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A B S T R A C T   

Most of the cutting models developed in the literature attest only to the presence of cutting forces in the balance 
of mechanical energy resulting from cutting. However, several studies [1–4] have highlighted the presence of 
cutting moments during machining, and particularly for milling. From a theoretical point of view, a complete 
energy balance must integrate all the components of the mechanical actions (forces and moments). The pre
dictive model of this study proposes to characterize the evolution of the moments in the cutting zone for milling. 
The objective is to determine a model similar to the cutting forces which expresses a relationship with the chip 
section define by the Kc coefficient but by integrating the specific behavior of the moments. This work gives 
perspectives from an energetic point of view for which the part of moments in the energy balance could be 
substantial for specific configurations as small-radius tools or high-speed milling.   

Introduction 

Machining processes modelling constitute a substantial amount of 
work in the mechanical engineering literature. Products quality sus
tainability, new manufacturing processes or even digital manufacturing 
are the main issues of this field. In order to improve the sustainability of 
machining processes, this paper focus on a mechanistic model of the 
cutting in milling which allow a complete and accurate energy 
evaluation. 

Correctly predicting the mechanical energy makes it possible to 
anticipate manufacturing costs and even its environmental impact. To 
predict the consumed energy models in the literature [1–4] are based on 
the mechanical cutting models. For many authors [5–8] cutting models 
were developed considering exclusively cutting forces for the mechan
ical actions as source of the consumed energy. 

For these papers [5–8] the geometrical and kinematic parameters of 
orthogonal cutting have been considered. For other authors [9–11] the 
influence of material parameters for example (hardness, thermal con
ductivity, mechanical strength) have been carried out. 

To respect theory, the consumed energy is based on all the me
chanical actions. Mechanical models have to consider the 3 forces and 3 
moments components especially in machining as hard cutting processes 
or high-speed machining [12]. For these configurations, the contribu
tion of the cutting moments constitutes an important part of the 

consumed energy in machining and can be as high as 40% for conven
tional machining and up to 80% for high-speed machining [12–14]. 

Authors [15,16] have developed models of the cutting moments for 
milling process and turning with vibrations. This works expressed the 
linear relations between moments and the chip section. The presented 
article aims to generalize the definition of cutting moments. 

This paper describes an experimental model integrating the cutting 
moments for a specific configuration and gives tools to predict these 
coefficients in 3D cutting. The proposed results are the first part of a 
more complete experimental model. In the first section, the 3D cutting 
model considered is defined. Then, the experimental protocol and the 
material used are described. Finally, the last paragraph is devoted to the 
results and their analysis, to propose a mechanistic model of cutting 
moments. 

1. Milling cutting model 

1.1. State of the art 

The 3D geometrical parameters of the tooth orientation for a milling 
operation [1,3] are defined in Fig. 1 with respect to the tooth’s rota
tional reference (er

→, eθ
→, z0

→), as well as the description of the orthogonal 
cutting (λs = 0∘, κr = 90∘, any γ0). Mechanical cutting models are most 
commonly based on the chip section [5–8]. This section is described by 
the cutting plan R cp directly in contact between the workpiece and the 
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Nomenclature 

t tool 
wp workpiece 
Vc cutting speed (m/min) 
Vf feed velocity (m/min) 
f feed rate (mm/tr) 
ap depth of cut (mm) 
κr tool cutting edge angle (∘) 
γ0 rake angle (∘) 
λs cutting edge inclination (∘) 
Cc tool centre position 
Ce cutting edge position 
R 0 (O, x0

̅→, y0
→, z0

→) fixed reference of the sensor applied to the 
measure origin O 

R t (Ce, er
→, eθ

→, z0
→) local reference mark of the lathe applied to the 

cutting edge position Ce 

R cp (P, ercp
̅→, eθcp

̅→, zcp
̅→) local cutting plane reference applied to the 

application point of the cutting P 
θ angular position of the cutting edge (∘) 
ω→ t/wp (ω→) angular speed field of the tool relative to the workpiece 

V→P, t/wp (V→P) velocity field of the tool relative to the workpiece at 
point P 

F
̅→

wp → t force field of the workpiece on the tool 

M
̅→

P, wp → t moment field of the workpiece on the tool at point P 
Yc y0-axis coordinate of the tool center (mm) 
Schip 3D chip section (mm2) 
Δer instantaneous radial feed rate (mm) 
Δf instantaneous axial feed rate (mm) 
C*,i(θj) discretized position in round of cut i, at discretized angular 

position θj 

ωz tool angular speed (rad/s) 
Kc specific cutting pressure (N/mm2) 
Km specific cutting moment density (N.m/mm2) 
F, M designated force and moment components  

Fig. 1. Definition and configuration of the cutting.  
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tool, following the trochoidal trajectory of the tool tip (Fig. 1). Quan
tities of tests in the literature have therefore been carried out in 
orthogonal cutting to establish simple and usable cutting models asso
ciated with cutting forces. The first model that considers linear cutting 
forces according to the chip section was introduced by Martellotti [17], 
with cutting pressure coefficient Kc workpiece material-specific: 

F t → wp = Kc × Schip 3D (1) 

The coefficient Kc is dependent on the tool feed rate, determined by 
the Victor-Kienzle equation [18], where Kc1 and mc are material 
dependent parameters and f0 the feed rate scaling parameter: 

Kc = Kc1⋅(f/f0)
− mc (2) 

Such a model is sufficient to correctly predict the cutting forces and 
will be verified experimentally in Section 3.1. The objective of the paper 
is to verify whether such kind of models are also applicable to cutting 
moments. Basic orthogonal cutting models, that have only developed 
the importance of cutting forces linearly dependent on the chip section, 
present significant errors in their modelled energy consumption [12,13]. 
This is why the development of cutting moments theory was a major step 
towards completing the cutting energy balance. Several studies have 
therefore identified the main sources of cutting moment creation as 
follows:  

• Pure torques related to intra-grain spin at the microstructural scale of 
the material, caused by high cutting stresses [12,19,20]. 

• Torques induced by the 3D geometric and kinematic cutting phe
nomenology [21,22].  

• Frictional moments generated by intense tribological phenomena at 
the tool/workpiece/chip interface with specific friction conditions 
(high pressure and temperature, strain hardening, variable chip 
section, etc.), studied mainly in the literature on cutting forces [23], 
but also applicable to cutting moments. 

1.2. Model assumptions 

Studies have attempted to model cutting moments, such as Albert 
et al. [15] who started to model the cutting moment phenomenology 
with orthogonal cutting tests in milling, or Cahuc et al. [16] with turning 
tests. For the proposed model, the point of expression where the 
modelling is most relevant should be defined. The value of the cutting 
moments is different depending on the application point, so it is essen
tial to establish a significant point P to express the cutting moments. 
Albert et al. [15] proposed to model the cutting moments in the middle 
of the main cutting edge. The theoretical application point of the cutting 
P should be at the barycentre of the tool force density on the workpiece. 
This point is complex to determine experimentally because the mea
surement of forces and moments is the force vector and not the mea
surement of the cutting force density. The application point P is assumed 
to be located in the cutting zone, as this is the most physically significant 
area with the cutting force density concentrated on it. The position of 
point P will be determined experimentally and compared to that pro
posed by Albert et al. [15] in Section 3.2. 

The theoretical application point P of the cutting is a secondary 
element for the energy balance and is only a calculation point for the 
mechanical power. The mechanical power (which represents the 
consumed machining power [13]) does not depend on the application 
point nor on the expression reference of the mechanical and kinematic 
components. In the context of machining, the hypothesis of undeform
able solids is used because the forces and moments components of the 
energy balance are measured and global. The internal mechanical power 
developed by machining, calculated at the point P, is then described 
[12–14]: 

P t ↔ wp = F
̅→

wp → t⋅ V→P, t/wp + M
̅→

P, wp → t⋅ ω→ t/wp (3) 

The type of model chosen for cutting forces [17] has been described 
previously, it is then necessary to define the one associated with cutting 
moments. The objective is to achieve a mechanistic model in order to 
completely describe the power consumed by the machining, and not a 
phenomenological model which would present shortcomings in the 
identification of complete cutting moments. This is the case of Yousfi 
et al. [22] who succeed in identifying only 10% of real cutting moments 
with their phenomenological model. A linear model as a function of the 
chip section is therefore proposed as the model associated with the 
cutting moments in conventional milling, with the coefficient 
Km [N.m.mm− 2], in order to propose a model similar to that of the cutting 
forces [17]. This coefficient represents the specific cutting moment 
density by equivalence to the specific cutting pressure Kc. The complex 
phenomenon of hysteresis observed for climb milling (observed in 
Figs. 7 and 8), which also shows a certain linearity in relation to the chip 
section, remains to be investigated. The framework of this model is 
justified in Section 3.3, which presents the independence of the depth of 
cut on the Km coefficient, and demonstrates the complexity of the climb 
milling part. In addition, the modelings of the paper are carried out on 
the moments that influence the energy balance of the cutting, therefore 
only those developed along the z-axis. The model adopted will be dis
cussed in Section 3.3 and is therefore of the following form: 

M
̅→

P, wp → t⋅ z→= Km × Schip 3D (4) 

Numerous orthogonal cutting tests carried out by Albert et al. [15] 
have enabled initial interpretations and models of cutting moments. An 
interesting result is the influence of the orthogonal parameters Vc, f , ap 

on the preponderance of cutting moments. Albert [24] demonstrated 
with the results of his design of experiments, an independence of the 
cutting parameters (negligible interaction between the parameters) on 
the value of cutting moments. This assumption of cutting parameter 
independence is verified experimentally in this paper. As the cutting 
parameters are the predominant factors in the evolution of the cutting 
forces [3,5] and moments [12,13,15], the parameter Km of the cutting 
moments model in conventional milling are considered to be dependent 
only on these. A preliminary cutting parameter-based modelling will 
then be proposed in Section 3.3. 

In the energy balance, there is the mechanical aspect highlighted by 
the modelling proposed of cutting forces and moments, however the 
kinematic fields must also be defined. As each machine position PosP

̅̅ →
(XP,

YP, ZP) at point P is discretized at regular time intervals Δt, the instan
taneous local speed VP

̅→ is defined as follows: 

VP
̅→

=
ΔPosP
̅̅̅̅→

Δt
(5) 

This velocity can be applied to the local basis (Ce,i, er
→, eθ

→, z0
→) turned 

at the discretized θj angle: 
⎧
⎨

⎩

VCe,i ,er

(
ΔXCe,i cosθj + ΔYCe,i sinθj

)/
Δt

VCe,i ,eθ

(
ΔYCe,i cosθj − ΔXCe,i sinθj

)/
Δt

VCe,i ,z0 ΔZCe,i

/
Δt 

Intrinsic variations of the (XCe ,YCe ,ZCe ) components from the nominal 
trochoidal path may correspond to the deceleration of the tool demon
strated by the variation of the instantaneous axial feed rate Δf . The 
machining configuration is assumed to be stabilised, i.e. the absence of 
vibration is considered, which is equivalent to ΔZCe,i = 0. 

The tool rotational speed ωz,j is defined such that it accounts for the 
deceleration of the tool during the cutting process: 

ωz,j = Δ θj,j− 1
/

Δt (6)  

2. Experimental approach 

An experimental set-up was carried out to develop the experimental 
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mechanistic model of the cutting phenomenon wanted. In order to fully 
characterise the cutting forces and moments during a cutting pass, a 
groove milling operation (100% radial depth of cut) is chosen as the test 
one. The cutting forces as well as the cutting moments will be acquired 
during the cutting process, treated and then analysed in Section 3. 

2.1. Material used 

To perform the milling tests, a 3-axis Rosilio C850 machine-tool was 
used (Table 1). The experimental setup is shown in Fig. 2. It consists of a 
Kistler 9129AA 6-component high dynamic force dynamometer 
(Table 2) directly fixed on the machine-tool table. Subsequently, this 
stage supports the AISI 4142 (42CrMo4) alloy steel samples chosen to 
characterise the tests for which the composition is described Table 3. 

To recover the data from the dynamometer and the machine-tool, a post-processing software DeweSoft is used. It allows the recovery of the 
force and moment components developed during machining as well as 
the machine positions. The acquisition frequency is set at 50 kHz to 
characterise the cutting process of a few hundredths of a second, varying 
according to the imposed cutting speed. 

The tool used for the cutting tests is an ISCAR HOF D040-04-22-R06 
milling cutter having a single tooth with an ISCAR OEMW 060405- 
AETN IC808 octagonal carbide insert with Aluminium-Titanium- 
Nitride (AlTiN) coating (Fig. 2) and measured orientation geometry 
parameters γ0 = 0∘, κr = 38∘, λs = 15∘. 

In order to get usable results, filtering of the data is necessary to 

Table 2 
Characteristics of the Kistler dynamometer.  

Number of 
sensors 

Max of permitted measuring 
range of forces (kN) 

Max of permitted measuring 
range of moments (N.m) 

4 -10 ... 10 -500 ... 500  

Table 1 
Characteristics of the Rosilio C850.  

Max spindle 
power (kW) 

Max spindle 
speed (rpm) 

Axis strokes 
(mm) 

Feed rates 
(m/min) 

Digital 
control 

20 15000 X: 800 
Y: 510 
Z: 610 

X: 20 
Y: 20 
Z: 24 

Heidenhain 
ITNC 530  

Fig. 2. Experimental setup for milling tests.  

Table 3 
Chemical composition of the AISI 4142 (42CrMo4) alloy steel.  

(%) C Si Mn P S Cr Mo 

from 0.38 - 0.60 - - 0.90 0.15 
to 0.45 0.40 0.90 0.25 0.35 1.20 0.30  

M. Jeulin et al.                                                                                                                                                                                                                                  
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eliminate the noise caused by the very high dynamics of the measure
ment system. As the noise appears at high frequency, a low-pass filter is 
used for each test over several dozen rounds to recover only the fre
quency around the number of rounds of cut per second, which is at a 
rather low frequency as the cutting speeds are reasonable. This fre
quency corresponds to the amplitude of the periodic phenomena of the 
cutting, thus the relevant cutting forces and moments. 

2.2. Experimental protocol 

The primary objective of the tests is to characterise the cutting mo
ments in the cutting zone and the secondary one is to verify the influence 
of the cutting parameters Vc, f , ap on the value of these cutting moments. 
For this purpose, a reference test (RT) characteristic of the machining 
with Vc = 240 m/min, f = 0.1 mm/tooth, ap = 1 mm is carried out, 
followed by a design of experiments with the variation of the 3 pa

rameters on 2 levels compared to the reference test. The design of ex
periments carried out is described in Table 4. 

3. Results of cutting moments identification 

3.1. Verification of the linear model of cutting forces 

The first step is to verify whether a linear model as a function of the 
chip section can correspond to the cutting force profile. Fig. 3 shows a 
linear model, as a function of the chip section Schip 3D, fitting the cutting 
forces along the axis eθ

→ for instance. These results satisfy the cutting 
force models proposed in the literature [17], and the energy impact of 
these cutting forces compared to that of the cutting moments will be 
studied in Section 3.3. The 95% prediction interval shown in Fig. 3 
describes the confidence interval for which 95% of the fitted data are 
between the 2 error bars. 

Table 4 
Milling design of experiments.  

N∘ tests Vc (m/min) f (mm/tooth) ap (mm) 

1 (RT) 240 0.1 1 
2 120 0.1 1 
3 240 0.2 1 
4 120 0.2 1 
5 240 0.1 2 
6 120 0.1 2 
7 240 0.2 2 
8 120 0.2 2  

Fig. 3. Linear model of cutting forces by Schip 3D.  
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3.2. Experimental results and verifications of the cutting moments 

The resulting pure moments applied to the cutting points P in the 
cutting plane reference frame R cp are represented by the angular posi
tion of the cutting edge θ in Fig. 4. The existence of the 3D moments 
highlighted in Fig. 4 is indicative of the complexity of the cutting 
phenomena. 

To validate the presence of pure cutting moments, which are those 
that directly influence the energy consumption of machining, it is suf
ficient that the proportion of power related to moments in the energy 
balance is non-null. Furthermore, the central axis theory can then be 
used to calculate the value of these pure cutting moments according to 
the angular position of the cutting edge θ (Fig. 5), as suggested by Albert 
[24]. The presence of non-negligible moments indicates the relevance of 
the observed phenomenon and confirm the veracity of previous work on 
cutting moments [12,13,15,16]. 

The positioning of the application point of the cutting P can be 
estimated experimentally from a minimisation criterion of the cutting 
moments at the tool/workpiece interface, as the experimentally deter
mined central axis is remote from the cutting zone and therefore has no 

physical significance. The points resulting from this criterion are those 
which minimise the contribution of the forces to the amplitude of the 
cutting moments in the cutting zone. The positions of the points P in the 
cutting plane reference R cp for each discretized angular position θ are 
represented in Fig. 6. The points P are located in the index position 
where the associated minimisation criterion of the cutting moments 
min‖ M mesh

̅̅̅̅→
‖ is verified. 

The position of the points P is close to the principal cutting edge, 
where the density of the cutting forces is the highest (separation edge of 
the material), and also on the average line of the chip section, which 
reflects the homogeneity of the cutting pressures along the direction of 
the cutting edge zcp

̅→. This is why the points P at the principal cutting 
edge and on the average line of the chip section were accepted to model 
the cutting moments (P characteristic point of the model on the Fig. 6). 
The associated leverage for the positioning error of the chosen point P 
related to the theoretical points P is minor and it is more convenient to 
have a fixed application point in the cutting zone than a distribution of 
points P. This point fits perfectly with what was proposed as a modelling 
point by Albert et al. [15] in orthogonal cutting. 

Fig. 4. 3D cutting moments at points P in R cp.  
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Fig. 5. Pure cutting moments expressed at the central axis in R t .  

Fig. 6. Positioning of the application points of the cutting P in R cp.  
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3.3. Identification of specific cutting moment model 

The test that will illustrate the modelling is the reference one with 
parameters Vc = 240 m/min, f = 0.1 mm, ap = 1 mm. In a first 
approach, a linear model only for the part corresponding to the con
ventional cutting mode of the tool is proposed, as a function of chip 
section (Fig. 7). The chosen model allows for a relatively low Root Mean 
Square Error (RMSE) of 0.016 N.m while still having the simplicity and 

the physical meaning of being a specific cutting moment density coef
ficient. The hypothesis of the linear model in conventional milling 
presented can be extended to all permissible depths of cut of the insert, 
some of which are shown in Fig. 8. 

The cutting energy balance is described in Fig. 9 with and without 
considering cutting moments in addition to cutting forces. It highlights 
the impact of the cutting moments in the energy balance, as predicted by 
previous studies [12,13,15,16], with a maximum absolute error up to 

Fig. 7. Linear model of cutting moments at points P by Schip 3D in conventional milling.  

Fig. 8. Validity range of the linear model in conventional milling.  
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60 W without considering the cutting moments, for the reference test. 
Considering the experimental results, conclusions can be drawn on 

the influence of the cutting parameters Vc, f , ap on the value of the model 
coefficient Km. The parameter independence results demonstrated by 
Albert [24] and Victor-Kienzle [18] can be verified with these tests and 
even the non-influence of the parameters Vc and ap on the value of Km. 
Considering the validity zone of the cutting parameters, the following 
model is proposed to predict cutting moments in milling: 

Km = 1.27⋅(f )− 0.5 (7) 

The linear plan to verify the validity of the model proposed is 
described in Fig. 10. The vertical error bars represent the RMSE of the Km 

determination that can be fitted to the experimental results. The hori
zontal error bars, on the other hand, graphically describe the accuracy of 
the multilinear model based on the RMSE of the Km prediction which is 
0.0764 N.m.mm− 2, but which has non-negligible errors for some tests 
such as number 6. To provide an overview of the accuracy of the model, 
Fig. 7 highlights the efficiency of the predicted moments for the refer
ence test. 

Fig. 9. Power consumed during milling.  

Fig. 10. Feedrate-based model of Km.  
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4. Conclusion 

The results proposed in this paper highlight a complex phenomenon 
of cutting forces and moments during milling. The moments in the 
cutting zone have a non-negligible impact on the power consumed by 
the process. Up to 5% error between the power considering only the 
cutting forces and the total power can be observed through the tests of 
this paper. The better the cutting moment phenomenon is understood, 
the more accurate the prediction of power consumption during 
machining. 

The simple mechanistic model proposed to characterise these mo
ments in the cutting zone is limited only to the conventional milling 
part. It shows a relatively large error but which is still acceptable for an 
experimental model. The proposed model is the first to fit analytically 
the cutting moments in relation to the chip section for a 3D-milling 
operation and can be enriched to reduce the associated error, particu
larly with others machining configurations. 

The future work to be carried out to refine the model and better 
characterise the phenomena associated with cutting moments consists 
of: 

• Realization of different experiments to refine and enrich the pro
posed mechanistic model, tests for different machining configura
tions (tools, materials, cutting conditions) are planned to provide a 
more complete database of Km coefficients, especially tests with 
several feed rates to verify that the model follows a Victor-Kienzle 
type equation [18]  

• Modelling and characterisation of the hysteresis phenomenon in 
climb milling  

• Work on the repercussions of cutting moments on the mechanical 
properties of the workpiece, such as roughness, surface, hardness, 
residual stresses, etc. 
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