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Abstract

Finishing the parts obtained by Fused Filament Fabrication (FFF) is a promising approach to overcome its inherent limitations, such as poor
surface roughness and dimensional accuracy. However, specific thermal properties of polymers, such as low melting temperature and low thermal
conductivity, influence the cutting process and may, therefore, also affect the modeling of cutting forces. Unlike metals and composites,
investigations into cutting forces models of polymers, including polylactide (PLA), are at a very early stage. Yet, these models have the potential
to enhance the reliability of the polymer milling process. Furthermore, the use of finish milling on 3D-printed PLA parts is rising, particularly
with the recent development of hybrid manufacturing machines, which increases the need for suitable cutting models. Therefore, this paper
proposes to study a mechanistic model, as this type of model has shown a good compromise between simulation time and precision for other
materials. The developed model is based on an inverse analysis to identify cutting coefficients from measured forces. Finish milling tests were
conducted on PLA samples using various feed rates, cutting speeds and cutting fluid conditions. The identification of the cutting force model was
performed on each sample individually then on the whole database using an iterative method. The good agreement between simulation and
experiments in stable cutting conditions demonstrate the applicability of the model.
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1. Introduction

Fused Filament Fabrication (FFF) 1is an additive
manufacturing (AM) technology based on Material Extrusion
(MEX) known for reducing the cost of customized parts with
complex geometries [1]. However, despite being increasingly
used for personalized production applications and prototyping,
inherent limitations remain in terms of surface roughness of the
final parts. A staircase effect, which refers to visibly offset
layers, is often visible on 3D-printed parts as a result of the
layer-by-layer building process [1,2].

2212-8271 © 2026 The Authors. Published by Elsevier B.V.

To overcome such limitations, different post-processing
techniques can be used [3]. One of them, namely finish milling,
shows promising results as it allows to reach the best surface
finish improvement among mechanical post-processing
methods [3]. In addition, machining can either be performed
after printing or in alternance with printing using a hybrid
machine. The latter combines the additive and subtractive
processes and therefore allows to benefit from the advantages
of both technologies [4].

Among other thermoplastic polymers being used in MEX
and hybrid manufacturing, Polylactide or Polylactic acid (PLA)
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is an interesting candidate for decreasing the environmental
impact of the MEX process. This polymer can be biosourced
[5] and, as for its end of life, it can be recycled as well as
composted in the presence of micro-organisms [6].

Therefore, multiple research groups have recently started
investigating PLA and its machinability, focusing on finish
milling. Different approaches were taken, always focusing on
reaching the best final surface quality: aiming to find the most
suitable tools [7], the most compatible printing orientation [8],
the most stable cutting forces measured during the machining
process [9,10], and, overall, the most adapted milling
parameters [8—12].

However, while most of these studies focus on cutting
forces, models are not extensively discussed. Unlike models
regarding machining of metallic materials [13] or fiber-
reinforced polymeric matrix composites [14], cutting models
for polymeric materials are not developed in the literature. A
first approach was implemented by our own group [10] in a
study focusing on the identification of optimized cutting
parameters using the qualification test of the Couple Tool-
Material standard NF E 66-520-6. The parameters of a
mechanistic model, elaborated by Engin and Altintas [15]
(initially for metallic materials), were identified on the data of
the best cutting parameters case, by inverse analysis using
Riviére-Lorphévre and Filippi’s method [16]. The model
showed very good agreement with the experimental forces in
this specific case. Therefore, this study aims to develop the
mechanistic model for all the cutting conditions of the database
and evaluate its applicability in the case of polymer machining.

2. Material and Method
2.1. Part design and printing

Cross-shaped parts (Fig. 1) were used to allow shoulder
milling operations on the four sides of the sample without
interference from previous operations. To ensure ease of

printing, fillets of the nozzle diameter (0.4 mm) were used as
recommended by Pei et al. [1].
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Fig. 1. Design of the parts in mm and definition of the passes, modified from
Lorenzoni et al. [10].

These parts were printed using filament of Native Nanovia
EF 3D850 Polylactic Acid (PLA) with a diameter of 2.85 mm.
Before printing, the filament was dried for 16 hours, using a
SUNLU FilaDryer S2. A level of 20% humidity was reached
inside the drying device.

An Ultimaker S3 with AA 0.4 mm print cores was used to
print the parts. Before each print, a light mist of 3DLAC
adhesive spray was applied on the build plate to avoid sample
warping. Printing parameters were chosen based on the
Balanced Fast printing strategy of the Ultimaker Cura 5.6.0
slicer since the parts are meant to be finished by milling. A few
parameters (Table 1) were modified to match the
recommendations of the manufacturer.

Table 1. Modified printing parameters.

Printing parameter Value

Wall thickness

5 mm

Top/Bottom pattern and thickness Concentric, 1 mm

Infill pattern and density Grid, 10%
Printing temperature 200°C
Printing speed 50 mm/s

2.2. Finish milling and cutting conditions

Finish milling operations were performed on a Mikron VCE
600 Pro, using a 93060-F solid end mill from Seco Tools. This
tool was specifically designed by the manufacturer for
thermoplastics and showed a diameter D of 6 mm, 2 teeth (2),
and a maximal axial depth of cut @y me 0f 20 mm. A shoulder
milling approach was used with a total of three consecutive
passes on each sample side (Fig. 1). Each pass had an axial
depth of cut @, and a radial depth of cut a. of 3 mm and 1 mm,
respectively. When used, the cutting fluid was a compressed air
flow at a 6-bar pressure. The tool did not show any sign of wear
regarding ISO 8688-2 at the end of the experimental tests.

The starting cutting parameters were chosen from literature
for giving the best results in terms of surface roughness after
milling in dry conditions [9]. The parameters, given in terms of
cutting speed v, (in m/min) and feed per tooth f. (in mm/tooth),
then varied around their starting value by 20% following the
experimental plan of Lorenzoni et al. [10]. The experimental
plan (Table 2) was carried out twice: once using cutting fluid
and once in dry conditions (without cutting fluid). Each set of
cutting conditions was performed four times. Machining
experiments were performed in conventional milling.

Table 2. Experimental plan.

Conditions category Ve [m/min] f- [mm/tooth]
Ve 60.3 0.1

[ 75.4 0.08
Baseline 75.4 0.1

f+ 75.4 0.12

Vet 90.5 0.1
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2.3. Cutting forces

To record the cutting forces, the parts were linked to a Type
9256C2 Kistler force sensor using a 3D-printed support.
Signals were acquired at a sampling frequency of 20 kHz and
recorded thanks to a Kistler S070A charge amplifier and a
Kistler 5697A2 data acquisition system linked to a computer
running the DynoWare software. The signal is postprocessed
using a Butterworth low pass filter (4" order, cutoff frequency
of 800 Hz) to remove the frequency content out of the
bandwidth of the sensor. Additionally, the signal is processed
to remove the part of the signal during which the tool is not
cutting through the material as well as the transition parts
corresponding to the tool entry and exit.

2.4. Mechanistic model

The paper explores the opportunity to model the cutting
forces in PLA using a classical linear model developed for
metal parts [15]. Two complementary approaches are taken in
this study and evaluated in terms of performance with the same
indicator. The first approach is referred to as local and
computes the model on each file of the experimental dataset
separately [16]. The second approach is introduced as global
since the model is computed on the whole experimental
database at once [17]. Both approaches are based on the same
model which divides the cutter into slices along its axis (Fig.
2).

San

Fig. 2. Decomposition (left) of the endmill (right) in slices along its axis.

For each of these slices, the total cutting force is modeled in
three components (#: tangential along cutting speed direction,
r: radial along the local normal to the tool envelope and a: axial
forming an orthogonal frame with ¢ and ) computed as

dFi=Ki'h'db(i=t,r,a) (1)

with K the cutting forces coefficients (MPa), 4 the undeformed
chip thickness (mm) and db the projected length of an
infinitesimal cutting edge along the cutting speed direction
(mm). These elementary forces are projected in a global frame
(x: along feed direction, z: along the cutter axis and y: to form
an orthogonal frame) and integrated along all cutting edges.
The edge coefficients K. were not considered in this work as it
focuses on evaluating a simple model with a limited number of
coefficients as a first approach on polymer modeling. Future

work developing more complex models could include such
coefficients.

The major drawback of this model is that the cutting forces
coefficients are not directly linked to material properties such
as yield strength or hardness for example. An identification
procedure is then needed to obtain those values from
experimental tests. In this paper, a method based on an inverse
analysis is used in accordance with Riviére-Lorphévre and
Filippi’s procedure [16]. For each time step, the equations
linking the measured cutting force and the cutting force
coefficient are established and assembled in a linear system

f=4k )

with fthe vector containing forces along x, y and z directions
for each time steps, 4 a matrix taking into account the cutting
force model and the projection matrix for the whole linear
problem and k& the vector containing the cutting forces
coefficients. For the local approach, this overdetermined
system is solved for each experimental test using the Moore
Penrose pseudo inverse, minimizing the root mean square
difference between simulated and measured forces

k= inv(AT - A) - (AT - f) 3)

Using the local approach, the cutting coefficients are therefore
determined for each experimental test. The variation in
computed cutting coefficient for identical cutting conditions
allows to closely model the measured forces for each test.

On the other hand, to be able to get a predictive model, the
global approach is used [17], and a set of specific pressures is
extracted from the whole experimental database. Instead of
solving the linear system for each case, the system is assembled
in a global system gathering all experiments for all cutting tests.
The assembled linear system to solve is constructed as

f) A
ARHE

with f; the vector containing forces along x, y and z directions
for each time steps for the i experimental test, 4; the matrix
taking into account the cutting force model and the projection
matrix for the i test and & the vector containing the cutting
forces coefficients. The Moore Penrose pseudo inverse is again
used to get the best average values of the cutting forces
coefficients for the whole dataset. In this case, the computed
coefficients are global and do not vary between experimental
tests which allows to predict the cutting forces.

In summary, the two approaches are complementary with
each other. The local approach allows to closely model each
experiment with varying coefficients between tests
measurements. The global approach adds a predictive aspect of
the cutting forces values giving valuable insights about forces
experienced by the workpiece during the milling process.

The indicator of performance (RMS) is the root mean square
difference between measured and simulated cutting forces over
one revolution of the cutter (according to Riviére-Lorphévre
and Filippi’s method [16]) computed as
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N
points
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with Feqs the measured cutting force and Fimuiarea the simulated
force, both projected on the axis j (j=x, y, z) of the global frame
and summed over the 7,05 time steps.

3. Results and discussion

For a single cutting condition (local approach), the model is
close to the experimental results with an RMS ranging from
1.82 to 3.70 N for all cutting conditions considered (Table 3).
In comparison, the norm of the cutting force (including the
contributions of Fy, F), and F) reaches a maximum of 40.24 N,
with an average maximum of 33.55 N across all experimental
tests. No significant difference can be observed between dry
conditions and the conditions using cutting fluid. Fig. 3 and
Fig. 4 show two examples of comparison between measured
and modeled cutting forces for dry conditions and using cutting
fluid, respectively.

Table 3. RMS between measured and modeled forces using the coefficients
identified for a single experimental test (local) and the whole database
(global).

Dry conditions With cutting fluid
n]:/eI:; Local Global n]\l/;z Local Global
.. ’ RMS RMS ' RMS RMS
Conditions force IN] IN] force IN] IN]
category [N] [N]

38.80 2.97 5.16 37.58 3.30 4.63
35.50 2.07 2.22 34.05 2.38 2.64
35.23 2.70 3.09 37.87 3.70 4.83
36.00 2.48 4.11 33.13 2.39 2.92
31.09 2.85 4.14 31.44 2.99 4.27
31.37 2.72 3.80 29.27 2.29 2.70

Ve

s 2878 2.82 3.24 3352 335 5.04
2789 193 2.60 2427 226 252

3420 2.6l 291 3777 355 478

Bacline | 2% 238 2.72 3559 241 2.90
37.12 237 477 3261 348 375

3297 215 2.64 33.17 242 2.65

1846 234 1593 3479 245 416

‘ 39.78 279 341 3802 339 421
= 4024 272 3.16 3673 324 3.56
3868 3.1 3.75 2417 2.68 9.76

3720 2.10 3.40 33.12 275 2.96

- 3889 2.84 5.78 3713 316 426

35.85 2.74 2.98
30.65 1.82 2.06

34.60 2.44 2.61
21.59 2.59 6.95

The analysis of the results shows that there is a significant
range of variation of the cutting coefficients from one
experimental test to another. K; ranges from 73 to 237 MPa, K,
from 25 to 74 MPa and K, from 27 to 105 MPa. Fig. 5 shows,

for example, the tangential and radial cutting coefficients for
all experimental tests in the database.
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Fig. 3. Measured and modeled (local approach) cutting forces along x, y and z
directions for the baseline case in dry conditions over one tool revolution.
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Fig. 4. Measured and modeled (local approach) cutting forces along x, y and z
directions for the baseline case using cutting fluid over one tool revolution.

The variation in terms of coefficients between experimental
tests may be due to the inverse analysis used to solve the
system. For one experimental test, multiple sets of coefficients
can coexist to model the test with the same accuracy. To avoid
having such significant coefficients variations and, therefore,
model variations, the global approach was used on the whole
experimental database. For the global approach, the best
average values of the specific cutting coefficients over the
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whole dataset are K=190 MPa, K,=49 MPa and K,=83 MPa
(Fig. 5).
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Fig. 5. Tangential and radial cutting coefficients for each experimental test.

Values from both global and local approaches can be
compared to classic values for metallic materials. For instance,
the cutting force coefficients vary from 1500 to 3500 MPa
regarding K; and from 2000 to 3200 MPa regarding K, using
the same local and global approaches on machining of a
titanium alloy [17]. In addition, cutting coefficients of 500 MPa
and 200 MPa, for K, and K, respectively, were computed in
aluminum alloy milling [18]. Therefore, some comments can
be made:

e K;islarger than K, which is a general trend in metallic alloys
as well;

e K, coefficient is classically lower than K; and K, for metallic
alloys, while being significantly higher than K for the PLA;

e The value of the cutting force coefficients is lower than
those computed for metallic alloys which is consistent with
the lower values of cutting.

Although cutting forces values are significantly lower for
polymers than for metallic parts, they are linked to the process
stability and the final workpiece quality [10]. The prediction of
cutting forces consequently remains a key aspect in the
optimization of the cutting conditions and to obtain high quality
parts, even though cutting forces are lower. Additionally, being
able to predict a precise estimation of the cutting forces allows
to manage the forces applied to the workpiece and to avoid its
detachment from the building platform in the case of hybrid
manufacturing [19].

The adjustment quality of the global approach can also be
evaluated for each experimental test of the database (Table 3)
using the performance indicator described in equation 5.
Globally speaking, the RMS remains on the same order of
magnitude as for the local optimization, apart from three cases
(in grey in Table 3) showing a larger discrepancy between both
approaches. For these outliers, the experimental cutting forces
are significantly lower than most cutting forces measured
during the other experimental tests. Since the model of the
global approach is computed using the whole database, it

makes sense for the simulation of these lower forces to be less
accurate.

The advantage of using a physical model for regression
allows having the adequate shape of the cutting force signal,
even for cases where the identification is of a lower quality
(Fig. 6).
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Fig. 6. Measured and modeled (local and global approaches) cutting forces
along x, y and z directions for the f.- case in dry conditions.

4. Conclusion and perspectives

This study investigated the milling behavior of 3D-printed
PLA through an experimental plan that varied cutting speed,
feed rate, and cutting fluid conditions (with and without air).
Cutting forces were measured and analyzed to identify a linear
cutting force model using an inverse approach. The proposed
model demonstrated good agreement with experimental data,
with a maximum RMS of 3.7 N for cutting force norms around
35 N. Therefore, this study showed that such model already
used for metals is also applicable for polymer machining, no
matter the cutting parameters.

Although the local linear model captures the overall trend,
the identified coefficients exhibit significant variability across
individual tests, highlighting the necessity of a global
identification strategy. This global approach provides
parameter estimates valid over the entire experimental domain,
maintaining similar accuracy except for three outlier cases that
show lower measured forces than the rest of the dataset. The
global approach therefore enables the prediction of cutting
forces across the experimental domain. Such predictive
capability is essential to prevent workpiece detachment from
the building platform during hybrid manufacturing operations.

Beyond the predictive capability enabled by the global
approach, the model could offer a framework for assessing the
influence of cutting conditions on force behavior, such as the
effect of cutting fluid use on cutting coefficients or explaining
the trends followed by the computed coefficients. Future work
could also extend this method to non-linear models, incorporate
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thermal and material removal mechanisms, and explore
optimization strategies for improving the production of parts
using a hybrid additive/subtractive approach. Furthermore, this
model could be used to assess the influence of the anisotropy
of FFF parts on the machining process.
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