed composites [4]. However, distinguishing
individual interfaces depends on the temporal separation of
reflected signals and the measurement conditions. In the
present study, under the 2250-2500 kHz measurement
conditions and for the 3 mm multi-material wall thickness, the
reflected responses from internal interfaces overlapped with
the principal measured wave packet. Therefore, individual
printed layers or internal interfaces could not be independently
resolved. The expected void depths were inferred from the
slicer-defined nominal Onyx/CF bead arrangement and
nominal bead thicknesses, and the measured signals were
interpreted as composite waveform responses reflecting the
combined effects of internal conditions instead of layer-
specific responses.

The external surface of the pusher cap CAD model was
extracted as the geometry input for inspections from the

Region Of Interest ~ (9)  Scangrid output

300 |
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E
£ 100
N 50

~ 50 20 . 22
0 . < 360

X [mm] Y [mm] X [mm]

Fig. 5. Pusher cap inspection setup (a) Robotic PUPI system (b) Edited STL mesh (c) Four ROIs on a pusher cap (d) Scan grid output for

each ROI (plots are scaled to provide visibility)
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external side. The CAD model-based scan path generation
approach uses geometry data extracted from the STL
(stereolithography) file used in 3D-printing [5]. Based on the
shape, each pusher cap was inspected in quarters to cover the
entire area in four inspections. To simplify the scan path, the
CAD model was halved and had its openings filled as shown
in Fig. 5(b). Scan grids were generated using the edited STL
mesh, forming a common scan path that could be applied to
all four regions of interest (ROIs) for both pusher caps (Fig.
5(c) and (d)). The inspection configurations for the 3, 6, 9, and
12 oclock directions were identical, only the pusher cap
orientation was changed so that each side faced the LDV beam.

3. RESULTS AND DISCUSSIONS

3.1 VITWAM and averaged 1D ultrasonic signal inter-
pretation

Ultrasonic Wave Propagation Imaging (UWPI) is a technique
for visualizing ultrasonic wave propagation in the wall
thickness direction. The 1D ultrasonic signals are arranged

into a 3D data array to form a series of freeze frame images
over time [7]. VTWAM combines the absolute amplitudes of
UWPI freeze frames in a selected time window to maximize
the visibility of the resulting image [8]. Fig. 6 and Fig. 7 exhibit
the stitched 2D and 3D VI'WAM plots of the baseline and
fiber-misaligned pusher caps obtained from the inspection
results. These combined plots provide an intuitive overview of
the designated locations on the upper part where the averaged
1D ultrasonic signals (each averaged within a 5 mm x 5 mm
area) were extracted.

To compare representative responses at different expected
internal conditions, the upper 7 oclock position was selected
within the expected 6-8 oclock medium-depth disbonding
region, while the upper 1 oclock position was selected within
the expected 12-2 oclock shallow disbonding region. The
upper 4 oclock position was selected as a relatively less affected
region between them. Averaged 1D ultrasonic signals were
extracted from these clock positions in both the baseline and
fiber-misaligned pusher caps for comparison. Because the
lower part contains segmented fiber loops and inherent inter-

(a) Areal VTWAM
Area 2
Time range: 2.50 s - 3.30 us .8105
TERAD ,"‘"":‘3,;: B AR BRI

o
- R
i3 s

I
¥
5 |

A {2 A Q 9 \J
%\ c_,\'\ (ﬁ@\\ 9;56(\ \'_5‘?)\ _g’L\

t [ < & | 540 = 3 | =
Oo\oo\n " o\ogw\ . G\o‘""\ o\o"“'\ OO\OO\A . ()oc)e\ o A Oéoow\ OO\OG\A c’\oc,vh Oéog‘«\ oéoow\ o Q 3 o
A ° S n &) 2 A VA A
26V X A q %\ %\ sl o o0
A A

A - S 29" ¢ A
o \d K 7% 19
i A7 Area3 Area 4 Area 5 v Area% Area7
Position [mm)]
(b) YT VIWAM VIWAM VTWAM
Time range: 2.50 us - 3.30 us Time range: 2.50 us - 3.30 us Time range: 2.50 us - 3.30 us Time range: 2.50 us - 3.30 us -8\05
¢ 7
6
e v Q% 3 s M 122 [
£ 100 S § 1oo] yZ 5
N 50 \/ {\ N 50 \/a‘(
\ Ju 3
[ £ \ ol [/
, A # & 2
F i A | W
P B TP 8 ST |
X [mm) 5 Posion (mm]  Posilon [mm]  * 0 xmm X [mm) =0 5 position(mm] Position {mm) 0 <0 X [mm) 0
(c) 12 (d)
AM
T E—
80 P | | ——1 Oclock
~——4 Oclock
7 2 ! ! 7 Oclock |
1 1
¢ i ’\ 1 1
s g A [ i
3. Eo—J\/\/\/V\/‘ | \WAWASNAr—e—~——————
A ? | 1
5 ‘/ | 1
1
2 1 1
2} 1 1
> & { 1
1 1
0 3 . s
posisch () J ' 2250 °3.30 10 ° . : L

6

Fig. 6. Baseline pusher cap inspection results (a) 2D VTWAM plot with clock positions labelled (b) 3D VTWAM plots at different views (c)
3D VTWAM plot top view (d) Averaged 1D ultrasonic signals at 1, 4, 7 o'clock designated areas



Laser Ultrasonic Testing of Baseline and Fiber-Misaligned 3D-Printed Composite Pusher Caps 317

VTWAM
‘ Time range: 2.50 us - 3.30 us

Q .
'37"\ 1o 5 o) \Y;b AD \%’5 'B ‘.) s ,%L
Area 3 Area 4 Area 5 Area Area 7
Position [mm]
( b ) VAN VIWAM VIWAM VTWAM
Time range: 2.50 us - 3.30 us Time range: 2.50 us - 3.30 us Time range: 2.50 us - 3.30 us Time range: 2.50 s - 3.30 us «10°

50 g
X [mem] Position [mm]  Position (mm)

12

Time range: 2.50 s - 3.30 u <10

[ 1

8
7
6
150
3 - 9 12 1°
V2 E-10(1 S 14
N 50 3
0/
A s 2 i
50 50 %
L 60X B3 :
50 50 -50 0
Position [mm]  Position (mm) Rimm}
Alvaraged 1D Signals
! —— 1 Oclock
- 4 Oclock
1 : :
1
1
1
: £t S e o S i o e o e e s
1
1
1
1
1
1
| 1
fl L L x
2 3 4 5 8 ? .
2.50 °3.30 ;0

Fig. 7. Fiber-misaligned pusher cap inspection results (a) 2D VTWAM plot with clock positions labelled (b) 3D VTWAM plots at different
views (c) 3D VTWAM plot top view (d) Averaged 1D ultrasonic signals at 1, 4, 7 o'clock designated areas

bead gap features, the detailed waveform interpretation in this
section focuses on the selected upper part locations.

The baseline pusher cap was expected to have no void
associated with intentional fiber nozzle misalignment at the
upper part 1, 4, and 7 oclock positions. The VIWAM plots in
Fig. 6(a-c) showed similar signal amplitudes in terms of color
representations in the 2.50-3.30 us time window. The
corresponding averaged 1D ultrasonic signals in Fig. 6(d) also
showed similar waveform shapes, indicating similar ultrasonic
wave propagation in the thickness direction.

In the fiber-misaligned pusher cap, additional variations
caused by the intentionally misaligned fiber were observed in
the VIWAM plots at the same 2.50-3.30 us time window in
Fig. 7(a-c). At the upper 1 oclock region, voids between the
Onyx wall and CF were expected to occur at approximately
0.4 mm depth. As shown in Fig. 7(d), the altered waveform
and increased amplitude at the 1 oclock position were
interpreted as being consistent with superposition of the
principal measured wave packet and a shallow interface

response. At the upper 7 oclock region, fiber misalignment-
induced disbonding between the CF and Onyx infill was
expected at approximately 1.4 mm depth, and the corresponding
waveform showed a response different from the baseline
waveform. In comparison, the upper 4 oclock region showed a
waveform closer to the baseline pusher cap, suggesting that the
effect of fiber misalignment was relatively small at this
location.

The baseline pusher cap showed relatively consistent
VTWAM patterns and averaged 1D signals in the upper part,
indicating similar ultrasonic wave propagation in the thickness
direction at the selected clock positions. The fiber-misaligned
pusher cap showed additional localized VITWAM patterns and
waveform variations at the expected shallow and medium-
depth disbonding regions, which were consistent with
subsurface condition changes associated with the imposed
fiber nozzle misalignment. These results suggest that the LUT
results should be interpreted with respect to the slicer-defined
fiber loop arrangement and expected subsurface conditions.
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3.2 SNR-based measurement quality analysis

The SNR analysis was used to verify whether robotic PUPI
inspection of pusher cap curved surfaces maintained sufficient
measurement quality for interpreting the VIWAM and
waveform results. SNR was calculated as the ratio between the
peak-to-peak amplitude of the measured ultrasonic signal and
the standard deviation of the noise in a signal-free time region,
as expressed in Equation (1).

SNR = zo1ogw@ (1)

where A refers to the peak-to-peak amplitude of the entire
acquired waveform and o refers to the standard deviation of
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noise. The stitched inspection domain of each pusher cap was
divided into seven areas, as indicated in in Fig. 6(a) and Fig.
7(a), to calculate the mean SNRs and standard deviations. The
mean and standard deviation of the pointwise SNR values in
each area are listed in Table 2. For Fig. 8, the SNR values were
averaged over the height at 5 mm circumferential intervals,
and the corresponding standard deviations were plotted as
error bars.

In the baseline pusher cap, the mean SNRs ranged from
37.05 dB to 39.91 dB, with standard deviations ranging from
3.27 to 3.75 dB. As shown in Fig. 8(a), the height-wise mean
SNRs slightly decreased at the edges of the lower part
openings, probably because of the imperfect CF placement
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Fig. 8. Height-wise mean SNRs and standard deviation at 5 mm circumferential intervals in Area 1-7 (a) Baseline (b) Fiber-misaligned

Table 2. Quantitative comparison of mean SNRs and standard deviations in Area 1-7 of pusher caps

Baseline pusher cap Fiber-misaligned pusher cap
Area Scan points Mean SNR (dB) Std Dev (dB) Mean SNR (dB) Std Dev (dB)
Upper part 1 77183 38.79 3.59 40.25 4.27
2 77183 38.49 3.63 40.45 4.28
3 6783 39.91 3.60 43.98 3.30
4 24990 39.27 3.46 39.97 391
Lower part 5 14042 38.74 3.75 35.92 3.54
6 24990 37.05 3.27 41.40 3.68
7 6783 38.56 3.59 44.94 3.00
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during U-turns at the opening edges. Overall, the baseline
specimen maintained area-wise mean SNRs above 37 dB
throughout the seven inspected areas.

In the fiber-misaligned pusher cap, the mean SNRs were
between 35.92 dB and 44.94 dB, with standard deviations
ranging from 3.00 dB to 4.28 dB. In addition to the drop near
the lower part opening edges, Fig. 8(b) shows local SNR
reduction around 6-8 oclock region in both the upper and
lower parts. The detected ultrasonic signals were likely affected
by the local changes in surface roughness and optical
reflectivity, where severely misaligned fibers protruded from
the external surface. Area 5 in the lower part achieved the
lowest mean SNR, which is consistent with the severe
protruding-fiber condition in that region. In contrast, Area 7
located at the opposite side where fibers did not protrude on
the Onyx outer wall, achieved the highest mean SNR.

Across both specimens, the area-wise mean SNRs remained
above 35 dB, with standard deviations ranging from 3.00 to
428 dB. These results indicated that usable measurement
quality was maintained over the curved inspection surface.
Local SNR reductions in the fiber-misaligned specimen,
especially near the protruding-fiber region, were associated
with changes in surface roughness and optical reflectivity
rather than with an apparent loss of robotic PUPI scan path
control. The SNR results indicate that insufficient signal
quality was unlikely to be the sole cause of the observed
waveform differences. However, surface-optical effects and
local manufacturing variability cannot be completely excluded.

3.3 Correlation-based quantification of waveform dis-
similarity

Correlation coefficients have been used to compare the
similarity of ultrasonic signal waveforms [9]. In this study, the
waveform differences described in Section 3.1 were quantified
using the correlation-based waveform dissimilarity D, defined
in Equation (2).

D=1-p (2)

where p is the Pearson correlation coefficient calculated
between the baseline and fiber-misaligned averaged 1D signals
at the same nominal clock position over the predefined 1-5 ps
interval. No temporal shifting was applied before calculating
the correlation. A value of D equals zero indicates perfectly
correlated waveform shapes, while D increases as the waveform
correlation decreases. Pearson correlation subtracts the mean
from each signal and normalizes it by its standard deviation.
Therefore, D is insensitive to a uniform signal offset and
uniform positive amplitude scaling, but remains sensitive to
differences in relative timing, phase, noise, and waveform
shape. In this case, D is used as a descriptive matched-location
waveform shape index for comparing the baseline and fiber-
misaligned pusher caps.

Table 3. Correlation-based waveform dissimilarity D at the
twelve matched upper-part clock positions

Otlock D
12 0.1079
1 0.0701
2 0.0937
3 0.0292
4 0.0232
5 0.1347
6 0.2579
7 0.1978
8 0.1207
9 0.0289
10 0.0384
11 0.0103

Table 3 lists the matched-location D values at the twelve
upper part clock positions. At the 1, 4, and 7 oclock positions
discussed in Section 3.1, the D values were 0.0701, 0.0232, and
0.1978, respectively. For the descriptive group comparison, the
12, 1, and 2 oclock positions represented the expected shallow
Onyx wall/CF void condition, whereas the 6, 7, and 8 oclock
positions represented the expected medium-depth CF/Onyx
infill void condition defined in Section 2.2 and Fig. 4 (Views A
and C). The median D was 0.1143 for the six expected-
condition positions (12, 1, 2, 6, 7, and 8 oclock) and 0.0291 for
the remaining six positions (3, 4, 5, 9, 10, and 11 oclock). The
higher D values in the expected-condition positions indicate
greater waveform dissimilarity between the baseline and fiber-
misaligned pusher caps at these locations. The median was
selected to represent the central tendency of the sampled
positions because it is less affected by isolated high values. The
resulting median comparison indicates generally greater
matched-location waveform dissimilarity at the expected-
condition positions. However, these waveform differences may
also be influenced by local manufacturing variability and
surface measurement conditions.

4. CONCLUSIONS

This study presented a process-informed case comparison of
baseline and fiber-misaligned 3D-printed continuous CF
composite pusher caps using robotic PUPIL. The baseline
pusher cap served as a nominal manufacturing comparator
that included inherent printing features such as inter-bead
gaps. The fiber-misaligned pusher cap showed additional
localized VTWAM and waveform variations consistent with
the shallow Onyx wall/CF and medium-depth CF/Onyx infill
disbonding conditions. These conditions were not independently
verified by micro-CT or destructive sectioning. The expected
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conditions were inferred from the nominal bead arrangement
and imposed fiber nozzle misalignment. The SNR analysis
indicated that sufficient measurement quality was maintained
over the curved inspection surface. The local SNR reductions
near protruding fibers also indicated that surface roughness
and optical reflectivity influenced the measured signals.
Therefore, interpretation of the robotic PUPI results should
consider the CAD geometry, slicer-defined nominal fiber
arrangement, expected manufacturing conditions, and local
surface condition together. The matched-location waveform
dissimilarity D was generally greater at the positions
corresponding to the expected shallow and medium-depth
conditions. Also, the higher median D observed at the
expected-condition positions suggests that the imposed fiber
nozzle misalignment produced localized waveform changes
that were distinguishable from the nominal manufacturing
response.

Only one baseline and one fiber-misaligned pusher cap,
representing one intentionally imposed fiber nozzle misalignment
condition, were inspected in this case study. Therefore, the
present study does not establish part-to-part repeatability, a
statistical detection threshold, probability of detection, or the
minimum detectable degree of fiber misalignment. The
relationship between the fiber-misalignment magnitude and
the corresponding waveform response, as well as the
minimum detectable defect size, requires further investigation
using multiple controlled manufacturing conditions and
independently characterized internal conditions. The 0.5 mm
scan interval represents lateral spatial sampling and should not
be interpreted as the minimum detectable defect size. CAD
model-derived STL geometry has been applied to robotic
PUPI of a 3D-printed UAV winglet [10], while 3D scan-
derived STL geometry has been demonstrated for a non-
planar CFRP specimen and an aircraft composite fairing tail
cone [11]. These studies demonstrate that robotic PUPI scan
paths can be generated for different curved geometries.
However, the waveform response and detection performance
would need to be evaluated separately for each material
system, internal configuration, and specimen geometry. Even
though CAD-based robotic PUPI can be adapted to asymmetric
and irregular surfaces, it may still be constrained by factors
such as the robot workspace and joint limits, collision avoidance,
and geometric obstruction. Multiple scan orientations or
auxiliary positioning stages may therefore be required for
complete surface coverage of highly complex components.

In summary, this study presents an interpretation-based case
comparison. Although statistically validated defect detection
performance remains to be established through repeated
experiments and direct defect validation, the results support
the use of process information as an essential basis for
interpreting robotic PUPI results of complex continuous fiber
3D-printed composite structures.
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