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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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1. Introduction 

Pocket milling applications for parts manufactured in the 
automotive, aerospace, and die and mold industries demand 
high-productivity machining solutions. High-productivity 
characterized by high material removal rates is often limited by 
the onset of unstable chatter vibrations. These instabilities are 
governed by dynamics of the machine tool system reflected at 
the tool, the material being cut, the geometry of the tool and the 
part, the configuration of the tool path (spiral-in/out, zigzag, 
linear, etc.), the axial and radial depths of cut made per pass, 
the speed, the feed, the mode of milling, i.e. up- or down-
milling, and the direction of cut. Each of these parameters 
affects productivity differently, making the design of high-
performance pocket milling strategies difficult.  

Of the above parameters, the dynamics reflected at the tool 
point, the material being cut, and the geometry of the tool and 
part are often not under the direct control of the NC 
programmer, who is mainly concerned with programming a 
tool path for given part geometries based on judgment, 

heuristics, available empirical data, and rarely, if at all, on the 
physical constraints of the process-machine interactions 
governing instabilities. To aid the programmer in selection of 
proper cutting parameters, there has been a lot of emphasis on 
machining stability constrained cutting parameter selection. 

Seminal work by Tlusty and Ismail [1] showed that stable 
axial depths of cut (DOC) depend on the milling mode and the 
feed direction aligned with the machine’s principal axis. Smith 
et. al [2] proposed new subroutines to help NC programmers, 
and showed stability to be also governed by the pocket being 
oriented with respect to the machine’s principal axis. Weck et. 
al [3] dynamically modified tool paths based on a stability data 
bank comprised of stable axial and radial DOCs for different 
cutting directions. Further improvements factoring in  milling 
mode, feed, speed, and combinations of stable axial and radial 
DOCs to maximize productivity were suggested in [4] for 
linear one-way tool paths, and in [5] for zigzag tool paths.  

Since milling is complicated by the continuously changing 
chip thickness and directional factors, Altintas and Budak [6] 
improved upon the approximate stability solutions presented in 
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The generalized dynamics of the milling process 
considering regenerative effects can be described by a linear 
time periodic system with a single discrete time delay using the 
state-space form as [13]:  

�̇�𝐱(𝑡𝑡) = 𝐀𝐀0𝐱𝐱(𝑡𝑡) + 𝐀𝐀(𝑡𝑡)𝐱𝐱(𝑡𝑡) + 𝐁𝐁(𝑡𝑡)𝐱𝐱(𝑡𝑡 − 𝑇𝑇)             (7) 

wherein �̇�𝐱(𝑡𝑡) is the state-vector; 𝐀𝐀0 is a constant matrix that is 
a function of the modal parameters of the system; 𝑇𝑇 is the tooth 
passing period that equals the time delay, and 𝐀𝐀, 𝐁𝐁 are two 
periodic coefficient matrices that depend on the time-varying 
directional factors, that are a function of the dynamic chip 
thickness, the screening function in Eq. (5) and the cutting force 
coefficients. Solution to the stability equations, additional 
details of which can be found in [12-13] will result in stable 
pairs for the axial and radial depths of cut for different speeds.  

2.3. Feed-direction-dependent stability 

When the slot/pocket to be machined is oriented with respect 
to the machine’s principal axis, as shown schematically in Fig. 
2, the dynamics of the modes measured along the machine’s 
principal axis (𝚽𝚽𝑥𝑥𝑥𝑥) contribute to stability in proportion to the 
magnitude of projections of the mode(s) in that direction.  

From Fig. 2, the feed-plane transfer function matrix, 𝚽𝚽𝑢𝑢𝑢𝑢 , at 
the tool point can be shown to be: 

𝚽𝚽𝑢𝑢𝑢𝑢= R 𝚽𝚽𝑥𝑥𝑥𝑥𝐑𝐑−1                        (8) 

wherein R = [cos 𝜃𝜃 − sin 𝜃𝜃
sin 𝜃𝜃 cos 𝜃𝜃 ]  is a rotational operator; and 

𝚽𝚽𝑥𝑥𝑥𝑥 = [Φ𝑥𝑥𝑥𝑥 0
0 Φ𝑥𝑥𝑥𝑥

]  is the measured frequency response 

function (FRF) matrix. Cross terms in this measured FRF are 
assumed negligible. Frequency dependence in Eq. (8) is not 
shown for brevity. Eq. (8) operates on FRFs. However, since 
for the time domain stability solution discussed in Section 2.2, 
modal matrices are necessary, modal parameters for each 
projected FRF are extracted to construct a transformed 
(oriented) 𝐀𝐀0  matrix, which is then used to find the feed-
direction-dependent stability as required. Having discussed the 
geometric model for combined-mode milling, and discussed 
how modal projections on feed directions contribute to 
direction-dependent stability, Section 3 present results with 
limited experimental validation. 

3. Stability analysis 

Model predictions were experimentally validated on a 3-
axis vertical milling machine, as shown in Fig. 3. The setup 
shows an Al7075 workpiece mounted on a Kistler 9527BA 
table top dynamometer that was used in experiments for 
identification of the cutting force coefficients. Main cutting 
coefficients were identified to be 𝐾𝐾𝑡𝑡𝑡𝑡 = 800  N/mm2, and 
𝐾𝐾𝑟𝑟𝑡𝑡 = 200  N/mm2. Dynamics at the tool point of a solid 
carbide end mill with a tool diameter of 16 mm, with four teeth, 
a helix of 45°, and with an overhang of 45 mm were measured 
in the configuration shown with a modal impact hammer and 
an accelerometer (both not shown in Fig. 3). Modal parameters 
extracted using CUTPRO® [14] are listed in Table 1. Chatter 
was experimentally detected using a microphone (not shown in 
Fig. 3), and was confirmed by visual inspection. 

 
 

 
 

 

 
Fig. 2. Workpiece oriented with 

respect to machine’s principal axes 
Fig. 3. Experimental setup to 

identify cutting force 
coefficients and for stability 

analysis 

Table 1. Modal parameters 

Direction Mode Natural 
frequency [Hz] 

Damping 
ratio [%] 

Modal stiffness 
(× 106) [N/m] 

𝑥𝑥 1 836.2 1.8 43.6 

𝑥𝑥 2 872 1.26 125.3 

𝑦𝑦 1 780.5 3 12.2 

𝑦𝑦 2 847.6 3 20.4 

Having identified coefficients, and measured the dynamics, 
at first stability predictions were validated for slotting 
experiments, see Section 3.1. This is followed in Section 3.2 by 
stability analysis for combined-mode milling influenced by 
different pre-existing slot widths, and with different 
eccentricities of the pre-existing slot with respect to the tool 
center. Section 3.3 discusses the role of direction-dependency, 
followed in Section 3.4 by analysis for combined-mode milling 
in conjunction with feed-direction-dependent stability.  

3.1. Validation of stability in slotting 

Model predicted stability for the case of slotting with a tool 
with diameter of 16 mm without any pre-existing slots are 
shown in Fig. 4, which also overlays experimental results at 
two different speeds, 6000 and 8000 rpm receptively. These 
results are for cutting along the 𝑥𝑥 direction. As evident, cutting 
at 6000 rpm at an axial DOC of 1.75 mm is stable, and at 2.25 
is unstable. Similarly, cutting at 8000 rpm at an axial DOC of 
0.8 mm was observed to be stable, and at 1.3 mm was unstable, 
and agrees with model predictions.  

 
Fig. 4. Stability diagram for slotting. Feed along the 𝑥𝑥 direction. 

 Gaur and Law/ Procedia CIRP 00 (2019) 000–000 

[1-3]. Further improvements using time domain methods were 
proposed by Insperger et. al [7] in which they also threw light 
on the differences between low radial immersion up- and 
down-milling. Tekeli and Budak [8] optimzed pairs of radial 
and axial depths of cut to minimize pocketing times. Law et. al 
[9] capitalized on the differences between milling modes and 
stability being a function of feed direction to suggest a mixed-
mode peripheral milling strategy.  

Seeing that the milling mode governs the choice of stable 
axial and radial depths of cut and that stability also depends on 
the direction of cut, this paper motivates a combined-mode 
milling strategy in conjunction with cutting in the feed 
direction in which the stability is highest to further improve on 
pocketing times. The main contribution is to synthesize well-
developed existing ideas, and in doing so offer a new approach 
with the potential to further improve productivity. For 
combined-mode milling we expand on the recent work of 
Ozoegwu et al. [10] which reported on promising finish slotting 
strategies with a pre-existing slot that result in a combination 
of up- and down-milling. For feed-direction dependent cutting, 
we build on our earlier work [9, 11] which exploits the role of 
dynamics projected in different feed directions to design an 
appropriate pocket milling strategy. 

We demonstrate these ideas on a 3-axis vertical CNC 
milling machine for cutting of Al7075 material. We first 
present the geometric considerations for combined-mode 
milling in Section 2 along with the feed-direction dependent 
stability formulations. Section 3 separately discusses results for 
the combined-mode milling strategy, and the feed-direction-
dependent stability. This section includes limited experimental 
validation. Section 4 synthesizes the two ideas for the example 
of pocket machining of a given workpiece and demonstrates a 
potential improvement in productivity of up to 60%. 

2. Combined-mode milling and feed-direction-dependent 
stability model 

Geometry of combined-mode milling is described in Section 
2.1, which is followed in Section 2.2 by a brief description of 
the stability model to be used. Section 2.3 introduces the feed-
direction-dependent stability idea using modal projections. 

2.1. Geometric model for combined-mode milling 

A general milling tool-workpiece disposition in which 𝐷𝐷 is 
the diameter of milling cutter, 𝑦𝑦 is the width of a pre-existing 
slot, and 𝑒𝑒 is the distance between the center of the pre-existing 
slot and the center of the tool, is shown in Fig. 1.  

 
Fig. 1. Combined-mode milling with a pre-existing slot 

Because of the pre-existing slot, it is evident that cutting 
takes place in both milling modes, i.e. up and down. The 
amount of offset between the centers of the pre-existing slot 
and the tool will determine how much cutting takes place is 
which milling mode. The radial immersion from Fig. 1 can be 
defined as: 

𝜌𝜌𝑘𝑘 =
𝐵𝐵𝑘𝑘
𝐷𝐷                 (1) 

wherein 𝐵𝐵𝑘𝑘 is the radial width of cut, and the subscript 𝑘𝑘 = 1 
is for up-milling and 𝑘𝑘 = 2 is for down-milling. 

The start/exit (𝜙𝜙𝑠𝑠/𝜙𝜙𝑒𝑒) angles in Fig. 1 can be shown to be: 

cos(𝜙𝜙𝑠𝑠,𝑘𝑘) = 𝜌𝜌𝑘𝑘 +
2𝑒𝑒𝑘𝑘
𝐷𝐷

cos(𝜙𝜙𝑒𝑒,𝑘𝑘) = −𝜌𝜌𝑘𝑘 +
2𝑒𝑒𝑘𝑘
𝐷𝐷

             (2) 

wherein 𝑒𝑒 is the distance between the centre of the pre-existing 
slot and the centre of the tool. A screen function to determine 
if for tooth 𝑗𝑗, the cut is in an up- or down-milling mode, can be 
shown to be [10]: 

𝑔𝑔𝑗𝑗,1(𝑡𝑡) =
1
2 {1 + sgn [sin (𝜙𝜙𝑗𝑗(𝑡𝑡) − tan−1 { −12𝜌𝜌1

sin[cos−1(1 −
2𝜌𝜌1)]}) + sin (tan−1 { −12𝜌𝜌1

sin[cos−1(1 − 2𝜌𝜌1)]})]}           (3) 

for up-milling, and 

𝑔𝑔𝑗𝑗,2(𝑡𝑡) =
1
2 {1 + sgn [sin (𝜙𝜙𝑗𝑗(𝑡𝑡) −

tan−1 { 1
2𝜌𝜌2

sin[cos−1(2𝜌𝜌2 − 1)]}) − sin (cos−1(2𝜌𝜌2 − 1) −
tan−1 { 1

2𝜌𝜌2
sin[cos−1(1 − 2𝜌𝜌2)]})]}            (4) 

for down-milling. The screen function for bi-radial immersion 
hence becomes: 

𝑔𝑔𝑗𝑗(𝑡𝑡) = 𝑔𝑔𝑗𝑗,1(𝑡𝑡) + 𝑔𝑔𝑗𝑗,2(𝑡𝑡).              (5) 

From the geometry of the Fig. 1, dependency of pre-existing 
slot width 𝑦𝑦 and deviation 𝑒𝑒 of center of pre-existing slot from 
tool center can be shown to be [10]: 

𝑦𝑦 = 𝐷𝐷
2 sin(𝜙𝜙𝑠𝑠,2 − 𝜙𝜙𝑒𝑒,1) [sin (

𝜋𝜋−𝜙𝜙𝑠𝑠,2+𝜙𝜙𝑒𝑒,1
2 )]

−1
sin (𝜙𝜙𝑠𝑠,2+𝜙𝜙𝑒𝑒,1

2 )  

𝑒𝑒 = 𝐷𝐷
4 (cos𝜙𝜙𝑠𝑠,2 + cos𝜙𝜙𝑒𝑒,1) =

𝐷𝐷
2 (𝜌𝜌2 − 𝜌𝜌1).           (6) 

The above geometric model for combined-mode milling is 
now integrated within machining stability solutions as 
described next to find the stable pairs of axial and radial depths 
of cut for different pre-existing slot widths, and tool offsets. 

2.2. Stability model 

 The milling system is flexible in two directions and hence 
the chip thickness varies dynamically, which makes the force 
modulate, which in turn makes the chip thickness modulate. 
These modulations result in regenerative chatter instabilities, 
which can be predicted and avoided, and used in designing 
strategies for pocketing. Since the combined-mode milling 
situation discussed above can potentially result in low-
immersion cutting and, because the frequency domain 
solutions to stability [6] are not accurate for low-immersion 
cutting conditions, we prefer to use the time-domain 
discretization methods [12-13] to solve for system stability. 
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The generalized dynamics of the milling process 
considering regenerative effects can be described by a linear 
time periodic system with a single discrete time delay using the 
state-space form as [13]:  
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wherein �̇�𝐱(𝑡𝑡) is the state-vector; 𝐀𝐀0 is a constant matrix that is 
a function of the modal parameters of the system; 𝑇𝑇 is the tooth 
passing period that equals the time delay, and 𝐀𝐀, 𝐁𝐁 are two 
periodic coefficient matrices that depend on the time-varying 
directional factors, that are a function of the dynamic chip 
thickness, the screening function in Eq. (5) and the cutting force 
coefficients. Solution to the stability equations, additional 
details of which can be found in [12-13] will result in stable 
pairs for the axial and radial depths of cut for different speeds.  
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2, the dynamics of the modes measured along the machine’s 
principal axis (𝚽𝚽𝑥𝑥𝑥𝑥) contribute to stability in proportion to the 
magnitude of projections of the mode(s) in that direction.  

From Fig. 2, the feed-plane transfer function matrix, 𝚽𝚽𝑢𝑢𝑢𝑢 , at 
the tool point can be shown to be: 
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]  is the measured frequency response 
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assumed negligible. Frequency dependence in Eq. (8) is not 
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(oriented) 𝐀𝐀0  matrix, which is then used to find the feed-
direction-dependent stability as required. Having discussed the 
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how modal projections on feed directions contribute to 
direction-dependent stability, Section 3 present results with 
limited experimental validation. 

3. Stability analysis 

Model predictions were experimentally validated on a 3-
axis vertical milling machine, as shown in Fig. 3. The setup 
shows an Al7075 workpiece mounted on a Kistler 9527BA 
table top dynamometer that was used in experiments for 
identification of the cutting force coefficients. Main cutting 
coefficients were identified to be 𝐾𝐾𝑡𝑡𝑡𝑡 = 800  N/mm2, and 
𝐾𝐾𝑟𝑟𝑡𝑡 = 200  N/mm2. Dynamics at the tool point of a solid 
carbide end mill with a tool diameter of 16 mm, with four teeth, 
a helix of 45°, and with an overhang of 45 mm were measured 
in the configuration shown with a modal impact hammer and 
an accelerometer (both not shown in Fig. 3). Modal parameters 
extracted using CUTPRO® [14] are listed in Table 1. Chatter 
was experimentally detected using a microphone (not shown in 
Fig. 3), and was confirmed by visual inspection. 

 
 

 
 

 

 
Fig. 2. Workpiece oriented with 

respect to machine’s principal axes 
Fig. 3. Experimental setup to 

identify cutting force 
coefficients and for stability 

analysis 

Table 1. Modal parameters 

Direction Mode Natural 
frequency [Hz] 

Damping 
ratio [%] 

Modal stiffness 
(× 106) [N/m] 

𝑥𝑥 1 836.2 1.8 43.6 

𝑥𝑥 2 872 1.26 125.3 

𝑦𝑦 1 780.5 3 12.2 

𝑦𝑦 2 847.6 3 20.4 

Having identified coefficients, and measured the dynamics, 
at first stability predictions were validated for slotting 
experiments, see Section 3.1. This is followed in Section 3.2 by 
stability analysis for combined-mode milling influenced by 
different pre-existing slot widths, and with different 
eccentricities of the pre-existing slot with respect to the tool 
center. Section 3.3 discusses the role of direction-dependency, 
followed in Section 3.4 by analysis for combined-mode milling 
in conjunction with feed-direction-dependent stability.  

3.1. Validation of stability in slotting 

Model predicted stability for the case of slotting with a tool 
with diameter of 16 mm without any pre-existing slots are 
shown in Fig. 4, which also overlays experimental results at 
two different speeds, 6000 and 8000 rpm receptively. These 
results are for cutting along the 𝑥𝑥 direction. As evident, cutting 
at 6000 rpm at an axial DOC of 1.75 mm is stable, and at 2.25 
is unstable. Similarly, cutting at 8000 rpm at an axial DOC of 
0.8 mm was observed to be stable, and at 1.3 mm was unstable, 
and agrees with model predictions.  

 
Fig. 4. Stability diagram for slotting. Feed along the 𝑥𝑥 direction. 
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[1-3]. Further improvements using time domain methods were 
proposed by Insperger et. al [7] in which they also threw light 
on the differences between low radial immersion up- and 
down-milling. Tekeli and Budak [8] optimzed pairs of radial 
and axial depths of cut to minimize pocketing times. Law et. al 
[9] capitalized on the differences between milling modes and 
stability being a function of feed direction to suggest a mixed-
mode peripheral milling strategy.  

Seeing that the milling mode governs the choice of stable 
axial and radial depths of cut and that stability also depends on 
the direction of cut, this paper motivates a combined-mode 
milling strategy in conjunction with cutting in the feed 
direction in which the stability is highest to further improve on 
pocketing times. The main contribution is to synthesize well-
developed existing ideas, and in doing so offer a new approach 
with the potential to further improve productivity. For 
combined-mode milling we expand on the recent work of 
Ozoegwu et al. [10] which reported on promising finish slotting 
strategies with a pre-existing slot that result in a combination 
of up- and down-milling. For feed-direction dependent cutting, 
we build on our earlier work [9, 11] which exploits the role of 
dynamics projected in different feed directions to design an 
appropriate pocket milling strategy. 

We demonstrate these ideas on a 3-axis vertical CNC 
milling machine for cutting of Al7075 material. We first 
present the geometric considerations for combined-mode 
milling in Section 2 along with the feed-direction dependent 
stability formulations. Section 3 separately discusses results for 
the combined-mode milling strategy, and the feed-direction-
dependent stability. This section includes limited experimental 
validation. Section 4 synthesizes the two ideas for the example 
of pocket machining of a given workpiece and demonstrates a 
potential improvement in productivity of up to 60%. 

2. Combined-mode milling and feed-direction-dependent 
stability model 

Geometry of combined-mode milling is described in Section 
2.1, which is followed in Section 2.2 by a brief description of 
the stability model to be used. Section 2.3 introduces the feed-
direction-dependent stability idea using modal projections. 

2.1. Geometric model for combined-mode milling 

A general milling tool-workpiece disposition in which 𝐷𝐷 is 
the diameter of milling cutter, 𝑦𝑦 is the width of a pre-existing 
slot, and 𝑒𝑒 is the distance between the center of the pre-existing 
slot and the center of the tool, is shown in Fig. 1.  

 
Fig. 1. Combined-mode milling with a pre-existing slot 

Because of the pre-existing slot, it is evident that cutting 
takes place in both milling modes, i.e. up and down. The 
amount of offset between the centers of the pre-existing slot 
and the tool will determine how much cutting takes place is 
which milling mode. The radial immersion from Fig. 1 can be 
defined as: 

𝜌𝜌𝑘𝑘 =
𝐵𝐵𝑘𝑘
𝐷𝐷                 (1) 

wherein 𝐵𝐵𝑘𝑘 is the radial width of cut, and the subscript 𝑘𝑘 = 1 
is for up-milling and 𝑘𝑘 = 2 is for down-milling. 

The start/exit (𝜙𝜙𝑠𝑠/𝜙𝜙𝑒𝑒) angles in Fig. 1 can be shown to be: 

cos(𝜙𝜙𝑠𝑠,𝑘𝑘) = 𝜌𝜌𝑘𝑘 +
2𝑒𝑒𝑘𝑘
𝐷𝐷

cos(𝜙𝜙𝑒𝑒,𝑘𝑘) = −𝜌𝜌𝑘𝑘 +
2𝑒𝑒𝑘𝑘
𝐷𝐷

             (2) 

wherein 𝑒𝑒 is the distance between the centre of the pre-existing 
slot and the centre of the tool. A screen function to determine 
if for tooth 𝑗𝑗, the cut is in an up- or down-milling mode, can be 
shown to be [10]: 

𝑔𝑔𝑗𝑗,1(𝑡𝑡) =
1
2 {1 + sgn [sin (𝜙𝜙𝑗𝑗(𝑡𝑡) − tan−1 { −12𝜌𝜌1

sin[cos−1(1 −
2𝜌𝜌1)]}) + sin (tan−1 { −12𝜌𝜌1

sin[cos−1(1 − 2𝜌𝜌1)]})]}           (3) 

for up-milling, and 

𝑔𝑔𝑗𝑗,2(𝑡𝑡) =
1
2 {1 + sgn [sin (𝜙𝜙𝑗𝑗(𝑡𝑡) −

tan−1 { 1
2𝜌𝜌2

sin[cos−1(2𝜌𝜌2 − 1)]}) − sin (cos−1(2𝜌𝜌2 − 1) −
tan−1 { 1

2𝜌𝜌2
sin[cos−1(1 − 2𝜌𝜌2)]})]}            (4) 

for down-milling. The screen function for bi-radial immersion 
hence becomes: 

𝑔𝑔𝑗𝑗(𝑡𝑡) = 𝑔𝑔𝑗𝑗,1(𝑡𝑡) + 𝑔𝑔𝑗𝑗,2(𝑡𝑡).              (5) 

From the geometry of the Fig. 1, dependency of pre-existing 
slot width 𝑦𝑦 and deviation 𝑒𝑒 of center of pre-existing slot from 
tool center can be shown to be [10]: 

𝑦𝑦 = 𝐷𝐷
2 sin(𝜙𝜙𝑠𝑠,2 − 𝜙𝜙𝑒𝑒,1) [sin (

𝜋𝜋−𝜙𝜙𝑠𝑠,2+𝜙𝜙𝑒𝑒,1
2 )]

−1
sin (𝜙𝜙𝑠𝑠,2+𝜙𝜙𝑒𝑒,1

2 )  

𝑒𝑒 = 𝐷𝐷
4 (cos𝜙𝜙𝑠𝑠,2 + cos𝜙𝜙𝑒𝑒,1) =

𝐷𝐷
2 (𝜌𝜌2 − 𝜌𝜌1).           (6) 

The above geometric model for combined-mode milling is 
now integrated within machining stability solutions as 
described next to find the stable pairs of axial and radial depths 
of cut for different pre-existing slot widths, and tool offsets. 

2.2. Stability model 

 The milling system is flexible in two directions and hence 
the chip thickness varies dynamically, which makes the force 
modulate, which in turn makes the chip thickness modulate. 
These modulations result in regenerative chatter instabilities, 
which can be predicted and avoided, and used in designing 
strategies for pocketing. Since the combined-mode milling 
situation discussed above can potentially result in low-
immersion cutting and, because the frequency domain 
solutions to stability [6] are not accurate for low-immersion 
cutting conditions, we prefer to use the time-domain 
discretization methods [12-13] to solve for system stability. 
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3.3. Feed-direction dependent stability 

Feed-direction-dependent stability is simulated for cutting a 
workpiece of width 8 mm with a tool of 16 mm diameter. Fig. 
8 shows selective results for down-milling cutting along the 𝑥𝑥 
direction, and for the feed direction oriented 30°, 60°, and 90° 
respectively with respect to the 𝑥𝑥  direction. There is an 
observable shift in the stability boundaries for different feed 
directions on account of the contribution of modal projections 
in those directions. Interestingly, cutting with the feed direction 
oriented 90° with respect to the 𝑥𝑥 direction in the down-milling 
mode is akin to up-milling along the 𝑥𝑥 direction (refer Fig. 6).  

If the highest stable depths of cut occurring at speeds within 
the range of ~6000 to 6500 rpm for every 15° increment in the 
feed orientation were to be evaluated, a feed plane stability map 
could be constructed as shown in Fig. 9. These maps are for the 
up-milling mode only (𝜌𝜌1 = 0.5, 𝜌𝜌2 = 0), the down-milling 
mode (𝜌𝜌1 = 0, 𝜌𝜌2 = 0.5), and for the case of combined-mode 
milling ( 𝜌𝜌1 = 0.25, 𝜌𝜌2 = 0.25 ). The regions inside the 
envelope are stable, and those outside are unstable. The highest 
possible stable axial DOC is plotted radially, and the feed 
direction circumferentially. The stability map makes plain that 
for the system under investigation, cutting along the 𝑥𝑥 direction 
or at a feed-orientation of 30° in the up-milling mode is 
preferable for higher productivity, and for cutting in the down-
milling mode, the feed-direction should be along the 𝑦𝑦 
direction. As before (see Fig. 6), the case for combined-mode 
milling with no-pre-existing slot, is bound by the up- and 
down-milling cases.        

 
Fig. 8. Feed-direction-dependent stability for down-milling with 𝜌𝜌1 = 0, 𝜌𝜌2 =

0.5. Feed-orientation with respect to the 𝑥𝑥 direction.  

 
Fig. 9. Feed plane stability for combined-mode (CMM), and up- and down-

milling stability for a constant effective radial immersion 

3.4. Combined-mode stability in conjunction with feed-
direction-dependent stability 

Having established that cutting along certain feed-
directions, and in certain modes is preferable, we discuss here 
the stability for these ideas in conjunction. Stability with a tool 
of diameter 16 mm for combined-mode milling with pre-
existing slot widths of 5 and 12 mm, and with no eccentricity 
is evaluated for every 15° increment in feed-orientations – see 
Fig. 10. As is evident, the highest stable DOC, occurring at 
speeds within the range of ~6000 to 6500, in the case of 
combined-mode milling varies by at most ~25% over the feed 
plane, whereas in Fig. 9 for the up/down case, the variation was 
observed to be as much as ~77%. As before, the highest 
possible stable DOC is higher for a larger pre-existing slot, and 
is always greater than the highest possible stable DOC in the 
case of full slotting. Since the combined-mode milling stability 
is marginally higher with the workpiece oriented at 30°, this 
feed-direction will be preferred in the pocket machining 
strategies discussed next.  

    
Fig. 10. Feed plane stability for combined-mode milling (CMM) with pre-

existing slots of different sizes for cutting with a tool with 16 mm diameter.   

4. Pocket machining strategies 

 Consider machining a pocket of length 𝑙𝑙 , width 𝑤𝑤  and 
depth 𝑑𝑑. Two pocketing strategies, the linear one-way tool path 
[3, 4, 8] and the proposed combined-mode milling two-way 
tool path with pre-existing slots of width 𝑦𝑦 are contrasted, as 
shown in Fig. 11. The total pocketing time (TPT) can be 
determined from the pocket geometry and from the number of 
passes required for cutting across the pocket length/width. For 
the case of the linear one-way tool path, the 𝑇𝑇𝑇𝑇𝑇𝑇 is [8]: 

𝑇𝑇𝑇𝑇𝑇𝑇𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑙𝑙(𝑑𝑑/𝑎𝑎) ∙ 𝑐𝑐𝑐𝑐𝑐𝑐𝑙𝑙(𝑙𝑙/𝑏𝑏)  ∙ 𝑤𝑤/𝑓𝑓                 (9) 

wherein 𝑎𝑎  is the highest stable axial DOC, 𝑏𝑏  is the radial 
engagement, and 𝑓𝑓  is the linear feed [m/min]. And, for the 
proposed combined-mode milling tool path with pre-existing 
slots, the 𝑇𝑇𝑇𝑇𝑇𝑇 is: 

𝑇𝑇𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑙𝑙(𝑑𝑑/𝑎𝑎) ∙ 𝑛𝑛𝑦𝑦 ∙ 𝑤𝑤/𝑓𝑓                              (10) 

wherein 𝑛𝑛𝑦𝑦  are the number of pre-existing slots of width 𝑦𝑦,   
which, from the geometry in Fig. 11(b) can be shown to be: 

𝑛𝑛𝑦𝑦 = 𝑙𝑙−𝐷𝐷−2𝑦𝑦𝑜𝑜+𝑦𝑦𝑖𝑖
𝑦𝑦+𝑦𝑦𝑖𝑖

= 𝑙𝑙
𝐷𝐷 − 2.                            (11) 
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3.2. Influence of pre-existing slot width and eccentricity on 
combined-mode milling stability 

Combined-mode milling stability with pre-existing slots 
was predicted for different speeds, and with different 
eccentricities. For experimental validation, the workpiece was 
prepared with pre-existing slots of widths 3, 5, 10, and 12 mm 
respectively, and for cutting with a tool with 16 mm diameter. 
Fig. 5(a) shows predictions overlaid with experimental results 
for cutting at 6000 rpm, for the case of no eccentricity, and for 
cutting along the 𝑥𝑥 direction. The region below the boundary is 
stable, and that above is unstable. As is evident from Fig. 5, the 
experimental results validate predictions, and suggest that 
higher stable axial DOCs are possible with pre-existing slots of 
larger widths. This is intuitive, since for pre-existing slots of 
greater widths, the radial engagements are lower.  

Fig. 5(b) show predictions and experimental results for the 
case of an eccentricity, 𝑒𝑒 = −4 mm. Interestingly, for 𝑒𝑒 < 0, 
the possible stable axial DOC is lesser than the case of 𝑒𝑒 = 0. 
This is due to the fact that for 𝑒𝑒 < 0, there is more of down-
milling than up-milling, than in the case of 𝑒𝑒 = 0, which is the 
case of equal radial engagement up- and down- combined-
mode milling. This can be better understood from the stability 
diagrams in Fig. 6, which show predicted boundaries in a 
narrow speed range for cutting a workpiece of 8 mm width with 
a tool of 16 mm diameter, in the up-milling mode only (𝜌𝜌1 =
0.5, 𝜌𝜌2 = 0), the down-milling mode (𝜌𝜌1 = 0, 𝜌𝜌2 = 0.5), and 
for the case of combined-mode milling (𝜌𝜌1 = 0.25, 𝜌𝜌2 = 0.25). 
Again, these results are for cutting along the 𝑥𝑥 direction. As 
evident from Fig. 6, stability boundaries are higher for up-
milling than for down-milling, and the case of combined-mode 
milling is bounded on the lower side by down-milling 
boundaries, and on the upper side by up-milling boundaries. 
This is because in the specific case investigated here, the 
dynamics of the machine are stiffer along the 𝑥𝑥 direction than 
the along the 𝑦𝑦 direction. We emphasize here that the results in 
Fig. 5-6 are not (a)typical, but depend on the dynamics of the 
system under investigation. 

Fig. 5 reports on experimental validation for a subset of 
cases investigated, and a comprehensive analysis of stability 
being influenced by pre-existing slot widths and different 
eccentrics is shown in Fig. 7 for cutting along the 𝑥𝑥 direction, 
and at 6000 rpm.  

As is evident from Fig. 7, the possible stable axial DOC is 
strongly governed by the width of any pre-existing slot, and the 
eccentricity of that slot. As before, larger pre-existing slots 
result in higher possible stable axial DOCs. The stability 
boundaries in Fig. 7 are not symmetric across 𝑒𝑒 = 0, and this 
is thought to be because of a combination of changing 
engagements and eccentricities, and a contribution of dynamics 
of the machine. Fig. 7 also suggests that for a given pre-existing 
slot width, there exits an eccentricity at which the stable axial 
DOC is highest, and this changes for every combination of 
eccentricity and pre-existing slot width pair. However, since 
any deliberate eccentricity may result in left over material after 
every pass during pocketing, we recommend cutting with 𝑒𝑒 =
0, and now move our attention to the role of direction of cut.   

 

 
Fig. 5. Stability diagram for combined-mode milling with pre-existing slots; 

(a) no eccentricity, i.e. 𝑒𝑒 = 0; (b) with eccentricity, for the case of 𝑒𝑒 < 0.  

 
Fig. 6. Comparison of combined-mode (CMM) and up- and down-milling 

stability for a constant effective radial immersion.  

 
Fig. 7. Combined-mode milling stability influenced by different eccentricities 

and different pre-existing slot widths. 
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3.3. Feed-direction dependent stability 

Feed-direction-dependent stability is simulated for cutting a 
workpiece of width 8 mm with a tool of 16 mm diameter. Fig. 
8 shows selective results for down-milling cutting along the 𝑥𝑥 
direction, and for the feed direction oriented 30°, 60°, and 90° 
respectively with respect to the 𝑥𝑥  direction. There is an 
observable shift in the stability boundaries for different feed 
directions on account of the contribution of modal projections 
in those directions. Interestingly, cutting with the feed direction 
oriented 90° with respect to the 𝑥𝑥 direction in the down-milling 
mode is akin to up-milling along the 𝑥𝑥 direction (refer Fig. 6).  

If the highest stable depths of cut occurring at speeds within 
the range of ~6000 to 6500 rpm for every 15° increment in the 
feed orientation were to be evaluated, a feed plane stability map 
could be constructed as shown in Fig. 9. These maps are for the 
up-milling mode only (𝜌𝜌1 = 0.5, 𝜌𝜌2 = 0), the down-milling 
mode (𝜌𝜌1 = 0, 𝜌𝜌2 = 0.5), and for the case of combined-mode 
milling ( 𝜌𝜌1 = 0.25, 𝜌𝜌2 = 0.25 ). The regions inside the 
envelope are stable, and those outside are unstable. The highest 
possible stable axial DOC is plotted radially, and the feed 
direction circumferentially. The stability map makes plain that 
for the system under investigation, cutting along the 𝑥𝑥 direction 
or at a feed-orientation of 30° in the up-milling mode is 
preferable for higher productivity, and for cutting in the down-
milling mode, the feed-direction should be along the 𝑦𝑦 
direction. As before (see Fig. 6), the case for combined-mode 
milling with no-pre-existing slot, is bound by the up- and 
down-milling cases.        

 
Fig. 8. Feed-direction-dependent stability for down-milling with 𝜌𝜌1 = 0, 𝜌𝜌2 =

0.5. Feed-orientation with respect to the 𝑥𝑥 direction.  

 
Fig. 9. Feed plane stability for combined-mode (CMM), and up- and down-

milling stability for a constant effective radial immersion 

3.4. Combined-mode stability in conjunction with feed-
direction-dependent stability 

Having established that cutting along certain feed-
directions, and in certain modes is preferable, we discuss here 
the stability for these ideas in conjunction. Stability with a tool 
of diameter 16 mm for combined-mode milling with pre-
existing slot widths of 5 and 12 mm, and with no eccentricity 
is evaluated for every 15° increment in feed-orientations – see 
Fig. 10. As is evident, the highest stable DOC, occurring at 
speeds within the range of ~6000 to 6500, in the case of 
combined-mode milling varies by at most ~25% over the feed 
plane, whereas in Fig. 9 for the up/down case, the variation was 
observed to be as much as ~77%. As before, the highest 
possible stable DOC is higher for a larger pre-existing slot, and 
is always greater than the highest possible stable DOC in the 
case of full slotting. Since the combined-mode milling stability 
is marginally higher with the workpiece oriented at 30°, this 
feed-direction will be preferred in the pocket machining 
strategies discussed next.  

    
Fig. 10. Feed plane stability for combined-mode milling (CMM) with pre-

existing slots of different sizes for cutting with a tool with 16 mm diameter.   

4. Pocket machining strategies 

 Consider machining a pocket of length 𝑙𝑙 , width 𝑤𝑤  and 
depth 𝑑𝑑. Two pocketing strategies, the linear one-way tool path 
[3, 4, 8] and the proposed combined-mode milling two-way 
tool path with pre-existing slots of width 𝑦𝑦 are contrasted, as 
shown in Fig. 11. The total pocketing time (TPT) can be 
determined from the pocket geometry and from the number of 
passes required for cutting across the pocket length/width. For 
the case of the linear one-way tool path, the 𝑇𝑇𝑇𝑇𝑇𝑇 is [8]: 

𝑇𝑇𝑇𝑇𝑇𝑇𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑙𝑙(𝑑𝑑/𝑎𝑎) ∙ 𝑐𝑐𝑐𝑐𝑐𝑐𝑙𝑙(𝑙𝑙/𝑏𝑏)  ∙ 𝑤𝑤/𝑓𝑓                 (9) 

wherein 𝑎𝑎  is the highest stable axial DOC, 𝑏𝑏  is the radial 
engagement, and 𝑓𝑓  is the linear feed [m/min]. And, for the 
proposed combined-mode milling tool path with pre-existing 
slots, the 𝑇𝑇𝑇𝑇𝑇𝑇 is: 

𝑇𝑇𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑙𝑙(𝑑𝑑/𝑎𝑎) ∙ 𝑛𝑛𝑦𝑦 ∙ 𝑤𝑤/𝑓𝑓                              (10) 

wherein 𝑛𝑛𝑦𝑦  are the number of pre-existing slots of width 𝑦𝑦,   
which, from the geometry in Fig. 11(b) can be shown to be: 

𝑛𝑛𝑦𝑦 = 𝑙𝑙−𝐷𝐷−2𝑦𝑦𝑜𝑜+𝑦𝑦𝑖𝑖
𝑦𝑦+𝑦𝑦𝑖𝑖

= 𝑙𝑙
𝐷𝐷 − 2.                            (11) 
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3.2. Influence of pre-existing slot width and eccentricity on 
combined-mode milling stability 

Combined-mode milling stability with pre-existing slots 
was predicted for different speeds, and with different 
eccentricities. For experimental validation, the workpiece was 
prepared with pre-existing slots of widths 3, 5, 10, and 12 mm 
respectively, and for cutting with a tool with 16 mm diameter. 
Fig. 5(a) shows predictions overlaid with experimental results 
for cutting at 6000 rpm, for the case of no eccentricity, and for 
cutting along the 𝑥𝑥 direction. The region below the boundary is 
stable, and that above is unstable. As is evident from Fig. 5, the 
experimental results validate predictions, and suggest that 
higher stable axial DOCs are possible with pre-existing slots of 
larger widths. This is intuitive, since for pre-existing slots of 
greater widths, the radial engagements are lower.  

Fig. 5(b) show predictions and experimental results for the 
case of an eccentricity, 𝑒𝑒 = −4 mm. Interestingly, for 𝑒𝑒 < 0, 
the possible stable axial DOC is lesser than the case of 𝑒𝑒 = 0. 
This is due to the fact that for 𝑒𝑒 < 0, there is more of down-
milling than up-milling, than in the case of 𝑒𝑒 = 0, which is the 
case of equal radial engagement up- and down- combined-
mode milling. This can be better understood from the stability 
diagrams in Fig. 6, which show predicted boundaries in a 
narrow speed range for cutting a workpiece of 8 mm width with 
a tool of 16 mm diameter, in the up-milling mode only (𝜌𝜌1 =
0.5, 𝜌𝜌2 = 0), the down-milling mode (𝜌𝜌1 = 0, 𝜌𝜌2 = 0.5), and 
for the case of combined-mode milling (𝜌𝜌1 = 0.25, 𝜌𝜌2 = 0.25). 
Again, these results are for cutting along the 𝑥𝑥 direction. As 
evident from Fig. 6, stability boundaries are higher for up-
milling than for down-milling, and the case of combined-mode 
milling is bounded on the lower side by down-milling 
boundaries, and on the upper side by up-milling boundaries. 
This is because in the specific case investigated here, the 
dynamics of the machine are stiffer along the 𝑥𝑥 direction than 
the along the 𝑦𝑦 direction. We emphasize here that the results in 
Fig. 5-6 are not (a)typical, but depend on the dynamics of the 
system under investigation. 

Fig. 5 reports on experimental validation for a subset of 
cases investigated, and a comprehensive analysis of stability 
being influenced by pre-existing slot widths and different 
eccentrics is shown in Fig. 7 for cutting along the 𝑥𝑥 direction, 
and at 6000 rpm.  

As is evident from Fig. 7, the possible stable axial DOC is 
strongly governed by the width of any pre-existing slot, and the 
eccentricity of that slot. As before, larger pre-existing slots 
result in higher possible stable axial DOCs. The stability 
boundaries in Fig. 7 are not symmetric across 𝑒𝑒 = 0, and this 
is thought to be because of a combination of changing 
engagements and eccentricities, and a contribution of dynamics 
of the machine. Fig. 7 also suggests that for a given pre-existing 
slot width, there exits an eccentricity at which the stable axial 
DOC is highest, and this changes for every combination of 
eccentricity and pre-existing slot width pair. However, since 
any deliberate eccentricity may result in left over material after 
every pass during pocketing, we recommend cutting with 𝑒𝑒 =
0, and now move our attention to the role of direction of cut.   

 

 
Fig. 5. Stability diagram for combined-mode milling with pre-existing slots; 

(a) no eccentricity, i.e. 𝑒𝑒 = 0; (b) with eccentricity, for the case of 𝑒𝑒 < 0.  

 
Fig. 6. Comparison of combined-mode (CMM) and up- and down-milling 

stability for a constant effective radial immersion.  

 
Fig. 7. Combined-mode milling stability influenced by different eccentricities 

and different pre-existing slot widths. 
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Fig. 11. Pocketing geometry and strategies: (a) linear one-way tool path, (b) 

combined-mode milling two-way tool path with pre-existing slots.  

The combined-mode milling strategy requires the tool to 
advance by its own diameter 𝐷𝐷, and that the pre-existing slots 
are equispaced. For these conditions to hold true, the length 𝑙𝑙 
must be an integer multiple of the tool diameter 𝐷𝐷 . The 
pocketing times for both strategies are evaluated, with 
parameters listed in Table 2. The total machining time (𝑇𝑇𝑇𝑇𝑇𝑇) 
for pocketing with the combined-mode milling strategy 
includes the time to also machine the pre-existing slots (𝑇𝑇𝑇𝑇𝑇𝑇), 
i.e. 𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑇𝑇𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶 +  𝑇𝑇𝑇𝑇𝑇𝑇, whereas the total machining time 
for the linear one-way tool path is the pocketing time, 
i.e. 𝑇𝑇𝑇𝑇𝑇𝑇𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙. In either case, the time to machine the entry slot 
and the non-cutting time is neglected. For pocketing with the 
one-way tool path, cutting is assumed along the 𝑦𝑦 direction - 
the direction of higher stability, and in the down-milling mode 
(refer Fig. 9). For the combined-mode milling case, the 
workpiece is assumed oriented at 30° (see Fig. 10). Parameters 
for both cases are listed in Table 2. For the combined-mode 
milling strategy two different workpiece lengths are considered 
to understand the relationship between number of pre-existing 
slots, slot width, and workpiece length, and the joint influence 
of these parameters on total machining times. 

As evident from Table 2, 𝑇𝑇𝑇𝑇𝑇𝑇𝑃𝑃 for combined-mode milling 
are always less than the 𝑇𝑇𝑇𝑇𝑇𝑇𝑃𝑃 for cutting with the linear one-
way tool path. However, when the time to cut the pre-existing 
slots is factored in, the total machining time for combined-
mode milling is found to be less than the machining time for 
the linear one-way path only for the case with a pre-existing 
slot width of 12 mm, in which case, the combined-mode milling 
strategy takes ~60% less time for when the length of the pocket 
is 𝑙𝑙 = 3𝐷𝐷, and ~30% less time for the case of 𝑙𝑙 = 5𝐷𝐷.  

Table 2. Pocketing times to cut a pocket of length 𝑙𝑙, width 𝑤𝑤 = 50 mm and 
depth 𝑑𝑑 = 20 mm; feed/tooth = 0.1; number of teeth = 4; 𝐷𝐷 = 16 mm.  

Tool 
path 

𝑙𝑙 
[mm] 

𝑛𝑛𝑦𝑦 𝑎𝑎 
[mm] 

𝑏𝑏 
[mm] 

𝑦𝑦 
[mm] 

krpm 𝑇𝑇𝑇𝑇𝑇𝑇 
[min] 

𝑇𝑇𝑇𝑇𝑇𝑇∗

 
[min] 

𝑇𝑇𝑇𝑇𝑇𝑇
 
[min] 

Linear 
one-way 

3𝐷𝐷 - 6 8 - 6.25 0.48 - 0.48 

5𝐷𝐷 - 6 8 - 6.25 0.8 - 0.8 

Combin
ed-
mode-
milling 

3𝐷𝐷 1 8 16 12 6.15 0.06 0.12 0.18 

3𝐷𝐷 1 3.5 16 5 6.18 0.12 1 1.12 

5𝐷𝐷 3 8 16 12 6.15 0.18 0.36 0.54 

5𝐷𝐷 3 3.5 16 5 6.18 0.36 3 3.36 

* pre-existing slots of widths 5 and 12 mm are assumed to be cut at 𝑎𝑎 = 1 and 3 mm 
respectively with cutters having 2 and 4 teeth respectively, at speeds of 5 krpm and 7.2 
krpm respectively, i.e. at the limit of stability for these cutters.  

5. Conclusions and outlook 

The proposed combined-mode milling and feed-direction 
dependent two-way pocketing strategy was found to improve 
machining times in the range of 30 – 60% over the more 
traditional linear one-way tool path strategy. The combined-
mode milling factors the influence of pre-existing slots in the 
workpiece to determine the optimal combination of 
engagements for up/down milling conditions, whereas the 
feed-direction dependent stability exploits the role of dynamics 
projected in different feed directions to determine maximum 
machining stability limits. Results reported are not atypical, 
and depending on the dynamics of the system, and the 
geometry of the pocket, even more improvements are possible. 
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