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1. Introduction

Although most machining studies focus on Carbon Fiber 
Reinforced Polymers (CFRPs), Glass Fiber Reinforced 
Polymers (GFRPs) remain the most widely used FRP materials 
worldwide. This imbalance is mainly due to the widespread use 
of CFRPs in applications demanding high strength-to-weight 
ratio and stiffness [1], particularly in high added-value sectors 
such as aerospace, aeronautics, and automotive industries [2], 
as well as their generally higher cost. CFRPs also exhibit a 
faster market growth trend compared to GFRPs [3]. 
Nevertheless, improving the machinability of GFRPs remains 
essential due to their broad industrial relevance.

Machining FRP composites is challenging due to their 
heterogeneous and anisotropic structure [4]. The absence of 
plastic deformation results in fracture-dominated cutting 
mechanisms, leading to defects such as delamination, fluffing 
(i.e., uncut or partially cut fibers, with or without attached 

matrix material, protruding from the machined surface), and 
fiber pull-out, which contribute to high industrial rejection 
rates. [4]. In orthogonal cutting, five mechanisms have been 
identified by Sheikh-Ahmad [5]: delamination (type 1), fiber 
buckling (type 2), fiber cutting (type 3 et 4),and macro-fracture
(type 5), all governed by fiber orientation, which therefore 
dictates the resulting surface integrity. Colligan [6]
recommends using a ply orientation parallel to the trimming 
direction. Many studies investigate machining-induced defects 
on FRP surfaces, both on surface plies and on surfaces 
perpendicular to the laminate. Some works focus solely on 
fluffing to characterize the surface ply [7], [8], while others 
distinguish several defect classes within the surface ply [6], [9]. 
Schrab [8] considers delamination and fluffling as related 
phenomena and treats them as a single defect, evaluating only 
fluffing on the surface ply.

The objective of this study is to independently quantify 
delamination and fluffing to characterize the machined surface 
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stitched plies for handling during manufacturing. A semi-automatic image processing method is proposed to separately quantify 
delamination and fluffing on surface plies. Slotting tests were conducted using a two-flute straight-tooth PCD cutter on a robotic 
machining setup, with fiber orientations of 0°, 45°, 90°, and 135° and four feed-per-tooth levels. Fiber orientation and milling 
strategy (up/down milling) strongly affect surface quality, while feed per tooth has a minor effect. Stitching threads also affect the 
formation of defects. The optimal configuration is up milling at 𝜃𝜃 = 0∘, producing minimal delamination and reduced fluffing.
These results show that delamination and fluffing must be evaluated separately for reliable surface characterization
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plies. A slotting operation was performed using a machining 
robot equipped with a two-flute straight-tooth PCD insert 
cutter. The influence of fiber orientation θ and feed per tooth fz

on both delamination and fluffing is investigated.
The surface-ply defects are first introduced and classified 

into several categories. Next, the post-machining 
characterization methodology is presented, along with the 
specific indicators used for each defect type (fluffing and 
delamination). The experimental setup is then detailed, 
including the machined material (UD-GFRP), the machining 
strategy, and the cutting conditions. Finally, the results are 
presented and discussed.

Nomenclature

θ fiber orientation angle [°]
𝐴𝐴𝑑𝑑 total delamination area [mm²]
𝐴𝐴𝑓𝑓 total fluffing area [mm²]
ap axial depth of cut [mm]
ae radial depth of cut [mm]
fz feed per tooth [mm/th]
𝐿𝐿𝑑𝑑,max maximum delamination length [mm]
𝐿𝐿𝑓𝑓,max maximum fluffing length [mm]
𝑆𝑆𝑑𝑑 delamination area per unit cutting length [mm²/mm]
𝑆𝑆𝑓𝑓 fluffing area per unit cutting length [mm²/mm]
Vc cutting speed [m/min]
W evaluation length [mm]

2. Classification of Surface-Ply Defects

Colligan [6] classified surface-ply defects into three primary 
types: Type I, Type II, and Type III, with a combined Type I/II 
mode (Fig. 1). Type I delamination is characterized by areas 
where surface ply fibers are broken and removed below the 
machined surface, which results in missing fibers along the 
trimmed edge. Both Type I and Type III delamination share the 
consequence of creating loose fibers attached to the machined 
edge, which imparts a "fuzzy" appearance to the surface. Type
III, for its part, represents partially attached fibers or cracks that 
extend parallel to the machined surface. Conversely, Type II 
delamination is identifiable by uncut fibers that protrude 
outward from the machined edge. This specific damage is 
primarily caused by the fibers bending or moving away from 
the path of the moving tool, subsequently springing back to 
their original orientation instead of being cleanly cut. Type I/II 
delamination is a combination of the characteristics observed 
in the two preceding types. 

Fig. 1: Schematic representation and illustration of defects (adapted from [9])

From a manufacturing standpoint, Type II and Type I/II 
defects are highly undesirable because they require manual 
finishing to remove uncut fibers [9]. In contrast, Type I and 
Type I/II defects may compromise material integrity by 
generating subsurface delamination. For these reasons, fluffing 
(Type II and Type I/II) and delamination (Type I, Type I/II and 
III) must be quantified separately. Fig. 2 illustrates the 
differences between fluffing and delamination areas on a 
slotting test (down-milling side). The boundary between the 
two defects corresponds to the machined surface (dashed line). 
The fluffing region corresponds to the uncut parts: fibers and 
matrix protruding from the machined surface. The delaminated 
area, on the other hand, is defined by the whitening of the 
matrix. The feed direction is aligned with the x-axis.

Fig. 2: Fluffing and delamination identification (𝜃𝜃 = 90°, 𝑓𝑓𝑧𝑧 = 0.01 mm/th)

3. Post-machining characterization

A Keyence VR-6000 3D profilometer was used to acquire 
high-resolution images (2453 × 659 pixels, 14.795 µm/pixel) 
of the entire 35-mm slot. The objective lens used provides a 
×40 magnification. Twelve frames were stitched automatically 
under controlled lighting conditions. Since the viewing 
direction of the image is normal to the surface, the uncut fibers 
of the bottom layer interfere with those of the top layers. To 
avoid this problem, a uniform black background acting as a 
mechanical filter was placed between the two surfaces (Fig. 3).

Fig. 3: Field of view of the profilometer and mechanical filter

The acquired 2D images were then processed to identify the 
fluffing region (or uncut fiber region) and the delamination 
region. Quantitative indicators were subsequently calculated 
from the semi-automatically detected areas. The workflow for 
surface-ply defect characterization is summarized in Fig. 4. 
The up-milling and down-milling sides of each slot were
analyzed separately, since only one edge remains on the final 
trimmed part. As a result, a global indicator for the whole slot 
is unnecessary. The defects characterized in the surface ply are 
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fluffing (or uncut fibers) and delamination. 

Fig. 4: Surface-ply defect characterization schematic

3.1.1. Fluffing region
The fluffing region is first identified from the acquired 

image (Fig. 4) before calculating the corresponding defect 
indicators. The detection process (Fig. 5) is semi-automatic: the 
region of interest (ROI) is defined manually, including both the 
study zone of length 𝑊𝑊 (Fig. 2), which excludes the slot entry 
and exit areas, and the machined surface (dash line in Fig. 2).

From this point, the detection of fluffing regions is fully 
automatic. Before image processing, the image is leveled based 
on the inclination of the machined surface using nearest-
neighbor interpolation. The image processing pipeline consists 
of four steps, similar to the approach used by Schrab [8]: 
conversion to grayscale, noise reduction using a 3×3 Gaussian 
filter, automatic foreground (fluffing area) detection using 
O   ’                                                -fluffing 
regions of the part from being mistakenly included in the 
fluffing zone. A Laplacian-based sharpness filter is further 
applied to reject out-of-plane fibers that may bypass both the 
mechanical filter and Otsu's thresholding: components with 
insufficient local sharpness — characteristic of fibers outside 
the focal plane — are systematically discarded.

From the detected region, the maximum fluffing length 
𝐿𝐿𝑓𝑓,max is measured perpendicular to the machined surface (Fig. 
2). The fluffing area per unit cutting length 𝑆𝑆𝑓𝑓 is defined as the 
total fluffing area 𝐴𝐴𝑓𝑓 over the evaluation length 𝑊𝑊 : 
𝑆𝑆𝑓𝑓 = 𝐴𝐴𝑓𝑓 / 𝑊𝑊 [mm²/mm].

3.1.2. Delamination region
Similar to fluffing detection, delamination region detection 

is semi-automatic (Fig. 5). The initial steps are identical: ROI 
selection and image leveling. Image processing starts with 
conversion to grayscale and noise reduction using a 3×3 
Gaussian filter. Thresholding is performed empirically. 
Delaminated areas appear whitened, allowing a grayscale value 

to identify them. A value of 190 was chosen based on lighting 
                           ’          . 

Morphological operations are then applied to define 
coherent delamination zones [10]. Two operations are used: 
opening and closing. Opening, defined as erosion followed by 
dilation with a 3×3 elliptical kernel, removes isolated noise 
pixels while preserving genuine delamination features. During 
erosion, pixels are removed unless all neighbors are white, 
eliminating clusters smaller than the kernel; subsequent 
dilation restores the size of legitimate zones without recovering 
eliminated noise. This conservative kernel size preserves small 
delamination (5-6 pixels) after Gaussian blur. Closing, defined 
as dilation followed by erosion with a 5×5 elliptical kernel, 
unifies fragmented zones and fills internal holes. Dilation 
bridges gaps of 2-3 pixels and fills voids, while erosion restores 
original dimensions without reopening filled areas. The larger 
5×5 kernel allows aggressive gap filling (up to 3-4 pixels) 
without merging genuinely separate zones (>5–6 pixels apart).

From the detected region, the maximum delamination length 
𝐿𝐿𝑑𝑑,max is measured perpendicular to the machined surface (Fig. 
2). The delamination area per unit cutting length 𝑆𝑆𝑑𝑑 is defined 
as the total delamination area 𝐴𝐴𝑑𝑑 over the evaluation length 𝑊𝑊:
𝑆𝑆𝑑𝑑 = 𝐴𝐴𝑑𝑑 / 𝑊𝑊 [mm²/mm]. 

Fig. 5: Defect region detection and indicators calculation schematic

4. Experimental setup

4.1. Workpiece material

A purely unidirectional (UD) GFRP specimen is examined 
in this paper. The workpieces are UD-GFRP samples provided 
by Sobelcomp and manufactured by resin infusion. The 
laminate consists of 14 plies of unidirectional glass fiber tows 
embedded in an epoxy matrix, all oriented in the same 
direction. The total thickness of the laminate is 7.3 mm ± 0.2 
mm. A transverse cross-section of the specimen is shown in 
Fig. 6.a. In this view, fibers are perpendicular to the cutting 
plane, and all 14 plies can be clearly distinguished.

However, although the plies are unidirectional, the handling 
and formability of parts made from this material require 
stitching threads to maintain the arrangement of the 
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unidirectional fiber tows during the infusion process. These 
stitching threads, highlighted with dashed lines, are illustrated 
in Fig. 6.b. Their presence influences the formation of defects, 
since these threads are not oriented in the main fiber direction.

Fig. 6: Cross-sectional view and top view of the specimen

4.2. Robotic machining experiments

The experimental setup is shown in Fig. 7. Slotting tests 
were performed on a Stäubli TX200 robot equipped with a 
Teknomotor ATC 71-HSK F63 spindle. The tests were carried 
out at the UMONS Machine Design and Production 
Engineering Lab.

Fig. 7: Experimental setup

The tool studied is a 6 mm-diameter, two-flute straight-tooth 
PCD milling cutter from Ceratizit (reference 1F400001005-
17X) (Fig. 8). It is designed for long tool life when machining 
non-ferrous metals and plastics. The cutting speed 𝑣𝑣𝑐𝑐𝑣𝑣𝑐𝑐was set 
to 125 m/min. The axial depth of cut matched the specimen 
thickness. Only the peripheral teeth participate in the cutting 
process. Four different feeds per tooth 𝑓𝑓𝑧𝑧were tested: 0.01, 
0.02, 0.03, and 0.04 mm/tooth. Each slotting test was 
performed over 35 mm in the x-axis (feed direction). The 
specimens were unidirectional glass fiber–reinforced polymer 
(UD-GFRP) samples, with the fibers oriented at 𝜃𝜃 = 0∘, 45∘, 
90∘, and 135∘relative to the cutting direction. The tests were 
conducted in a robot posture that maximized structural rigidity
[11]. However, this does not exclude the presence of additional 
dynamic and vibratory effects compared to a conventional 
CNC machine. Each cutting condition was repeated three times 
for repeatability.

Fig. 8: 6mm two-flute straight-tooth PCD milling cutter from Ceratizit

5. Results and discussion

5.1. Influence of stitching threads

To facilitate component fabrication [6], surface fibers 
should be aligned parallel to the trimmed edges along all 
straight sections. Accordingly, our case study recommends a 
fiber orientation of 0∘. However, it is also in this configuration 
that the influence of the stitching threads is most noticeable. In 
principle, Type II and Type I/II defects should not occur 
because the UD ply is aligned with the cutting direction (θ =
0°). Only Type III defects would normally be expected. The 
appearance of Type II and Type I/II defects is instead caused 
by the stitching threads, whose inclination differs from the 
main ply orientation. Fig. 9 shows such defects for a feed per 
tooth fz     .                                 θ of 0°. In both 
cases, the stitching thread is oriented at 30° relative to the feed 
direction. An important observation is that portions of matrix 
remain attached to the uncut fibers. These matrix segments 
follow the fibers during their deflection: they are not cut by the 
tool and subsequently undergo elastic spring-back together 
with the fibers to which they are bonded. As such, these matrix 
remnants (Fig. 9.a) are classified as part of the fluffing region. 

Fig. 9: Influence of stitching threads (𝜃𝜃 = 0°, 𝑓𝑓𝑧𝑧 = 0.03 mm/th)

5.2. Fluffing region

Fig. 10 displays the fluffing results, showing the mean and 
standard deviation of three repetitions for each cutting 
condition. The 45°/down-milling configuration produces both 
the largest (𝐿𝐿   ) and the densest (𝑆𝑆𝑓𝑓) fluffing. The high level 
of fluffing observed at 0° is mainly due to uncut stitching 
threads. Fluffing levels are similar in up-milling and down-
milling at 0°. For fiber orientations 𝜃𝜃 at 90°, up-milling 
generally minimizes fluffing, while for 𝜃𝜃 = 135∘ , and more 
broadly for orientations greater than 90°, down-milling 
becomes more effective. This is consistent with the fact that the 
geometric cutting configuration in up milling for 𝜃𝜃 ∈ [0∘, 90∘]
fis mirrored by down milling for 𝜃𝜃 ∈ [90∘, 180∘]. To compare 
cutting conditions, only 𝑆𝑆𝑓𝑓 is considered, as it better reflects 
overall fluffing severity. The maximum fluffing length is less 
relevant for finishing operations, whereas the density of the 
defect ( 𝑆𝑆𝑓𝑓 ) is more critical. For upmilling at 𝜃𝜃 = 0∘ , 𝑆𝑆𝑓𝑓
increases with 𝑓𝑓𝑧𝑧 but drops at 𝑓𝑓𝑧𝑧 = 0.04 mm/th. For 𝜃𝜃 =
45∘ and 90°, 𝑆𝑆𝑓𝑓 remains nearly constant or decreases as 𝑓𝑓𝑧𝑧
increases. For 𝜃𝜃 = 135∘ , 𝑆𝑆𝑓𝑓 steadily increases with 𝑓𝑓𝑧𝑧 . Thus, 
for orientations between 0° and 90°, a higher feed, such as 𝑓𝑓𝑧𝑧 =
0.04 mm/th, helps reduce fluffing. Overall, the most favorable 
condition for limiting fluffing is observed at 𝜃𝜃 = 0∘, for both 
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up- and down-milling at low feed rates. In addition, up-milling 
at 𝜃𝜃 = 45∘ yields good results regardless of the feed rate.

Fig. 10: Indicators for fluffing

5.3. Delamination region

Fig. 11 displays the delamination results, showing the mean 
and standard deviation of three repetitions for each cutting 
condition.

   θ    °  𝑆𝑆𝑑𝑑 is of the order of 10−2 mm2/mm , i.e. 
approximately one order of magnitude lower than for the other 

orientations, independently of the milling strategy. The 135° 
configuration shows the highest delamination levels, and both 
90° and 135° should be avoided as they generate the most 
severe damage.

Fig. 11: Indicators for delamination

For 𝜃𝜃 = 0∘and 135∘, no clear difference appears between 
up- and down-milling. In contrast, for 𝜃𝜃 = 45∘ and 90∘ , up 
milling consistently yields lower delamination. For these two 
orientations, 𝑆𝑆𝑑𝑑 remains roughly constant as 𝑓𝑓𝑧𝑧 increases.
Overall, 𝜃𝜃 = 0∘ is the most favorable orientation regarding 
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delamination. This is consistent with the cutting mechanism: 
the observed damage corresponds delamination as defined by 
Sheikh-Ahmad [5]. Fibers separate from each other without 
propagating damage into the laminate, since delamination 
occurs parallel to the feed direction.

5.4. Relationship between fluffing and delamination

Similar trends can be observed when analyzing either 
fluffing or delamination alone, supporting the idea that these 
defects are related phenomena [5]. However, this correlation 
does not always hold, particularly for the 0∘orientation. In this 
case, Type II defects are present along with Type III defects 
induced by the stitching threads. This combination explains the 
large fluffing lengths observed, despite the very low 
delamination. For Type II defects, uncut fibers protruding from 
the machined edge without inducing delamination, it becomes 
essential to assess delamination separately. Evaluating fluffing 
alone would mask the fact that the 0∘configuration provides 
excellent surface quality in terms of delamination defect.

5.5. Cutting Strategy for Optimal Surface-Ply Quality

Based on the results presented in sections 5.2 and 5.3, the 
optimal configuration corresponds to milling with a fiber 
orientation of 𝜃𝜃 = 0∘ . At this fiber orientation, the milling 
strategy (up- or down-milling) has a limited influence on the 
results. This orientation strongly limits surface-ply 
delamination, in agreement with Colligan [6], while up milling 
reduces fluffing and the need for finishing. The effect of 
stitching threads is noticeable but minor, due to their non-zero 
angle relative to the feed direction. Configurations with 𝜃𝜃 =
45∘, 90°, and 135° are not recommended because they produce 
significant delamination. In general, up milling is preferred for 
fiber orientations between 0° and 90°, whereas down milling is 
more suitable for 𝜃𝜃 = 135∘ . Fiber orientation and milling 
strategy have the greatest impact on surface quality, while feed 
per tooth has little influence (except for 𝜃𝜃 = 135∘). Using the 
lowest feed (𝑓𝑓𝑧𝑧 = 0.01 mm/th) did not yield the best results, so 
excessively limiting feed is unnecessary.

6. Conclusion

This study proposed a semi-automatic image processing 
methodology to separately quantify delamination and fluffing 
defects on surface plies of machined UD-GFRP composites. 
The approach enables the independent assessment of both 
defect types, which is essential since they affect part quality for 
different reasons: fluffing requires costly manual finishing 
operations, while delamination compromises the structural 
integrity of the material.

The experimental investigation using robotic slotting tests 
with a two-flute straight-tooth PCD cutter revealed that fiber 
orientation and milling strategy are the dominant factors 
influencing surface-ply quality, whereas feed per tooth has a 
relatively minor effect within the tested range. The optimal 
configuration for minimizing surface-ply defects is up-milling 
with a fiber orientation of 0° and a feed per tooth of 0.01 mm/th, 

which strongly limits delamination while maintaining 
acceptable fluffing levels. Fiber orientations of 90° and 135° 
should be avoided due to severe delamination.

The presence of stitching threads in the UD fabric was found 
to induce Type II defects even at 0° orientation, where only 
Type III defects would otherwise be expected. This highlights 
the importance of considering manufacturing-related features 
when predicting machining-induced defects.

Future work will aim to integrate surface roughness 
measurements into the characterization methodology, 
providing a more comprehensive assessment of machined 
surface quality. In addition, cutting forces will be considered to 
establish correlations with defect formation. By combining 
roughness parameters with the proposed defect quantification, 
the relationship between cutting conditions and overall surface 
integrity can be better understood.
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