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A B S T R A C T

Machining-induced burrs and delamination compromise the integrity of polymer composite components rein
forced by chopped carbon tows. An image-based optimisation algorithm was therefore developed that locates the 
ideal hole centre within the preform allowance to minimise defect risk. High-resolution images, captured under 
multiple lighting conditions, are processed to generate a probability map of burr and delamination formation. 
Then, recursive convolution yielded a matrix whose minima identified the optimal hole position. First, edge 
trimming experiments were conducted to determine the arguments (critical fibre cutting angle and its range) of 
the developed algorithm. Up-milling was confirmed to outperform down-milling, yielding an order-of-magnitude 
smaller burr heights and a narrower defect-critical fibre cutting angle range. Then, based on the edge trimming 
results, holes were circular-milled, and demonstrated that the optimised “best-case” centre reduced average 
contour height by 64.99 % and contour-depth by 86.51 %, while burr- and delamination-area metrics improved 
by 84.90 % and 77.07 %, respectively, underlying the efficiency and importance of the proposed method. 
Implemented at TRL 4 with standard CNC equipment and open-source Python scripts, the method offers a 
practical framework for integrating burr- and delamination minimisation into CFRP component design and 
manufacturing process planning.

1. Introduction

Carbon fibre-reinforced polymer (CFRP) composites have become 
indispensable in aerospace, automotive and renewable-energy applica
tions due to their exceptional strength-to-weight ratios and formability 
[1]. Despite advances in lay-up, curing and preforming technologies, 
mechanical machining —particularly drilling [2] and milling [3]— re
mains essential for achieving the precise geometries and tight tolerances 
demanded by modern designs. Over the past decade, researchers and 
tool manufacturers have introduced a variety of high-performance so
lutions to minimise machining-induced delamination, burr formation 
and surface damage during the production of holes in CFRP laminates.

Although the use of diamond-coated, W-shaped solid-carbide drills 
[4–7], coupled with optimised process parameters [8] and entry/exit 
feed-rate control [9], has proven capable of producing hundreds of CFRP 
holes with negligible delamination and burrs under cryogenic condi
tions [10]. However, cryogenic cooling entails a substantial carbon 
footprint and operational cost; diamond coatings and precision 

feed-control units are expensive, and the complex grinding required to 
manufacture W-shaped tools further elevates tooling costs. Alternative 
approaches such as helical milling [11], tilted helical milling [12] and 
wobble milling [13] offer effective control of cutting forces —thereby 
reducing interlaminar damage— but require multi-axis interpolations 
that are challenging to program and integrate into high-volume 
manufacturing lines. Ultrasonic vibration–assisted machining has been 
shown to reduce cutting forces by up to 30 % [14], slow tool wear rates 
and produce holes with markedly lower burr height and delamination 
compared with conventional drilling [15–17]. However, retrofitting 
high-frequency actuators into standard CNC drilling spindles presents 
significant engineering challenges, such as maintaining vibration 
amplitude under load and ensuring reliable tool-holder coupling, which 
have limited widespread adoption in production environments.

Other innovative strategies have targeted the unique difficulties 
posed by fibrous composites. For example, pilot-hole techniques (pre- 
drilling a small-diameter guide hole) can reduce thrust force and 
improve hole circularity [18,19]; support plates placed beneath the 
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workpiece almost eliminate exit-side delamination [20,21]; and 
laser-assisted machining softens the polymer matrix ahead of the cutting 
edge, enabling cleaner fibre separation at the expense of higher capital 
cost and the need for precise beam alignment [22,23]. While each of 
these methods offers distinct sustainability or quality advantages, they 
often require specialised equipment or process steps that complicate 
integration into high-volume aerospace and automotive production 
lines.

Although these innovations have extended the practical limits of 
CFRP hole quality, they largely overlook a key material attribute: fibre 
orientation. It is well known that the angle between the local fibre di
rection and the cutting speed vector (the “fibre cutting angle”) governs 
chip-formation mechanics [24–26], cutting forces [27,28], temperature 
distributions [29], surface roughness [30] and the initiation of delami
nation and burrs [31,32]. Consequently, more and more work has 
incorporated fibre orientation into predictive models and process 
guidelines. For example, Wang et al. [33] investigated milling forces, 
surface roughness and tool wear at fibre orientations of 0◦, 30◦, 45◦, 60◦

and 90◦, demonstrating that 45◦ yields optimal surface finish under their 
conditions; Geier [28] analysed up and down milling of CFRPs and 
observed that intermediate fibre orientation angles (≈ 45◦-60◦) often 
results in lower instantaneous cutting forces because chip formation 
shifts from pure bending to a combination of shear and compression; 
Wang et al. [34] quantified how different fibre cutting angles affect tool 
flank wear, cutting forces, burr area and surface roughness, while 
observing that 45◦ tends to minimise burr formation; Qian et al. [35] 
simulated temperature and stress fields in unidirectional CFRP turning 
and reported that maximum tool-edge temperature and stress occurred 
at 90◦ of fibre cutting angle, since shearing across fibres produces 
concentrated heat; and more recently, Geier et al. [36] demonstrated 
automated detection of fibre tows (i.e., fibre directions) via digital image 
processing and machine learning, enabling the prediction of hole quality 
[37].

Despite these advances, existing hole-machining technologies do not 
exploit fibre orientation maps when planning machining technology. 
This omission represents a significant research gap: a hole position that 
avoids critical fibre cutting angles could inherently reduce defect 
probability without additional tooling complexity. Accordingly, the 
principal objective of the present study is to develop and experimentally 

validate a hole-positioning methodology that integrates local fibre di
rection information into the machining allowance and tool path plan
ning, thereby minimising machining-induced delamination and burr 
formation in plate-like CFRP composites.

2. Optimisation algorithm exploiting fibre orientation

2.1. Interpretation and goals

The positions of holes in plate-like CFRP composite components can 
typically only be varied within a very narrow range (≪ ⌀1 mm), con
strained by the positional tolerance specified by the designer. However, 
due to the inherent inaccuracies of manufacturing equipment and 
associated technologies, it is advisable to place the centre of the 
machined hole at the geometric centre of the tolerance zone. For this 
reason, it is not recommended to alter the geometric relationships be
tween individual holes and either the component’s external contour or 
other elements of the hole pattern.

Nevertheless, if both the external contour and internal geometric 
features (e.g., holes, pockets, slots, etc.) of the plate-like CFRP composite 
part are to be produced by mechanical machining, i.e., by chip removal 
(as shown in Fig. 1), then by adjusting the lateral external machining 
allowance of the CFRP preform (R > 1 mm), the positions of the 
machined geometric features —interpreted within the preform— can be 
optimised to minimise the probability of machining-induced burr and 
delamination formation.

The magnitude of the lateral external machining allowance (R) in 
classical preform design is typically determined based on the maturity 
and accuracy of the preforming technology (e.g., lamination, vacuum 
infusion), the specified tolerances, as well as the machining process and 
the cutting tool employed. For plate-like components, this generally 
results in a uniform allowance around the outer contour (see Fig. 1b). 
However, Fig. 1c illustrates an allowance strategy in which the lateral 
external allowance is non-uniform —an approach that may appear un
conventional when viewed through the lens of traditional machining 
allowance practices. It is worth investigating whether, beyond conven
tional design considerations, it is relevant to account for the influence of 
machining allowance on the contour-adjacent formation of machining- 
induced burrs and delamination. Specifically, it asks whether an 

Fig. 1. A schematic illustration of machining allowance strategies for a plate-like CFRP composite component: a) plate-like CFRP sample component; b) conventional 
preform allowance strategy (R₁ = R₂); c) advanced preform allowance strategy (R₃ ∕= R₄), where L and G denote the datum point of the component and the preform, 
respectively (redrawn based on Ref [38]).
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industrially applicable edge-contour positioning optimisation method 
exists that can minimise the probability of burr and delamination for
mation along the machined edges of plate-like composite parts.

Fig. 2 illustrates two types of machining allowance strategies. In both 
cases, the size of the composite preform (x × y), as well as the nominal 
geometry of the machined component (with an outer bounding size of x₂ 
× y₂ and a through-hole of diameter ⌀d centred at position of C (x₁; y₁)), 
remains the same. Due to the differing geometries of the machining al
lowances; however, the expected risk of burr and delamination forma
tion along the machined hole contour differs significantly. This is 
evidenced by the variation in fibre cutting angle (θ) diagrams shown in 
Fig. 2: assuming a critical fibre-cutting angle of θc = 135◦, the allowance 
design on the right offers a more favourable outcome.

2.2. Algorithm

Due to the industrial need for holes and circular pockets, and the 
constraints imposed by the available technologies, materials, and cut
ting tools, the investigation of the relevance of component contour po
sition optimisation, interpreted within the preform, was conducted 
using a hole-type geometric feature. Considering that the proposed al
gorithm focuses specifically on the avoidance of defect formation 
resulting from the inappropriate fibre cutting angle and does not 
consider defects resulting from the peel-up and push-down effects of 
drilling, milling technology is selected for hole-machining technology. 
The main steps of the optimisation algorithm are as follows.

(i) Acquire M sets of digital images from the surface of the composite 
specimen under varying illumination conditions, following the meth
odology outlined in [37] (See Fig. 3a).

(ii) Convert the acquired images to greyscale, perform segmentation 
using Otsu’s thresholding method, and apply noise reduction in accor
dance with the digital image processing procedure described in [36]. 
The resulting data from these processing steps are stored in the matrix 
Pq, as defined by Eq. (1) and illustrated in Fig. 3b, where i and j corre
spond to the matrix row and column indices, respectively, and q in
dicates the specific lighting configuration employed. 

Pq =

⎛

⎝
p11 ⋯ p1m
⋮ ⋱ ⋮

pn1 ⋯ pnm

⎞

⎠

q

, i = 1…n; j = 1…m, q = 1…M, pijq ∈ {0;1}

(1) 

(iii) Determination of the Sq submatrix from the Pq matrix in accordance 
with Eq. (2). The optimal hole position will subsequently be sought 
within the region defined by this Sq matrix. The corner points of the 
submatrix are defined by the parameters x and y, as illustrated in Fig. 3c. 

Sq =

⎛

⎜
⎜
⎝

s11 ⋯ s1m

⋮ ⋱ ⋮

sn1 ⋯ snm

⎞

⎟
⎟
⎠

q

, s11 = py1x1 and snm = py2x2

i = 1…n; j = 1…m, q = 1…M, sijq ∈ {0;1}

(2) 

(iv) Determination of matrix F, which contains the segmented hole 
contour, in accordance with Eq. (3), where C(u;v) is the centre of the 
nominal hole contour, and r denotes the hole radius – Fig. 3d. 

F =

⎛

⎜
⎜
⎝

f11 ⋯ f1m

⋮ ⋱ ⋮

fn1 ⋯ fnm

⎞

⎟
⎟
⎠ =

{
1 , (j − u)2

+ (i − v)2
= r2

0, else

i = 1…n; j = 1…m, fij ∈ {0;1}

(3) 

(v) Determination of the VC matrix, which defines the distribution of the 
cutting speed (vc) vector direction along the hole contour, in accordance 
with Eq. (4), where E is a 3×3 all-ones matrix – Fig. 3e. 

VC =

⎛

⎝
vc11 ⋯ vc1m

⋮ ⋱ ⋮
vcn1 ⋯ vcnm

⎞

⎠ = F ⋅α(x, y, u, v)⋅E, where 

Fig. 2. A schematic illustration of the effect of the machining allowance strategy on the fibre cutting angle (θ) along the hole contour (and thus on the expected 
machining-induced burr and delamination formation) in a polymer composite reinforced with stochastically positioned and oriented carbon-fibre tows, where φ 
denotes a running parameter and vc is the cutting speed (redrawn based on Ref [38]).
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α(x, y, u, v) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

arctg
(
|y − v|
|x − u|

)

− 90∘, x > u and y > v

90∘ − arctg
(
|y − v|
|x − u|

)

, x ≤ u and y > v

arctg
(
|y − v|
|x − u|

)

+ 90∘, x ≤ u and y ≤ v

270∘ − arctg
(
|y − v|
|x − u|

)

, else 

i = 1…n; j = 1…m, vcij ∈ {0…360} (4) 

(vi) Formation of q number of Θ matrices in accordance with Eq. (5), 
where each matrix defines the fibre cutting angle (θ) values along the 
hole contour (see Fig. 3f), where ϕ denotes the fibre orientation angle, i. 
e., the angle of the fibres relative to the horizontal axis – calculated using 
the direction of illumination ψq (Fig. 3a). 

Θq =

⎛

⎝
θ11 ⋯ θ1m
⋮ ⋱ ⋮

θn1 ⋯ θnm

⎞

⎠

q

, where 

θ =

⎧
⎨

⎩

vcij − ϕq, vcij > ϕq and vcij ≤ 180
180 −

(
vcij − ϕq

)
, vcij < ϕq and vcij ≤ 180

vcij − ϕq − 180, else 

i = 1…n; j = 1…m, q = 1…M, θijq ∈ {0…180},ϕq ∈ {0…180} (5) 

(vii) Determination of the probability matrix PΘq based on Eq. (6), 
where θc denotes the critical fibre cutting angle, and δ is the extension of 
the critical fibre cutting angle region – see Fig. 3g. 

PΘq =

⎛

⎝
pθ11 ⋯ pθ1m

⋮ ⋱ ⋮
pθn1 ⋯ pθnm

⎞

⎠

q

, where 

Fig. 3. A schematic illustration of the optimisation algorithm: a) original images; b) digitally processed images; c) formulation of the optimisation domain; d) 
segmented hole contour; e) cutting speed (vc) direction angles along the hole contour; f) fibre cutting angle (θ) values along the hole contour; g) probability matrix; h) 
convolution of the S matrix with the Pθ kernel; i) summation of the convolved matrices; j) normalisation (homogenisation) and optimum point.
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pθijq =

{
1, (θc − δ1) < θijq < (θc + δ2)

0, else 

i = 1…n; j = 1…m, q = 1…M, pθijq ∈ {0…1} (6) 

(viii) Convolution of q S matrices using PΘ kernels, followed by their 
summation in accordance with Eq. (7) – see Fig. 3h. The elements oij of 
matrix O indicate, for each position, the number of critical contour 
points associated with a high likelihood of defect (burr or delamination) 
formation, under the assumption of clockwise tool rotation. 

O =
∑M

q=1
(S ∗ PΘ)q =

⎛

⎝
o11 ⋯ o1m
⋮ ⋱ ⋮

on1 ⋯ onm

⎞

⎠

i = 1…n; j = 1…m, q = 1…M, oij ∈ {0…M⋅2⋅r⋅π} (7) 

(ix) The normalisation of matrix O according to Eq. (8), using a safety 
factor ϑ=0.1 and the maximum element (MAX) of O. 

oij =

{
1, oij < (ϑ⋅MAX)

0, else (8) 

(x) A matrix O₁ was first initialised to match the homogenised O matrix. 
Subsequently, for k = 1 … nᵣ₊₁, each Oₖ matrix was recursively 
convolved nᵣ times using the square kernel K defined in Eq. (9), with Oₖ 
being redefined at each iteration according to Eq. (10). The iteration 
count nᵣ was determined via a for loop by applying the threshold con
dition specified in Eq. (11). Finally, the row and column indices of the 
pixels in Oₖ₊ₙᵣ that assumed the value 1 were taken to represent the 
optimal hole centre. 

K =

⎛

⎝
1 1 1
1 1 1
1 1 1

⎞

⎠ (9) 

Ok+1 =

{
1, ok, ij = 9

0, else (10) 

∑n

i=1

∑m

j=1
ok,ij ≤ 1 (11) 

3. Materials and methods

Edge trimming and hole milling experiments were carried out on a 3 

± 0.3 mm-thick epoxy polymer-matrix composite plate reinforced with 
chopped (also known as forged), stochastically positioned and oriented 
carbon-fibre tows (ARRIS manufacture). The nominal fibre content of 
the composite was 67 wt%. The nominal tow length in the longitudinal 
direction was 13 mm. Fig. 4 presents the composite’s surface appearance 
under varying illumination angles (M=10). Each panel depicts the 
identical region of interest, with light incident perpendicular to the 
longitudinal axis of the exposed carbon fibres.

A 100 × 140 mm specimen was edge trimmed under dry conditions 
with a feed rate (vf) parallel to the 100 mm long edge, a depth of cut (ap) 
equal to the plate thickness, and a width of cut (ae) of 3 mm (Fig. 5a). 
Subsequently, 20 mm-diameter holes were milled in a 100 × 100 mm 
plate following the protocol shown in Fig. 5b–d. A pilot hole was first 
drilled, then enlarged to provide a uniform allowance for the hole 
milling experiments. A 10 mm-diameter, uncoated FRAISA solid-carbide 
tool (type 20360450) was employed. Cutting speed (vc) and feed (f) were 
held constant at 160 m/min and 0.385 mm, respectively. Both down and 
up milling directions were investigated in the edge trimming experi
ments (Fig. 5a); then, based on the edge trimming outcomes, circular 
milling was performed exclusively under up milling conditions (Fig. 5d).

The machining experiments were conducted in the laboratory of the 
Department of Manufacturing Science and Engineering at Budapest 
University of Technology and Economics (Budapest, Hungary) using a 
three-axis Kondia B640 CNC milling machine. The machine’s maximum 
spindle speed is 12 000 min⁻¹, driven by a 5.5 kW motor and controlled 
via an NCT301 unit. The working envelope measures 600 × 400 × 510 
mm in the X (horizontal longitudinal), Y (horizontal transverse) and Z 
(vertical) axes, respectively. Nominal positioning accuracy is specified 
as ± 0.01 mm, repeatability as ± 0.005 mm, and the resolution of the 
relative measurement system as 0.001 mm. Chips generated within the 
machine enclosure were evacuated by a Nilfisk GB733 industrial vac
uum cleaner, with a rated suction pressure of 14.7 kPa and volumetric 
flow of 73 l/s, so as to prevent abrasion of machine components by the 
carbon dust and to safeguard the health of the operating personnel.

3.1. Edge trimming

A Dino-Lite AM413ZT Pro digital microscope was fixed to the main 
spindle housing of the Kondia machining centre, and images of the 
composite plate were acquired at 20× nominal magnification and a 
resolution of 1280 × 1024 pixels both prior to and immediately 
following each machining experiment. Using this configuration, twenty 
images were recorded for each 100 mm length of machined edge (5 
edges × 4 illumination directions), each image nominally depicting a 20 

Fig. 4. Photographs (1000×1000 pixels) of the polymer‑matrix composite plate reinforced with chopped, randomly oriented carbon‑fibre tows, captured under 
varying illumination angles, where 1000 pixels is equal to 46.587 mm.
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mm segment of edge. For every 20 mm segment, four images were 
captured under differing illumination azimuths—the lamp axis being 
nominally rotated about the machine’s Y-axis by 0◦, -45 ◦, -90 ◦ and -135 
◦—all at a fixed 45◦ incidence angle. Illumination was provided by a 3 W 
focusable LED source.

Image evaluation was conducted in AutoCAD according to the 
following procedure: (i) the captured images were imported into 
AutoCAD at a 1:1 scale with zero rotation; (ii) using the “Line” command 
(start- and end-point inputs), visibly distinct fibre tows, fibre orienta
tions, burrs and delaminated regions were manually traced; (iii) features 
attributable to regenerative effects (e.g., delamination generated in a 
prior pass extending into the current cut width) were excluded from 
analysis; (iv) the fibre cutting angle (θ) along the machined contour was 
determined using the “Angle” measurement tool (two-line input); (v) 
burr length (Lb) and delamination depth (Ld) were measured as illus
trated in Fig. 6 via the “Aligned” measurement tool (first point, then 
dynamic object-snap second point, producing a line perpendicular to the 
processed edge); (vi) within each fibre-cutting-angle bin, the maximum 
values of Lb and Ld were selected and tabulated for statistical analysis.

3.2. Circular milling of holes

The 100 × 100 mm CFRP plate was captured as described in [37], 
with each pixel corresponding to 0.117 mm. Two through holes of radius 
(r) of 10 mm were then machined via up milling (Fig. 5d). One hole was 
positioned at the site predicted to minimise the probability of 
machining-induced geometrical defects, whilst the second was located 
at the point of maximal predicted defect probability. Hole locations were 
determined using the algorithm presented in Section 2, taking into ac
count insights gained from the edge trimming evaluations. The optimi
sation algorithm was implemented in Python within Visual Studio Code.

Hole quality was assessed using data supplied by a Keyence VR-500 
3D surface profiler, which was processed by a custom Python routine. 
The principal steps of the evaluation algorithm were as follows: (i) the *. 
csv point-cloud data were imported into Visual Studio Code and repre
sented as matrix α (Eq. (12)), where n = 1215 and m = 1023, and NaN 
(not a number) entries denoting missing values; (ii) NaN entries in the α 
matrix were filled by numerical interpolation; (iii) the α matrix was 
segmented using a static threshold ξ = –0.19 (this value ensures that the 
hole, i.e., 2D circular disk area, is separated from the top surface located 
at cc. 0 mm) in accordance with Eq. (13); 

Fig. 5. A schematic illustration of the machining experiments in polymer composites reinforced by chopped carbon fibre tows: a) edge trimming using up and down 
milling technology, b) pilot hole drilling, c) hole-enlargement to provide uniform cutting width (ae=3 mm) for the circular-milling experiments, d) circular-milling 
experiments using up-milling technology, where vf denotes the feed rate and n is the spindle speed.

Fig. 6. A schematic illustration of the interpretation of the burr length (Lb) and delamination depth (Ld) at various fibre cutting angles (θ), where k denotes 
fibre direction.
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α =

⎛

⎝
α11 ⋯ α1m
⋮ ⋱ ⋮

αn1 ⋯ αnm

⎞

⎠, i = 1…n; j = 1…m, αij ∈ {− ∞…+∞;NaN}

(12) 

β =

⎛

⎝
β11 ⋯ β1m
⋮ ⋱ ⋮

βn1 ⋯ βnm

⎞

⎠ =

{
0, αij > ξ

1, else ,

i = 1…n; j = 1…m, βij ∈ {0;1} (13) 

(iv) Matrix β₁ was initialised to be identical to matrix β. Subsequently, 
for k = 1 … nr + 1, each βₖ matrix was recursively convolved nr times 
with the square kernel K defined in Eq. (14), βₖ being redefined at each 
iteration in accordance with Eq. (15). The iteration count nr was 
determined via a ‘for’ loop by applying the threshold criterion specified 
in Eq. (16); 

K =

⎛

⎝
1 1 1
1 1 1
1 1 1

⎞

⎠ (14) 

βk+1 =

{
1, βk, ij = 9

0, else (15) 

∑n

i=1

∑m

j=1
βk,ij ≤ 1 (16) 

(v) the row and column indices of all elements in the βₙᵣ₊₁ matrix that 
assumed the value 1 were compiled into list L₁ using a brute force search; 
(vi) the nᵗʰ coordinate pair in L₁ (with n = 1 in this study) was then 
selected and interpreted as the pixel coordinates (iy; jx) of the hole 
centre; (vii) a matrix C, of identical dimensions to β, was generated to 
contain a segmented contour of thickness (th) of 3 pixels and radius of (1 
+ 0.05)R, centred at (iy; jx), where R denotes the hole radius expressed in 
pixels; (viii) by performing elementwise multiplication of β with C, the γ 
matrix was obtained (per Eq. (17)), and its entries corresponding to the 
annular region were collected into list Lγ; (ix) the minimum and 
maximum values within Lγ were then determined, and the average 
contour height (Ha) and contour depth (Hz) indicators —introduced as 
analogues to ISO 21920-2:2021’s Ra and Rz surface roughness metrics— 
were computed in accordance with Eq. (18) and Eq. (19). 

γ = C⋅β (17) 

Ha =
1
n
∑n

i=1

⃒
⃒Lγi

⃒
⃒ (18) 

Hz =
1
5
∑m=5

j=1

(
max

(
Lγi

)
+
⃒
⃒min

(
Lγi

)⃒
⃒
)

j, where :

i ∈

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

{
0…

n
5

}
, j = 1

{
n
5

…
2n
5

}

, j = 2
{

2n
5

…
3n
5

}

, j = 3
{

3n
5

…
4n
5

}

, j = 4
{

4n
5

…n
}

, j = 5

(19) 

4×-magnification digital images of the holes were also obtained 
using an Olympus SZX16 stereo microscope. The segments of the hole 
contours exhibiting visible machining-induced burrs and delamination 

were manually delineated on these images. The pixel counts of the an
notated arc segments were determined via a Python routine and sub
sequently normalised by the total pixel count of the hole contour in 
accordance with Eq. (20) and Eq. (21). 

Cb =

∑m
j=1cbj

∑n
i=ic0 i

⋅100 (20) 

Cd =

∑m
j=1cdj

∑n
i=ic0 i

⋅100 (21) 

Where Cb denotes the specific burr-affected contour length, cb is the 
number of burr-affected contour pixels, and c0 is the nominal hole- 
contour pixel count; similarly, Cd denotes the specific delaminated 
contour length and cd is the number of delaminated contour pixels. The 
interpretation of the Cb and Cd metrics is illustrated in Fig. 7.

4. Results and discussion

First, the results of edge trimming experiments (Fig. 5a) are pre
sented and discussed in Section 4.1, to determine the parameters θc, δ₁ 
and δ₂ required for the optimisation procedure set out in steps i.–x. of 
Section 2. Then, Section 4.2 summarises and discusses the results of the 
circular milling experiments (Fig. 5d), aiming to validate the effective
ness of the proposed optimisation algorithm.

4.1. Edge trimming results

Representative digital images are shown in Fig. 8, in which the 
delaminated and burr-affected edge segments are readily apparent to the 
naked eye. Analysis of these images revealed that (i) the overall quality 
of edges machined by down milling —evaluated in terms of burr and 
delamination severity— is substantially poorer than that of edges pro
duced by up milling, (ii) the occurrence of machining-induced burrs and 
delamination is governed primarily by the fibre-cutting angle, but is also 
significantly influenced by the milling strategy (up versus down) and by 
the longitudinal tow length. It was further observed that fibre tows 
oriented at critical angles exhibit only peel-up to the tow boundary, and 
that the maximum burr length never exceeds the axial distance between 
the tow’s end and the machined edge contour. Although the insights 
relating to tow-axis length suggest promising avenues for future tech
nological development, they fall outside the scope of the present study.

The observations made during visual inspection of the digital images 
are corroborated by the plots presented in Fig. 9 and Fig. 10. It is evident 
from these graphs that: (i) the burr measured on contours produced by 
up milling are typically an order of magnitude smaller than those 
observed following down milling; (ii) in the case of up milling, the range 
of fibre-cutting angles over which the probability of machining-induced 
burr and delamination formation is significant is markedly narrower; 
(iii) down milling yielded delamination depths nearly twice those 
recorded under up milling. During up milling, the theoretical chip 
thickness is zero at tool-workpiece engagement and then increases 
continuously with feed to the maximum value corresponding to the tool 
radius-wide cut. The sudden change in damping conditions at the 
moment of maximum engagement can induce torsional and bending 
vibrations in the tool, which may substantially influence, among other 
factors, the surface roughness of the machined part [39–42]. However, 
surface roughness is of secondary importance in the machining of CFRP 
composites, since their primary applications lie in lightweight, 
high-strength load-bearing structures where burr- and 
delamination-free assemblies are the chief optimisation criteria and 
micro-geometric accuracy is subordinate [43,44]. Although down mill
ing is generally the preferred and recommended method for the majority 
of industrial materials [41], it is inadvisable to realise the maximum 
theoretical chip thickness at tool-entry in certain ceramics and CFRP 
composites – under the assumption of a constant specific cutting force, 
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this results in the highest cutting forces and force variations.
Considering that the fibre cutting angle levels (as an independent 

variable) could not be controlled, owing to the stochastic distribution of 
fibre tows within the CFRP composite, the measured fibre cutting angles 
(81 data points) were categorised into twelve groups (θg) as listed in 

Table 1. This grouping effectively created multiple pseudo-replicates, 
thereby permitting analysis of variance (ANOVA) on the collected data.

Table 2 summarises the significance analysis, at a significance level 
(α) of 0.05, of the effects of the fibre cutting angle groups on the Lb and 
Ld indicators. The ANOVA results confirm that: (i) in down milling, the 

Fig. 7. A schematic illustration of the a) burr area (Ab) and delamination area (Ad), b) nominal hole contour, c) delamination contour and d) burr contour.

Fig. 8. Representative digital images of the CFRP composite surface produced by a) down milling and b) up milling.

Fig. 9. Effect of the fibre cutting angle (θ) on the delamination depth (Ld) generated during a) down milling and b) up milling, where CZ denotes the critical zone of 
fibre cutting angle [37] and ECZ denotes the extended critical zone beyond CZ.
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magnitude of machining-induced burrs and delamination depends 
significantly on the fibre-cutting angle. Consequently, knowledge of the 
fibre cutting angle allows for accurate prediction of defect formation; 
(ii) in up milling, the influence of fibre cutting angle on the Lb and Ld 
indicators is not significant; i.e., the fibre cutting angle alone is insuf
ficient to estimate the severity of burrs or delamination. On this basis, 
down milling appears to be the more controllable and predictable 
strategy when considering the full (0◦; 180◦] range of fibre cutting an
gles. However, the proposed optimisation algorithm restricts the fibre 
cutting angle domain to approximately 0◦–90◦, within which all 
measured Lb and Ld values are zero under up milling. In other words, 
independent of the fibre cutting angle within this reduced range, the 
probability of machining-induced defects is minimised.

Considering that up milling yielded significantly superior edge con
tours, its application is recommended for the edge trimming of CFRP 
composites. It is further advised to restrict the fibre cutting angle along 
the machined contour to the 0◦–90◦ range during process planning, as 
within this interval the likelihood of machining-induced burr and 
delamination formation is minimised. Based on the results of the up 
milling experiments and supporting literature, the critical fibre cutting 
angle (θc) is set to 135◦, with the associated parameters δ₁ and δ₂ both 
defined as 44◦.

4.2. Circular-milling results

Employing θc = 135◦, δ₁ = δ₂ = 44◦, and a hole radius of r = 10 mm, 
the hole-position optimisation algorithm was executed to determine the 
optimal centre for the hole. The resulting O matrix (the sum of the 
convolved matrices as illustrated in Fig. 4i) is depicted in Fig. 11a. 
Lower values of the elements oij correspond to a reduced probability of 
significant machining-induced defects along the perimeter of a hole 
centred at that position. The spatial distribution of the oij elements is 
shown in Fig. 11b, and the homogenised O matrix is illustrated in 
Fig. 12a.

It is evident from the plots that the data span is considerable (1 910 
pixels), indicating that hole position is likely to exert a significant in
fluence on the hole quality. Following execution of the recursive 
convolution (nᵣ = 13), the element oᵢⱼ marked with a yellow “×” in 
Fig. 12b identified the optimal hole location. A hole was then circular- 
milled at this position by up milling (Fig. 5d) and designated as the 
“best-case.”

The optimisation algorithm was subsequently re-run, this time with 
the objective function modified to select the centre corresponding to the 
poorest predicted quality (i.e., Eq. (22) was employed instead of Eq. (8)). 
The resulting hole centre is indicated by a red “×” in Fig. 12b and was 
labelled the “worst-case.” A systematic comparison of the “best-case” 
versus “worst-case” holes validated the efficacy of the developed opti
misation procedure. 

oij =

{
1, oij > (MAX − (ϑ⋅MAX))

0, else (22) 

Fig. 13 presents the 3D point-cloud data of the best- and worst-case 
holes, as acquired by the 3D profilometer. In Fig. 13a, the homogeneity 
of the region adjacent to the best-case hole’s contour is evi
dent—indicating generally good quality—apart from a delaminated 
zone in the upper-left corner (see Fig. 14a). However, in the contour- 
adjacent region of the worst-case hole shown in Fig. 13b, substantial 
deviations from the reference plane (the zero-plane fitted to the upper 
surface of the CFRP plate) are observed at multiple locations (see 

Fig. 10. Effect of the fibre cutting angle (θ) on the burr length (Lb) generated during a) down milling and b) up milling, where CZ denotes the critical zone of fibre 
cutting angle [37] and ECZ denotes the extended critical zone beyond CZ.

Table 1 
Sorting measured fibre cutting angles (θ) into fibre cutting angle groups (θg).

θ (◦) (0; 15] (15; 30] (30; 45] (45; 60] (60; 75] (75; 90]
θg (◦) 7.5 22.5 37.5 52.5 67.5 82.5
θ (◦) (90; 105] (105; 120] (120; 135] (135; 150] (150; 165] (165; 180]
θg (◦) 97.5 112.5 127.5 142.5 157.5 172.5

Table 2 
Analysis of variance (ANOVA) table, where P-values less than the α=0.05 sig
nificance level are bolded.

a) Down milling

​ Factor DF Adj SS Adj MS F-value P-value

Fd: θg 11 18.05 1.6406 3.57 0.003
Fb: θg 11 8.627 0.7843 3.39 0.004

b) Up milling

​ Factor DF Adj SS Adj MS F-value P-value

Fd: θg 10 3.098 0.3098 2.07 0.060
Fb: θg 10 0.034 0.0034 1.70 0.131
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Fig. 11. Illustration of the a) O matrix and the b) spatial distribution of oij elements.

Fig. 12. a) Homogenised O matrix (ϑ = 0.1) for determining the optimal hole centre; b) positions of the optimisation points (yellow “×” denotes the best-case, red 
“×” denotes the worst-case).

Fig. 13. 3D point-cloud data of the a) best- and b) worst-case holes.
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Fig. 14b). Fig. 15 illustrates the data points extracted from an annular 
region concentric with the nominal hole contour, defined by radii r₁ =
440 pixels and r₂ = 443 pixels (the nominal hole radius is 433 pixels).

The superior quality of the best-case hole is illustrated in Fig. 15a, 
whereas that of the worst-case hole is shown in Fig. 15b. Analysis of the 
data revealed that: (i) the maximum deviation from the reference plane 
for the best-case hole was 50.44 % lower than that of the worst-case 
hole; (ii) the average contour height indicator Ha for the best-case hole 
was 64.99 % better than that of the worst-case hole; (iii) the contour 
depth indicator Hz for the best-case hole was 86.51 % better than that of 
the worst-case hole. Table 3 summarises the Cd and Cb indicators for the 
contour-adjacent segments of the holes. The Cd indicator for the best- 
case hole was 77.07 % higher than that of the worst-case hole, while the 
difference in the Cb indicator was 84.90 %. The comparative assessment 
of both the quantitative quality indicators and the qualitative 

micrographs confirms the relevance and efficiency of the developed 
hole-position optimisation algorithm.

4.3. Discussion and outlook

Owing to limited resources, only the best- and worst-case scenarios 
could be experimentally validated. However, a numerical simulation 
assessed the maximum specific quality improvement attainable for 5, 
10, 15, 20, 25 and 30 mm-diameter holes, considering the available 
machining allowance (called "distance" on the figure) on the investi
gated 100 × 100 mm composite plate. The results of the numerical 
simulation are presented in Fig. 16. The plot clearly shows that shifting 
the 20 mm diameter hole centre by 3 mm in the appropriate direction 
can yield a maximum quality enhancement of 49 %, while offsets of 6 
mm and 9 mm correspond to maximal improvements of 63 % and 71 %, 
respectively. It can also be seen that the smaller the hole diameter to be 
machined, the larger the room for improvement. The reason for this is 
that the larger holes have longer edges, making it more difficult to avoid 
the critical fibre cutting angle range. In addition, the larger the hole 
diameter, the larger the probability of getting in contact with more fibre 
tows having different orientations. While Fig. 16 represent the 

Fig. 14. Representative microscopic images of (a) the best-case hole and (b) the worst-case hole.

Fig. 15. Height of the data points around the a) best-case and b) worst-case holes, where Ha denotes the average contour height and Hz is the contour height, as 
expressed by Eq. (18) and Eq. (19), respectively.

Table 3 
Summary of quality indicators of the best-case and worst-case holes.

Hole min max Ha (mm) Hz (mm) Cd (1) Cb (1)

best-case -0.136 0.057 0.005 0.018 5.52 % 2.39 %
worst-case -0.113 0.115 0.014 0.139 24.07 % 15.83 %

N. Geier                                                                                                                                                                                                                                           Composites Part C: Open Access 18 (2025) 100636 

11 



achievable improvements within the given distances, Fig. 17 lists all of 
the specific quality improvements available when the distance is 3, 6 or 
9 mm if a 20 mm diameter hole is considered. The expected values 
(means of 18.6 %, 31.6 %, and 40,3 %, respectively) suggest that a slight 
room (3-9 mm) of improvement results in significant quality improve
ment, while at least 20 % improvement is achievable if the allowance is 
9 mm thick (Fig. 17c).

In industrial settings, the likelihood of choosing the absolute worst 
hole location within a given area is low. To better illustrate the advan
tages of the proposed method relative to current best practices (rather 
than relative to the worst-case scenarios), an additional numerical 
analysis was conducted. Fig. 18 contrasts the minimal specific defect 
attainable using the proposed algorithm with that obtained by posi
tioning the hole at the area’s geometric centre (the nominal approach). 
The data reveal that opportunities for improvement grow as the nominal 
specific defect and the maximum allowable shift distance increases. 
Specifically, when the nominal specific defect is above 60 %, the pro
posed approach yields an average quality gain of 12 % if the allowable 
shift distance is 3 mm (Fig. 18a). For larger shift distances, this average 
improvement rises to 22 % (Fig. 18b) and 30 % (Fig. 18c), respectively. 

Based on the experimental and numerical results, it is recommended that 
the allowance-planning process for composite plates be augmented to 
include analysis of the expected quality and potential quality improve
ments of machined geometric features by exploiting the proposed fibre- 
orientation-driven defect probability mapping.

The optimisation algorithm, currently validated at Technology 
Readiness Level 4 (laboratory scale), exhibits the following scope con
ditions and limitations, which should be targeted when considering in
dustrial implementation: (i) The carbon-fibre tows are embedded in a 
polymer matrix that must remain optically clear. Any tinting or opaci
fying additives (e.g., UV stabilisers, flame retardants) could reduce 
contrast in the image-processing stage, leading to misidentification of 
fibre boundaries. For instance, a semi-opaque gel-coat layer commonly 
used on marine CFRP panels would require adjustment of illumination 
intensity or a switch to near-infrared imaging. (ii) The method assumes 
tow axes are nominally horizontal (within ±5◦). In highly curved or 
woven laminates, where tows change orientation through the thickness, 
additional calibration or 3D imaging (e.g., computer tomography) may 
be required to maintain angle-detection accuracy. (iii) To maximise 
brightness differences, the approach requires minimal transverse 

Fig. 16. Expected value of the maximum specific quality improvement in the function of the shift distance, considering hole diameters of 5, 10, 15, 20, 25 and 
30 mm.

Fig. 17. Probability density graphs for a 20 mm diameter hole, if a) 3 mm, b) 6 mm and c) 9 mm are available for shifting the hole centre.
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grooving on the fibre surfaces. The more severe the transverse grooving 
on the fibres is, the less the difference in the brightness of a parallel and 
perpendicular tow relative to the light direction, making the segmen
tation process even more difficult. (iv) A well-impregnated matrix with 
strong fibre–matrix adhesion is essential to prevent pre–existing inter
laminar delamination from confounding burr detection. Vacuum- 
assisted resin transfer moulding composites with known dry-spot risks 
may introduce spurious “false positives” unless resin infusion protocols 
are optimised. (v) At present, the algorithm marks contour points simply 
as “burr present” or “burr absent.” Future refinements could implement 
multi-level scoring (e.g., small, medium, large burr) by exploiting in
formation on the remaining embedded fibre tow length. (vi) It is 
assumed that burrs do not coalesce around the perimeter; each defect is 
localised. In practice, burr merging can occur on small diameter holes or 
intricate pocket contours, necessitating cluster-analysis techniques to 
separate contiguous burr regions. (vii) The current implementation uses 
images ≈0.12 mm/pixel. Higher-resolution imaging (e.g., 4 K cameras) 
can improve defect sensitivity down to sub-0.05 mm features but will 
increase computational load and demand more robust noise-reduction 
strategies. (viii) The optimiser currently explores only translations (x, 
y) of a circular feature within the preform allowance. For non-circular or 
anisotropic geometries, such as elongated slots or rib-reinforced panels, 
a 3D search (x, y, α) and corresponding 3D O-tensor will be required to 
capture all viable positioning permutations. (ix) Presently, each pixel is 
classified as defective (1) or not (0). In future, a probabilistic model 
—leveraging, for example, Gaussian processes— could provide a 
continuous defect likelihood, enabling risk-based decision thresholds (e. 
g., 90 % confidence contours). (x) Although the proposed algorithm is 
validated through circular-milling experiments, its effectiveness for 
drilling technology has to be investigated in the future along with ana
lysing the influence of the peel-up and push-down effects of drilling on 
the critical fibre cutting angle range. (xi) The current 2D image pro
cessing of the surface of the composite can determine fibre cutting angle 
along the nominal hole contour at the composite surface; thus, 
machining-induced geometrical effects, which form mainly at the 
machined edges (such as delamination and burr), can be effectively 
controlled. However, effects along the depth of the composite (such as 
fibre pull-outs, matrix smearing, interlayer burrs and delamination, etc.) 
cannot be controlled by using the proposed method; only 3D imaging (e. 
g., computer tomography) would provide enough data for mapping the 
fibre tow directions inside the composite. (xii) The hyperparameters of 
the algorithm were optimised in this study to maximise the extraction of 
relevant information from 2D images. However, these hyperparameters 
may require re-tuning when applied to different conditions, such as 

variations in composite material properties, lighting setups, or camera 
specifications.

By articulating these constraints and potential extensions, practi
tioners can judge the applicability of the algorithm to their specific 
manufacturing scenarios and identify the necessary adaptations —such 
as imaging hardware upgrades, algorithm retraining, or expanded 
search domains— to achieve reliable burr and delamination mini
misation in CFRP composite machining.

5. Conclusions

An innovative optimisation algorithm has been developed to 
improve the quality of circular-milled holes in polymer composites 
reinforced by chopped carbon fibre tows by exploiting local fibre 
orientation. Key findings and contributions are as follows: 

• A multi-stage digital image processing and convolution approach 
was formulated, producing a response matrix (O) whose minima 
correspond to the hole position with minimal machining-induced 
geometrical defect (burr and delamination) risk. Experimental vali
dation on a 20 mm-diameter hole demonstrated that the “best-case” 
position reduced average contour height (Hₐ) by 64.99 % and con
tour depth (Hz) by 86.51 % compared with the “worst-case” position. 
Burr- and delamination-area metrics (Cb, Cd) were similarly 
improved by 84.90 % and 77.07 %, respectively.

• Up milling was confirmed to yield markedly superior edge quality 
compared with down milling, exhibiting burr heights an order of 
magnitude lower and a significantly narrower critical fibre cutting 
angle range for defect formation.

• A critical fibre cutting angle (θc = 135◦±44 ◦) was identified, and 
limiting the fibre cutting angle domain within 0◦–90◦ under up 
milling eliminated measurable defects.

• Numerical simulations indicate that modest translational shifts of 3, 
6 or 9 mm from the nominal hole centre can deliver theoretical 
quality gains of 49 %, 63 % and 71 %, respectively, underscoring the 
value of allowance-planning integration in composite part design 
and manufacturing technology planning.

• The method is readily implementable on standard three-axis CNC 
mills and relies on off-the-shelf imaging hardware and open-source 
Python routines, facilitating adoption in industrial settings.

• At present, the algorithm assumes binary defect detection, pure 
translational searches for circular features, and homogenous, trans
parent polymer matrices with minimal tow deformation and low 
fibre volume fraction. Future developments should extend the search 

Fig. 18. Scatterplots of the specific defect of 20 mm diameter holes machined into a state-of-the-art position (i.e., middle of the given area) vs. best possible position 
by exploiting fibre orientation, if a) 3 mm, b) 6 mm and c) 9 mm are available for shifting the hole centre.
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space to include rotations and non-circular feature geometries, adopt 
continuous probabilistic defect models, and investigate applicability 
to less-transparent or high-fibre-content composites. High-resolution 
imaging and advanced machine-learning segmentation are also 
envisioned to enhance sensitivity to sub-0.05 mm defects.

In conclusion, the proposed hole-position optimisation framework 
achieves significant defect mitigation in CFRP machining and offers a 
practical pathway for integrating burr- and delamination-minimisation 
strategies into composite-part design and manufacturing process plan
ning. Ongoing work will focus on expanding the method’s generality, 
refining its probabilistic modelling, and validating performance across 
diverse composite architectures and machining technologies.
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