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INTRODUCTION

Material Extrusion (MEX), also referred to as Fused
Filament Fabrication (FFF) or Fused Deposition Mod-
eling (FDM), is an additive manufacturing technique in
which thermoplastic materials are deposited layer by layer
through a heated nozzle, following the geometry defined by
a digital 3D model [1]. The process supports a wide range
of thermoplastics in filament or pellet form [2]and enables
the fabrication of complex geometries without the need for
molds or specialized tooling. This makes MEX particular-
ly suitable for low-volume production, rapid prototyping,
and design iterations. However, it still faces certain limita-
tions—such as relatively high unit costs compared to tradi-
tional mass-production methods.

However, the production of certain geometries—par-
ticularly those involving overhangs that exceed the crit-
ical build angle—requires the use of support structures.
Although these structures are typically easy to remove
post-process, they contribute to increased material con-
sumption and roughen the parts surface, which in turn
raises overall production costs. On the other hand, waste
materials are generated, which either contribute to en-
vironmental pollution or necessitate additional costs for
their disposal. A practical strategy to mitigate these issues
involves subdividing complex geometries into multiple
subassemblies that can be printed independently and later
joined. In such cases, mechanical fasteners—such as bolts,
nuts, or rivets—are often preferred for assembly due to their
ease of disassembly and reusability. This approach, howev-
er, necessitates post-process drilling of the printed parts to
accommodate the fasteners [3].

Although it is possible to incorporate holes directly
into part designs and fabricate them using the MEX pro-
cess, there are often cases where printed components must
be modified post-production to meet specific or evolving
requirements. In cases where manufacturing must accom-
modate several different requirements, parts can be initially
printed as solid base models without holes, and the nec-
essary holes can be drilled later at the required positions.
This approach introduces flexibility into the production
process. Since base products capable of meeting varying
hole placement demands depending on the order type can
be prepared in advance, it may also help reduce order deliv-
ery times. Drilling is also more practical and cost-effective
than discarding or reprinting large components due to hole
placement errors. However, the final hole quality is influ-
enced by the material properties, process parameters, and
hole orientation within the design. Holes printed at steep
angles (above a critical threshold) typically require support
structures for stability. Despite this, such holes often suffer
from poor dimensional accuracy and geometric irregulari-
ties due to instability and support removal issues. Further-
more, post-processing steps—such as support removal or
surface finishing—can further distort the hole geometry,
making it unsuitable for precision applications [4]. There-
fore, drilling is often a more reliable method for producing
accurate and well-tolerated holes in MEX-fabricated parts.

Moreover, during the printing process, creating holes
directly with a 3D printer requires the print nozzle to pause
or change direction, which further increases the already
lengthy printing time. In contrast, drilling holes as a sec-
ondary operation takes significantly less time compared to
printing them during the manufacturing process. Kartal
and Kaptan [5], demonstrated this by comparing different
cutting tools for post-processing PLA parts fabricated with
100% infill, ultimately identifying those that maintained
hole quality and minimized surface defects during drilling.

Among the various thermoplastics used in MEX, Ac-
rylonitrile Butadiene Styrene (ABS) is well known for its
toughness and favorable mechanical properties. However, it
also presents challenges such as warping, poor dimension-
al stability, and poor adhesion to the build surface during
cooling [6]. To overcome these limitations, ABS is frequent-
ly blended with other polymers to improve its printability
and performance. One of the most effective blending mate-
rials is polycarbonate (PC), a high-strength, high-tempera-
ture-resistant thermoplastic that offers excellent durability,
thermal resistance, and impact performance. Although PC
is difficult to process on its own due to its high melt viscosi-
ty and brittleness under certain stress conditions, it comple-
ments ABS both mechanically and economically [7].

Blending PC with ABS results in a material that com-
bines the strength and thermal stability of PC with the duc-
tility and ease of processing of ABS, making PC/ABS blends
particularly well-suited for MEX applications [8-10]. These
blends are widely used in demanding sectors such as the
automotive and aerospace industries, where parts are often
subjected to mechanical loads and thermal fluctuations. Re-
search into PC/ABS blends has highlighted their localized
and anisotropic thermal deformation behaviors, which are
especially relevant for post-processing and machining op-
erations [11-14]. Recent advancements in understanding
its thermal and plastic deformation properties indicate that
PC/ABS blends perform significantly better in post-pro-
cessing and machining operations compared to pure ABS.
Because polycarbonate and ABS complement each other
both technically and economically, PC/ABS blends have
gained considerable attention for engineering applications
that demand high toughness—particularly in the automo-
tive industry [15].

In this study, the effect of the number of shell layers on
the drilling performance of PC/ABS parts manufactured
using the MEX method was investigated. Additionally, the
study aimed to optimize drilling parameters by varying
spindle speed and feed rate. Based on the authors’ literature
review, although limited research has explored the drilling
of polycarbonate materials [16-18], no studies were found
that specifically examine the drilling characteristics of PC/
ABS blends. It is well established that shell layer count—
referring to the number of outer perimeter walls—signifi-
cantly influences the mechanical properties of MEX-man-
ufactured parts. Increasing the shell count enhances the
solid wall thickness around a hole, thereby improving
tensile and bending strength [19]. Thicker shell walls can
better withstand machining forces during drilling, while
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parts with fewer shells may have insufficient structural sup-
port, leading to hole deformation or delamination. By ex-
perimentally linking shell count to drilling outcomes, this
study aims to provide practical guidance on optimizing 3D
printing parameters to ensure reliable post-machining per-
formance. Understanding this relationship is essential for
ensuring that additively manufactured parts can be safely
and accurately drilled for fasteners or other functional fea-
tures without compromising part integrity. Moreover, the
MEX method enables the preservation of surface integri-
ty by applying distinct infill patterns (e.g., grid, octet, etc.)
within the internal regions of parts [20]. This feature allows
MEX-produced components to function as meta-sandwich
structures [21]or as core elements in sandwich material
assemblies [22, 23]. When such structures are assembled
using bolts, nuts, or rivets, post-process drilling may be
necessary in the core sections [24]. Therefore, the primary
objective of this study is to provide experimental data that
support the optimization of drilling parameters for PC/ABS
parts with varying shell layer counts, thereby contributing
valuable insight to the current body of knowledge on ad-
ditive manufacturing and secondary machining processes.

MATERIALS AND METHODS

Desing and MEX Manufacturing

A rectangular prism-shaped sample with dimensions of
150 mm x 150 mm x 10 mm was designed for fabrication
using the MEX method. To facilitate secure mounting on
a vertical machining center (VMC), through-holes with a
diameter of 8.2 mm were incorporated at all four corners
as well as the center of the design (Fig. 1). A plate thickness
of 10 mm was selected to balance the structural integrity
required for stable drilling with the goal of minimizing ma-
terial consumption. This thickness provides adequate rigid-
ity to support consistent tool engagement and efficient chip
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Figure 1. Technical drawings of sample plate.

evacuation, ensuring uniform machining conditions with-
out compromising the part’s mechanical stability.

Although minor delamination and edge deformation
were observed around the drilled holes—phenomena com-
monly encountered when machining thermoplastic mate-
rials—these imperfections were minimal and did not affect
the dimensional accuracy or functional performance of
the components. The selected 10 mm thickness effectively
mitigated such issues while avoiding excess material use,
making it a practical and efficient choice for applications
involving rapid prototyping, functional testing, and itera-
tive design processes.

The 3D Gence Slicer software was used to adjust key
parameters for the MEX process, including shell count, in-
fill percentage, layer thickness, and infill pattern (Fig. 2a).
The MEX method facilitates the production of components
with hollow structures by employing repetitive internal pat-
terns along the build direction, rather than manufacturing

(a)

Figure 2. (a) Adapting the design for MEX production using 3D Gence Slicer software (b) 3DGENCE INDUSTRY F421.
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Figure 3. Drilling setup: (a) ETASIS ETAMILL VL1000
VMG, (b) Image captured during the drilling process, (c)
Top view of a sample with 8 shell layers after drilling.

fully solid objects. This approach is particularly advanta-
geous for components that are not subjected to significant
mechanical stresses, as it reduces weight while maintain-
ing structural integrity. In this study, a zig-zag infill pattern
with a 50% infill density was applied to the internal regions
of the design.

Layer thickness is a critical parameter that affects me-
chanical properties, surface finish, and production time.
The primary objective of this study was to provide practi-
cal insights into post-production drilling operations with-
in typical manufacturing workflows. Therefore, the layer
thickness was set to 0.25 mm, a standard value in modern
additive manufacturing technologies that offers a balance
between quality and production efficiency.

In the MEX method, the hollow regions formed by infill
patterns are enclosed by integrated shell layers, which are
deposited with a specified overlap. As a result, the external
surfaces of the part are fully covered with solid shell layers.
In this study, for all samplesfour shell layers were applied
to the bottom surfaces, while the top surfaces—where the
drilling tool would penetrate—were manufactured with
varying shell layer counts of 4, 8, and 12. The MEX process
was conducted using the 3DGence F421 machine (Fig. 2b).

During the manufacturing process, a 1.75 mm diame-
ter PC/ABS (Polymaker™) filament was used as the prima-
ry build material, while a 1.75 mm diameter proprietary
acrylic copolymer (3D Gence ESM-10) filament was used
as the raft material. Prior to manufacturing, both filament
materials were dried at 80°C for 16 hours to eliminate any
moisture that could affect the printing quality. The prima-
ry material was extruded at 280°C, while the raft material
was extruded at 250°C. The ambient temperature was main-
tained at 100°C, and the build plate temperature was set to
105°C. Before printing the main structure, a three-layer raft

Table 1. Process parameters for drilling

Independent Unit Levels In total
variables
N: Shell Layer piece 4 8 12 27
Count combinations
f: Feed Rate mm/ 50 100 150

min
Ve: Spindle rpm 600 900 1200
Speed

was deposited on the base surface to enhance adhesion and
stability. All samples were produced using distinct MEX
process parameters.

Surface Roughness Measurement

The surface roughness of the top, bottom and lateral
surfaces was measured using a Mitutoyo Surftest SJ-301
profilometer. To evaluate the effect of shell layer count on
surface roughness in the lateral region, measurements were
conducted exclusively on areas composed of shell layers.
The core regions were excluded from analysis, as the pro-
cess and design parameters in these areas were consistent
across all specimens. A Gaussian filter was applied to the
measured profiles, with a cut-off length of 0.8 mm and five
sampling lengths. The primary surface roughness parame-
ters—Ra (arithmetical mean roughness), Rz (mean peak-
to-valley height), and RSm (mean spacing of profile irregu-
larities)—were calculated based on the filtered data.

Drilling Process

The drilling process was performed using an ETASIS
ETAMILL VL1000 vertical machining center (VMC) (Fig.
3a). A 6.7 mm diameter high-speed steel (HSS) drill bit was
employed for the machining operations. To enable accu-
rate through-hole drilling, a custom fixture was fabricated
using the MEX method. This fixture was first mounted on
the VMC, and the printed samples were then securely po-
sitioned on top of it (Fig. 3b). The selection of a 6.7 mm
drill bit was motivated by the need to produce function-
al prototypes compatible with M8 fasteners—widely used
in mechanical design and assembly. In rapid prototyping
workflows, parts are frequently manufactured without
predefined holes to retain flexibility for post-processing
modifications. Standardizing the hole diameter at 6.7 mm,
which corresponds to the recommended pilot hole size for
MS8 threaded connections, allows printed parts to be easily
adapted for mechanical fastening without requiring design
revisions. This approach facilitates a smoother transition
from prototype to functional testing by enabling the direct
use of industry-standard fasteners and reducing the need
for additional rework during early development stages.

Drilling was performed at three different feed rates and
spindle speeds. Each combination of drilling parameters
was applied to the samples with three repetitions (Figure
3¢). The drilling process was completed in a single pass. Af-
ter each operation, the tool surfaces were cleaned of chips,
and the drill bit was allowed to cool to room temperature
before the next drilling cycle.
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Figure 4. Image processing steps for determining delami-
nation: (a) Image segmentation, (b) Contour detection and
circle fitting, (c) Identification of the delamination bound-
ary as a fitted circle.

The independent variables, including the number of
shell layers on the top surface, feed rate, and spindle speed,
are summarized in Table 1.

Measuring of Diameter and Cylindricity

The entry and exit diameters, along with the cylindricity
of the drilled holes, were measured using a Hexagon Co-
ordinate Measuring Machine (CMM), ensuring high pre-
cision in assessing dimensional deviations and geometric
tolerances. This methodology provided a clear evaluation of
how closely the drilled holes conformed to an ideal cylin-
drical shape. Additionally, detailed imaging was conducted
using a stereomicroscope, enabling a thorough examina-
tion of hole surfaces, including surface irregularities and,
burr formation at the exits. The combination of CMM mea-
surements and stereomicroscopic observations allowed for
a comprehensive analysis of the drilling process, offering
deeper insights into the influence of drilling parameters on
machining quality and supporting process optimization.

Image Processing for Determining Delamination

By processing stereomicroscope images, quantitative
data can be extracted from circular features. For instance,
Ang et al. [25]utilized image processing techniques to anal-
yse cell circularity. In this study, image analysis was em-
ployed to detect delamination on the entry and exit surfaces
of drilled holes using images captured from these surfaces,
leveraging the OpenCV library in Python.

To achieve this, segmentation techniques were applied
to mask the images, enabling the separation of the entry
and exit profiles of the holes (Fig. 4a). Next, the circular

shape of the hole was reconstructed by merging the point
data identified during the analysis. The Hyper Least Squares
approach, a circle-fitting technique, was employed to deter-
mine the centre and diameter of the hole using the extract-
ed contour data [26]. Figure 4b illustrates the detected con-
tour and the fitted circle, overlaid onto the original image.
Using the identified contour and OpenCV functions, the
area of the hole was calculated.

These steps were iteratively applied to each image aper-
ture to determine the hole diameters. To enhance visualiza-
tion, distinctively coloured lines were added to the image
to highlight both the hole contour and the fitted circle. The
same procedures were applied to the delamination region,
where the radially distinct boundaries were isolated. A fit-
ted circle was then generated to match these contours (Fig.
4c), and its diameter and area were calculated. Finally, the
area of the hole was subtracted from the delamination con-
tour area to quantify the delamination region.

Statistical Analysis

To comprehensively evaluate the effect of shell layer
count on the top and lateral surface quality of the manu-
factured plates, a one-way analysis of variance (ANOVA)
was conducted. Additionally, to assess the influence of ma-
chining parameters on hole quality, an n-way ANOVA was
performed. This statistical method was employed to system-
atically analyze the relationships between the independent
variables—shell layer count, feed rate, and spindle speed—
and the dependent variables, including hole diameter devi-
ation, cylindricity, and delamination. Each parameter was
varied within predetermined ranges, allowing the analysis to
capture both the main effects of individual factors and any
statistically significant interactions among them. For exam-
ple, the analysis provided insights into whether the effect of
feed rate on dimensional accuracy was influenced by varia-
tions in spindle speed or shell layer count. The findings from
ANOVA offered valuable data for optimizing the machining
process, ultimately enhancing both the precision and struc-
tural integrity of the final product. The analyses were con-
ducted using Python 3.13 [27] within the Spyder IDE.

RESULTS AND DISCUSSION

Surface Roughness Results

The results for the top surface indicated that the mod-
el was not statistically significant for any of the roughness
parameters (p>0.05). This outcome is likely due to the pres-
ence of both raster infill and shell layers on the top surface,
which leads to localized fluctuations in surface texture. As
a result, the high variance in the measured data may have
masked moderate differences between shell layer condi-
tions. Although the lowest roughness values were observed
in the 12-shell condition, it cannot be conclusively stated
that shell layer count had a statistically significant effect on
top surface roughness (Table 2).

In contrast, shell layer count had a statistically signifi-
cant effect on the Rz values of the lateral surfaces. However,
as shown in Figure 5, no single shell count condition was
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Table 2. One-way ANOVA results in surface roughness values on top surfaces
Surface Independent Dependent Sum of Degree of Mean square  F-value P
variable variable squares freedom
Ra [um] 39.26 2 19.63 2.35 0.1760
Top Surface Shell Count Rz [Hm] 873.11 2 436.55 2.28 0.1837
8140.22 2 4070.11 1.3 0.3390
Ra [um] 0.5798 2 0.2899 3.26 0.1098
Lateral Surface Shell Count Rz [um] 123.15 2 61.57 69.4 <0.0001
RSm [pm] 2968.67 2 1484.33 4.5 0.0639
35.00 3141 31/62 204.70 20547
30.00 27.09 200.00 184.20
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Figure 5. Variations in surface roughness based on shell counton top, lateral and bottom surfaces: (a) Ra, (b) Rz, (c) RSm values.

found to be distinctly superior in terms of surface finish.

The bottom surface, which was printed against a heated
raft at 105 °C, is primarily affected by the raft texture and
the first-layer squish, rather than by the shell layer count.
Minor differences observed in the mean Ra and Rz values
are attributed to random variations in first-layer flow and
adhesion, rather than to any systematic influence of shell
count. Therefore, the relationship between shell layer count
and bottom surface roughness was not explored further;
the results are reported for reference purposes only.

Additionally, while RSm values were successfully cal-
culated for the top and lateral surfaces, no repeatable sur-
face profile was detected on the bottom surfaces, prevent-
ing RSm calculation. This finding supports the explanation
that the first-layer squish and the interaction between the
build plate and extruded material dominate the bottom
surface profile, producing irregularities that do not follow
a repeatable pattern.

Deviation in Diameter Results

Table 3 presents the results of the n-way ANOVA anal-
ysis for diameter deviation. The analysis revealed that the
model was statistically significant (p<0.0001). As observed,
the most influential factor affecting diameter deviation was
the feed rate, followed by spindle speed as the second most
significant parameter. Additionally, the shell layer count
was also found to have a statistically significant effect.

Figure 6 illustrates the variation in hole diameter devi-
ation with respect to the examined parameters. The results
indicate a clear trend: as the feed rate decreases, the devi-
ation in diameter also decreases. Conversely, higher feed
rates lead to an enlargement of the hole diameter. This can
be attributed to the fact that increased feed rates generate
greater thrust forces, which intensify the tool-workpiece
interaction and result in substantial heat buildup during
drilling [28]. The elevated temperatures lower the viscosity
of the thermoplastic material, causing localized deforma-
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Table 3. N-way ANOVA results in deviation in diameter values

Sumof Degree Mean F-value P
squares of square
freedom

Model 0.0611 6 0.0102 1191  <0.0001
Shell count  0.0103 2 0.0051 6.02 0.0034
Feed rate 0.0275 2 0.0137  16.07 <0.0001
Spindle 0.0234 2 0.0117  13.65 <0.0001
speed

tion around the hole and ultimately leading to permanent
expansion of the hole diameter [29]. Supporting this obser-
vation, Srinivasan et al. [17] reported that, in the drilling

of glass fiber-reinforced polycarbonate, increasing the feed
rate led to a rise in thrust force of up to 45%, establishing a
clear correlation between feed rate, cutting forces, and di-
mensional enlargement.

Another possible contributor to hole diameter expansion
is vibration, or chatter, which is associated with the dynamic
behavior of the drill bit during operation [30]. As feed rate
increases, the cutting forces become more intense, raising
the potential for chatter. These vibrations can cause rapid
fluctuations in cutting forces, resulting in irregular tool en-
gagement and inconsistent material removal. Additionally,
chatter may lead to the formation of rough surface textures
around the hole, making it more difficult to achieve precise
diameter measurements and reducing dimensional accuracy.

In contrast, an increase in spindle speed was found to
reduce diameter deviation. This is likely due to improved
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thermal softening and chip evacuation at higher speeds,
which facilitate smoother cutting and minimize ther-
mal-induced expansion. Therefore, combining a low feed
rate with a high spindle speed is recommended for achiev-
ing higher precision in drilled holes.

No significant trend was observed between shell lay-
er count and hole diameter deviation, as shown in Figure
5a-c. Furthermore, Figure 5d—e presents Box-and-Whisker
plots illustrating the effects of the independent variables—
excluding shell layer count—on diameter deviation. These
plots confirm that the lowest deviations occurred under
conditions of low feed rate and high spindle speed. An
additional noteworthy observation is that, throughout the
drilling of PC/ABS samples, only diameter expansion was
observed; no evidence of hole shrinkage was detected.

Cylindricity Results

The n-way ANOVA analysis conducted for cylindricity
values revealed that the model was statistically significant
(p=0.0209). As presented in Table 4, among the evaluated
parameters, feed rate was the only factor found to have a
statistically significant effect on cylindricity.

Figure 7 illustrates the variation in cylindricity values
with respect to different machining parameters. The results
indicate that cylindricity worsens as the feed rate increas-
es. In contrast, no consistent trend was observed between
spindle speed, shell layer count, and cylindricity (Figure
7a-c). Additionally, Figure 7d presents a Box-and-Whisker
plot showing the influence of the independent variables—
excluding shell layer count—on cylindricity. Given that the

Table 4. N-way ANOVA results in cylindricity values

Sumof Degree Mean F-value P
squares of square
freedom

Model 0.1309 6 0.0218  2.63 0.0209
Shell count  0.0319 2 0.0160 1.92 0.1519
Feed rate 0.0298 2 0.0149 1.80 0.1712
Spindle 0.0691 2 0.0346  4.16 0.0184
speed

ideal cylindricity value is zero, the plot clearly demonstrates
that higher feed rates lead to increased deviation from ideal
cylindricity. These findings underscore the importance of
selecting an optimal combination of spindle speed and feed
rate to minimize cylindricity errors and improve hole qual-
ity in MEX-manufactured PC/ABS parts.

Higher cutting forces due to an increasing feed rate can
cause deviations from linear motion, leading to cylindricity
errors. Additionally, increasing the feed rate enhances the in-
teraction and vibrations between the drill and the workpiece.
These vibrations can cause fluctuations in hole diameter,
which may result in increased cylindricity errors. Previous
studies support these findings, as demonstrated by Ameur et
al. [31], which highlight the impact of increased feed rate on
cylindricity errors in composite materials. Similarly, Maoinser
et al. [32] also emphasize that higher feed rates generate more
thrust force, which can further exacerbate cylindricity errors.
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Figure 8. Variations in delamination based on shell count and feed rate parameters: (a) Spindle speed = 600 rpm, (b) Spin-

dle speed = 900 rpm, (c) Spindle speed = 1200 rpm.

Delamination Results

The n-way ANOVA analysis for delamination re-
vealed that the model was statistically significant
(p<0.0001). As shown in Table 5, shell layer count had
a highly significant effect on delamination (p<0.0001).
In contrast, the p-values associated with feed rate and
spindle speed indicate that these parameters did not
have a statistically significant influence on delamina-
tion levels.

Figure 8 illustrates the variation in delamination levels
with respect to shell layer count, spindle speed, and feed
rate. The results indicate that delamination remained low
and comparable at shell counts of 4 and 8, but increased sig-
nificantly at a shell count of 12. Therefore, for components
intended to undergo post-production drilling, maintaining
a shell layer count between 4 and 8 is recommended to min-
imize delamination (Fig. 8). In contrast, no consistent trend
was observed between delamination and either feed rate or
spindle speed.

As the number of shell layers increases, the outer walls
of the printed part may become thicker and denser, poten-
tially requiring a greater thrust force during drilling [33].
This elevated thrust force could lead to stress concentration,
particularly near the exit surface of the hole. The accumu-
lated stress might cause upward displacement of the un-
derlying layers. If the interlayer adhesion is insufficient to
resist this stress, the layers may separate, possibly resulting
in delamination. Consequently, an increase in shell count
might raise both the thrust force and the risk of delamina-
tion during the drilling process.

Table 5. N-way ANOVA results in delamination values

Sumof Degree  Mean F-value P
Squares of Square
Freedom

Model 262.07 6 43.68 177.47  <0.0001
Shell 261.85 2 130.92  531.97 <0.0001
Count
Feed Rate  0.0360 2 0.0180 0.0731  0.9296
Spindle 0.0398 2 0.0199  0.0809  0.9224
Speed
CONCLUSION

In this study, the effect of shell layer count in the Materi-
al Extrusion (MEX) process on the surface roughness and the
drilling performance of additively manufactured parts was in-
vestigated. Specifically, the research focused on how drilling, as
a secondary operation, impacts hole quality in MEX-fabricated
components. Drilling experiments were performed at various
spindle speeds and feed rates to identify optimal process pa-
rameters. Deviations in hole diameter, cylindricity, and surface
delamination were measured, and their relationships with the
independent variables were analyzed using both one-way and
n-way ANOVA. The findings provide quantitative evidence of
trends that can guide designers and engineers in making in-
formed decisions. Notably, the results reveal that variations in
shell layer count can subtly influence outcomes such as delami-
nation and surface finish—offering new insights into post-pro-
cessing strategies for additively manufactured components.
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The following conclusions were drawn from the study:

o Shell layer count did not have a statistically significant
effect on top surface roughness, likely due to the influ-
ence of raster infill and localized variability. Its effect
on the lateral surface was also limited; however, a sta-
tistically significant impact was observed for Rz on the
lateral surfaces. While surface quality showed slight im-
provement at higher shell counts, no single condition
proved to be distinctly superior.

« The deviation in hole diameter exhibited a positive cor-
relation with feed rate and a negative correlation with
spindle speed, while no significant relationship was
observed with shell layer count. The primary cause of
oversized holes relative to the nominal diameter is the
variation in cutting temperature, which is influenced by
feed rate and cutting speed.

+ The cylindricity value increased with higher feed rates,
whereas spindle speed and shell layer count had no sta-
tistically significant effect.

o Delamination remained low and comparable for shell
counts of 4 and 8 but increased significantly at a shell
count of 12.

o No specific trend or correlation was identified be-
tween delamination and the variables of feed rate or
spindle speed.

o Based on these findings, it is recommended that designs
requiring drilled holes be manufactured with 4 or 8 shell
layers, followed by drilling at a feed rate of 50 mm/min
and a spindle speed of 1200 rpm. These results are expect-
ed to provide valuable insights for industrial applications.
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