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Abstract—This paper discusses the selection of tools in milling
processes. To carry out this research, it has been developed an
expert system based on numerical methods. The expert system,
chooses an appropriate tool, between a known set of candidate
available cutters. The knowledge base is given by limiting the
process variables. They are obtained taking into account,
instabilities due to tool-work-piece interaction, which are called
chatter vibration, and the power available in the spindle motor.
Then, a tool cost model is designed as pattern, which is then used
to decide the suitable cutting tool. Once the cutting tool is
selected, the optimal cutting parameters are calculated. To obtain
those parameters other two cost function are designed, which are
dependent on the frequency and on time domain output signal
properties. An example is presented to illustrate the method.

Keywords; cutter selection, milling, expert system, chatter.

l. INTRODUCTION

Machining, in particular milling operations, is a broad term
used to define the process of removing material from a work-
piece. Furthermore, the milling operation process planning is
required, nowadays, to increase its productivity, reducing cost
and improving the final product [1].

This paper brings forward the concept of selecting an
appropriate mill cutter, among a known set of candidate cutters,
and obtaining the adequate cutting parameters for milling
operations through an expert system.

There are several versatile approaches for tool and/or cutting
parameter selection based on expert systems on manufacturing
environments. Wong and Hamouda [2] developed an on-line
fuzzy expert system. The system inputs the tool type, the work-
piece material hardness and the depth of cut, and control the
cutting parameters at the machine, as output. Cemal Cakir et al.
[3] explained an expert system based on experience rules for
die and mold operations. In that paper, the geometry and
material of the work-piece, tool material, tool condition and
operation type are considered as inputs. Then, the system
provides recommendations about tool type, tool specifications,
work-holding method, type of milling operation, direction of
feed and offset values. Vidal et al. [4] focused on the problem
of choosing the manufacturing route in metal removal process.
They select the cutting parameters by optimizing the cost of the

operation taking into account various factors, such as, material,
geometry, roughness, machine and tool. Carpenter and
Maropoulus [5] designed a system, which provides reliable tool
selection and cutting data for a range of milling operations. The
method employs rule based decision logic and multiple
regression techniques for a wide range of materials. This paper
brings forward the concept of scheduling an appropriate cutting
tool and the optimal cutting parameters through an expert
system for milling processes.

The knowledge base of the expert system is based on nhumerical
methods. The stability-lobes-diagram gives the stability
boundary against the chatter vibration. The time domain
simulation obtains the outputs variables, for given cutting
parameters.

The expert system is instructed with the characteristics of the
candidate tools. According to power consumption, chatter
vibration avoidance and stability requests, a suitable tool is
selected based on a defined tool cost model and selection
criterion.

Once, the cutting tool is selected, the cutting parameters are
obtained for the given tool configuration. Other cost function
is designed. It is composed by the above mentioned cost
function and other two cost function, based on time and
frequency domain system response. Normally, the weight of
those functions is less than the first one. Thus, the expert
system selects a tool among the candidates, as well as the
appropriate cutting parameters for it.

Figure 1.  End part of the milling system tool and work-piece
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Il.  SYSTEM DESCRIPTION

It has been developed a milling model, which assumes the
cutter to have two orthogonal degrees of freedom and the
work-piece to be rigid, as it can be seen in Figure 1.

A. Dynamic model

The dynamic model of the milling cutter is assumed to be a
system with one mode of vibration in each direction xand vy,

while the feed direction is along the x - axis. The milling cutter
has n, teeth, which are equally spaced. The dynamics of the
system is given by the differential equations,

. . Nt
m, - X+C, - X+ K, 'X:Z fg =T (t)
0 (1)

. . Ny
my - y+C, - y+k, -y=z fy = fy(t)
=0

where m;, c;, k;are the mass, damping and stiffness of the
model in each direction, f,; and f,; are the components of the

cutting force that is applied by the j‘htooth, which are
obtained by projecting f into the two orthogonal axis.

B. Cutting force model

The cutting force model express the tangential component to be
proportional to the instantaneous chip thickness, the axial depth
of cut b, and the specific resistance of the material to be
removed kK, ,
F =k -b-h @

The radial component of the force is,

R (€))
where k, is a proportional constant, k., k, >0.

C. Chip thickness model

The chip thickness is the most critical parameter because not
only does it change with the geometry of the cutting tool and
the cutting parameters, but also with the uneven surface left by
the previous passes of the cutting tool. The resulting
instantaneous chip thickness consists of a static part,
s -sing; , attributed to the rigid body motion of the cutter,

and a dynamic component caused by the vibrations of the tool
at the present v;and previous tooth period, v;,. The total

chip thickness can be obtained by,

hg; )=s. -sing; +(vs -v; |- olg;) @

where g(¢j)is a step function, which determines whether the
tool is in or out of cut [1,7].

D. Time domain simulation

Since the system is excited by cutting forces that can not be
expressed by simple analytic functions, the equations can not
be integrated in a closed form. Thus, the 4" order Runge-
Kutta method is employed to solve the differential equation
(1) [4,7]. A simulation system, which reads the input data of
cutting conditions, machine tool characteristics, and other
related parameters, and calculates the applied forces and
outputs the vibration displacements of chatter in milling, has
been developed.

E. Stability lobes

In order to analyze the stability of the system, the transfer
function matrix, |:(¢(Ia))):| which gives the resulting
displacements under the influence of the external forces, is
considered. Since the x and y directions are considered to be
orthogonal, the cross terms are zero, ¢, =g, =0. With
those assumptions the eigenvalues of the system are obtained

and the stability lobes calculated [1,2,7]. Then the following
eigenvalue equation is to be considered [1],

det[1]+ A-[g, iw.)]=0  (5)

where ¢, (io, )is defined as the oriented transfer function

matrix, which is obtained multiplying the milling force
coefficients matrix and the transfer function matrix, as it is
shown in [1]. The eigenvalue, A of the characteristic equation
(5) is,

N —io,T
A=—E-b-kt (1=e™T) (6

where @ represents chatter frequency, and T is the tooth
period. The eigenvalue A, of the previous equation can be
easily solved for a given chatter frequency . static cutting
factors, k., k,, which can be stored as material dependent

quantities for any milling cutter geometry, radial immersion,
and transfer function of the tool and work-piece system. Then,
the stability lobes are calculated plotting the expression of
chatter-free axial depth of cut, b, , versus spindle speed,

N, [1,2,7].
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Figure 2. The chatter vibration representation in milling system, stability

chars, force time response and force frequency response.

I1l.  EXPERT SYSTEM

A. Milling process determination and preliminary rules

To carry out the tool selection and the determination of the
values of the machining parameters, the milling process is
determined. This paper is referred to two limitations. First, it is
required the avoidance of the chatter vibrations. The
productivity is given by a parameter known as metal removal
rate (MRR). If the MRR is increased beyond a certain limit,
self-excited vibrations are appreciated. This instability
condition is characterized by a large level of vibration, poor
surface finished and, usually, damage to machine tool
components. The second limitation is given by the spindle
power availability in the spindle motor. It delimits certain
combinations of input variables, such as depth of cut, feed rate
and spindle speed. This parameter bounds MRR as well. With
those constrains, the “input space” can be obtained.

Due to uncertainties in the model, the lobes are constructed, not
by replacing pure imaginary roots into the characteristic
equation, but adding a positive real number to them. To have a
robust system, it has been taken into account a confine in a
programmed maximum depth of cut as well.

Then the following algorithmic methodologies are used, which
are called preliminary rules:

e Rule 1: Stability margin to ensure that the system plays in
a stable region due to uncertainties in the model.

o Rulel.l

A small stability margin is selected for calculating the
border line in the lobes char. For that reason it is added a

positive real number into characteristic equation when the
lobes are calculated, ie, i-w—i-o+35,6>0. In this
way, a stability threshold is considered against a possible
bad modeling of the system.

o Rulel.z2

A margin at the final expression for chatter free axial
depth of cut, which improves the robustness of the
system, is taken into account. It can be expressed
mathematically as, b, =a-b;,, 0<a <1. Thisrule lets
a better control capacity in the spindle speed parameter.
On the other hand, the optimal MRR decreases.

e Rule 2: Search in the space parameter, spindle speeds,
feed rates, and axial depth of cuts for the configurations
satisfying constraints given by Rule 1.

o Rule21

Calculate lobe chars and find the boundary points,
(N4, b)spindle speed — axial depth of cut pairs, between
the stable and unstable zone.

o Rule2.2

Calculate the admissible cutting parameter space,
Q:=(Ng,b,s,)in which the system is stable against
chatter vibrations and the power consumption is less than
the power availability in the spindle motor.

B. Tool selection

In this section, an approach for tool selection is suggested. It is
based on a defined tool cost model. This function gives a
criterion to distinguish the behavior of different cutters. Each
one is characterized by the following properties:
T :(a)xi,a)yi,fxi:*fyiykxiykyiynti:Di)’

(coxi,a)yi)ew, is the tool natural frequency, (fxinfyi )eff, is

where,

the tool damping ratio, (kxi,kyi)ek, is the tool static

stiffness, ny; is the number of teeth, and D; is the diameter for
each tool, T;, i=12,..,N, where N is the number of milling

tools available to the designer. @ is the set of tools” natural
frequencies, conformed by the pairs (a)x,a)y) for each tool, &

is the set of tools” damping ratio, conformed by the pairs
(gx,gy) for each tool and tool static stiffness set k is

composed by (kx,ky) for each tool.

1) Tool cost model definition

The selection of a suitable tool is one of the final purposes of
this paper. A tool cost function has been developed to carry
out this intention. The constraints, which affect the cost model,
are maximum MRR, minimum power consumption and
maximum range against possible perturbations in tool
rotational motion. Then, the tool cost model for a single
milling process can be calculated using equation (7).
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with ¢, =1, ¢ >0, geQ,and ReT,

i=1

3

R=R(Ra)=V-Y F(¢) vaeQ (8)

=1

T represents the set of available tools, Q is the
admissible cutting parameter space, P, is the cutting
power draw from the spindle motor, n, is the number of
teeth, V =7-D-Ng, D is the diameter of tool, and N is
the spindle speed. The MRR is defined as MRR =a-b-s;,
where a is the radial depth of cut, b is the axial depth of
cutand s, is the linear feed rate. AN is a security change
in spindle speed to have an error margin because of a
possible perturbation in this variable. The parameters,
kl'o:% . Kyo =MRR, and Kao =ANg i » P

tmax

where is the maximum power available in the spindle
motor, MRR_, is the maximum material remove rate
avoiding chatter vibrations and spindle power limitations
calculated between all tools proposed, and AN, is the
maximum measured value of this variable between the
candidates cutters. Those parameters are included in (8) to
have a tool cost model with the same magnitude terms
and a relative parameter between all the candidates cutters
involved.

C. Optimization rules

The above defined tool cost function is used to select the
appropriate tool and cutting parameters, through the following
optimization rules.

1) Rule 3 : Weight factors selection
To select suitable values ofc;, their meaning has to be

perceived. c,, measures the importance of the spindle power
consumption. If ¢, is near to one the minimum spindle power
consumption is important to take the decision. If it is near to
zero, the opposite effect, happen. The close values of ¢, to 1
demand machine productivity, and c, close to 1 improves the

system stability against chatter.

The expert system ensures the spindle power consumption is
smaller than the spindle power availability, through Rule 1. It
takes into account stability problems against chatter, through
Rule 2. Thus, the constants ¢, and c, give another additional

margin in those variables. In this way, the value ¢, should be

chosen longer than the others since it appears to have more
importance in the behavior of the total system. Then, the ¢

can be selected, such that, 0<c, <0.1, the ¢,, 0<¢c, <0.2
and ¢ +c,+c, =1.

2) Rule 4 : Tool selection criterion

A simple criterion for cutter selection has been developed. It
reads the minimum values of the cost function for each tool,
compare them, and select a tool corresponding with the cost
minimum value.

The selection criterion is, mathematically, expressed as:

* Compute, C(R,q;,C,,C,); Vo, €Q; satisfying rule 2.2,
andeach R €T, i eN, where j eﬁp ={L..,Np} is the
space of the cutting parameter.

e Compute, tool =arg{iér1‘1vivréj {C(Rj,Qj,cl,cz)}}obtaining

the appropriate tool.

Following the rules, the expert system provides an appropriate
cutter among the candidates.

3) Rule 5 : Cutting parameter selection

Once the tool has been selected, it is required to take into
account the output signal characteristics to obtain the cutting
parameters. With this purpose, another two cost functions have
been designed. The first studies the temporal behavior and the
second the frequency response. These functions are added to
the first one. The resultant cost function is used to obtain the
optimal cutting parameters for the selected tool.

a) Temporal response cost model definition

The temporal response cost model is the maximum overshot
(M, Jand the settling time (t, ) dependent function:

t M
C, (Ttool'Qj'Clt’CZt):Cn' ZRLS %Asmax 9)

where tg ., and Mg are the maximum settling time and

maximum overshot between the input space cutting
parameters allowable, T, is the selecting tool according with

ool

2
the section I1l.Band » ¢, =1, ¢, >0.

i=1
b) Frequency response model definition

The frequency response cost model is depended on the relation
between the first and second harmonics, R;,,, and the relation
between the first harmonic frequency and the chatter
frequency , Ry, . Thatis:



C, (Ttooijvle 7sz)=le Rup Ry +Cyy R R, (10)

where  Rispmax  and  Ryghmax @re the maximums of those
parameters between the input space cutting parameters
allowable, T, is the selecting tool according with the section

tool

2
M.Band Y c, =1, ¢, 20.

i=1
c) Total cost function for cutting parameters selection

The total cost function is a lineal combination of C,C,,
and C , which is defined as:

Cresultant (Ttool ’Qj 'Clr7CZricsr) = Clr 'C(Ttool ’Qj ’ C:L’C27C3) + (1 1)
+Cyy Cy (Tioot 1 Q€1 Co) +Co C (Tigt s Q;5 111 C)

3
where Zci, =1, ¢, 20,and T, is the selected tool.

tool
i=1

d) Cutting parameters selection

A simple criterion for cutter selection has been developed. It
reads the minimum values of the cost function for each tool,
compare them, and select a tool corresponding with the cost
minimum value.

The selection criterion is, mathematically, expressed as:

hd CompUte' Cresultant (Tlool ’Qj ’Clr ! CZr ! C3r );vqjlool € Qtool ;
satisfying rule 2.2.
e Compute, Q = r\r)éjn {C(TtUUI 1Q;1Cyy s Gy )} and obtain the

optimal input cutting parameters for the selected tool.

Then, the expert system provides an appropriate tool between
the candidates and its cutting parameters, such as, spindle
speed, depth of cut and feed rate.

4) Rule 6: Weight factors selection for temporal and
frequency functions

To select the values of c;,, it has been taken into account that
the most important term in C,,; is C, it is because C; and
C, are corrected terms. For this reason, it should be taken the

c,, about 0.8 and, c,, and c;,, about 0.1 each one.

IV. EXAMPLE

For the validation of this method, the above study has been
applied for practical cutters and straight full-immersion up-
milling operation. The example done for two tools with the
following characteristics, according with the section 11.C
notation:

T, =(603,666,3.9,3.5,5.59,5.715,3,30) ;

T, =(900.03,911.65,1.39,1.38,0.879,0.971,2,12.7) ;
The natural frequency is measured in hertz, the tool damping
is in %, the tool stiffness is in k%m and the diameter of the

tool is in mm. Other related parameters are the tangential
in KN 2
mm

ki =k, =600 and the proportional radial cutting pressure
constant k., =0.3 and k,, =0.07 , the cutting coefficients
are assumed to be constant for a tool-work material pair. The
stability margin factor is taken as 6 =0.05 and the stability
margin factor for axial depth of cutis « =0.95.

The analytical milling test was conducted using spindle speeds
with increments of 1000 rpm, axial cutting depth, started with
its minimum value in the stability border line divided by ten,
and it is increased in steps of the same size. The selection of
feed per tooth is from 0.05 to 0.55 mm, which are typical
values in those operations, and can be delimited by the spindle
power availability, which is 745.3W .

The resultant tool is that leading to the minimum cost function,
C . In figure 3, it is shown the values of tool cost function as
cl parameter varies. The ¢, has been taken as a constant

¢, =0.025 , and ¢, =1-c, —c,. This study has been done to

illustrate the influence of the ci parameters in the tool cost
function. It is observed the tool T, has a better behavior respect

to the tool T, for all value of c,. In figure 4, the same study

has been carried out for a different value of c,, c, =0.075, it
is observed the same results.

cutting pressure  which is measured

Figure 5 shows a more general analysis, in which the
minimum of the tool cost function for all possibilities of
cl,c,and c,, with the restriction ¢, +c, +c, =1 is displayed.

This analysis has revealed that the first tool is better than the
second one for all combinations of the c, parameters. Thus, the
output of the expert systems will be the first tool, while the
cutting parameter can be obtained from the minimum of tool
cost function for the selected tool for any values of c,,c,,c;, .

This method can be applied to any number of selected tools
generating in a automatic task the best one to be used in the
system.
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The cutting parameters are obtained from section I11.C, rules .
For the example case, where ¢ =0.2,c,=0.6,c,=0.2,

¢, =C, =05, c¢;=c,, =05 and ¢,=08, c, =01,
c;, =0.1the obtained cutting parameters are the spindle speed
equal to 1000rpm, axial depth of cut equal to 1.4734mm and
feed per tooth equal to 0.4944mm .

V. CONCLUSIONS

An efficient approach for mill cutter selection has been
developed through an expert system. The expert system is
instructed with the characteristics of the candidate tools, as
well as with the stability margin and constraints of operations,
such as, power availability and robust stability against chatter
vibration. Furthermore, a tool cost model function, built from
the expert system rules, is proposed to evaluate the possible
performance of each candidate tool in milling process. This
performance index is then used to select an appropriate tool.
Adding the time and frequency designed cost functions, to the
first one, a resultant cost function is obtained. It is used for the
operation cutting parameters selection. A simulation example
showing the behavior of the system is presented.
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