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MODELLING OF CUTTING FORCES AND VIBRATIONS
IN MACHINING PROCESSES: A REVIEW AND PROPOSAL
OF THE RESEARCH DIRECTIONS

MO HINH HOA LUC VA RUNG DONG TRONG QUA TRINH GIA CONG: NGHIEN CUU TONG QUAN

VA DE XUAT CAC HUGNG NGHIEN CUU

ABSTRACT

In industry, one of the most important manufacturing processes that is
machining. In machining processes, two machining processes that are often used
to remove the material out of workpiece are turning and milling processes. This
study mainly reviews the most important issue in turning and milling process
including the cutting force modelling, vibration modelling. Modeling of the
cutting forces and vibrations that can be used to predict the cutting forces and
vibrations in different machining processes with different cutter geometries,
different workpiece materials, different cutting conditions, and different
machining-tool systems. The results from prediction processes that can be
applied to improve the machining quality by reducing the cutting forces,
vibration, and chatter. This paper concluded with some proposed research
directions for future research in machining field.

Keywords: Modeling, Cutting Force, Vibration, Measurement System,
Machining

TOM TAT

Mt trong nhitng qué trinh quan trong (ing dung trong san xuét cong nghiép
& qud trinh gia cdng. Trong céc qud trinh gia cong, hai phuong phép thudng duoc
(g dung dé bac tach vat liéu phdi d€ tao thanh chi tiét gia cong la phuong phap
tién va phuong phap phay. Nghién ctru nay tp trung vao mét s6 van dé déc trung
chinh trong qué trinh tién va qué trinh phay d6 1 md hinh hoa luc cat va mé hinh
hoé rung dong. C4c md hinh vé luc ct va rung dong 1 nhiing md hinh chung dé ¢
thé sir dung dé du doan luc cat va rung dong trong céc qué trinh gia cong khéc nhau
V6i céc loai dung cu cat 6 thong s6 hinh hoe khac nhau, véi céc loai vat liéu phoi
khéc nhau, véi céc thong s6 ché d0 cat khéc nhau vavai céc hé thdng méy - cng cu
khéc nhau. C4c két qua dy doan v luc cat, rung dong c6 thé durgc (ng dung dé cai
tién chét lwong clia qua trinh gia cng béng viée giam luc cét, rung dong cling nhur
va dép trong qua trinh gia cong. Nghién clu nay cling dé d& xuat mt s6 hutng
nghién ctbu quan trong trong linh vire gia cong co khi.
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1. INTRODUCTION
1.1. Cutting Force Modelling in Turning Processes

1.1.1. Cutting Force Modelling in Orthogonal Cutting
Processes

The cutting operation, especially the metal cutting
operation is one of the most important processes in
industrial manufacturing. These operations are used to
remove material from the blank. Turning, milling, and
drilling are the most common metal cutting operations.
The mechanical principles of all metal cutting operations
are same, but maybe, their geometry and kinematics are
different to each other.

Actually, in metal cutting, the most common operations
are three-dimensional and complex geometry, but in order
to explain the general mechanics of metal removal, the
simple case of two-dimensional orthogonal cutting is often
used. In orthogonal cutting, the material is removed by a
cutting edge that is perpendicular to the direction of
relative tool-workpiece motion as shownin Fig. 1 [1, 2].

Fig. 1. Orthogonal cutting geometry [2]

The orthogonal cutting resembles a shaping process
with a straight tool whose cutting edge is perpendicular to
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the cutting velocity (V). A metal chip with a width of cut (b)
and depth of cut (h) is sheared away from the workpiece.
Assume that in orthogonal cutting, the cutting is uniform
along the cutting edge; so, this is a two-dimensional plane
strain deformation process without side spreading of the
material. Hence, the cutting forces are exerted only in the
directions of velocity and uncut chip thickness that are
called tangential force (F,) and feed force (Fy).

Secondary shear zone |«

v Tertiary deformation zone

Workpiece

Fig. 2. Three zonesin orthogonal cutting [2]

In the cross-sectional view of orthogonal cutting, there
are three zones in the cutting processes as shown in Fig. 2
[2-4]. First, it is the primary shear zone. The material ahead
of the tool is sheared over the primary zone to form a chip.
The sheared material, the chip, partially deforms and moves
along the rake face of the tool that is called the secondary
deformation zone. The tertiary zone is a zone with the
friction area, where the flank of the tool rubes the newly
machined surface.

In orthogonal cutting process as shown in Fig. 2, the
chip leaves the tool, losing contact with the rake face of the
tool. The contact zone length depends on the tool
geometry, tool and workpiece material, and cutting
conditions such as cutting speed. Assume the cutting edge
is sharp without a chamfer or radius and the deformation
takes place at infinitely thin shear plane [2]. The shear angle
¢ that is defined as the angle between the cutting speed
direction and the shear plane. It is assumed that the shear
stress (tg) and normal stress (og) are constant on the shear
plane; applied at the shear plane, the resultant force (F.) on
the chip that is in equilibrium to the force (F.) applied to
the tool over the chip-tool contact zone on the rake face;
assume the average friction over the chip-rake face contact
zone is constant. It is assumed that the contact forces
originating from the tertiary zone are equal to zero, and all
cutting forces are caused by shearing process. From the
force equilibrium, the resultant force (F¢) is formed from
the feed cutting force (F¢, and the tangential cutting force
(F¢c), and can be calculated by Eq. (1).

F.= ’thc +F 7, (1)

The feed force (thrust force) is in the uncut chip
thickness direction and the tangential force (power force) is
in the cutting velocity direction.
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According to the above explanation, in orthogonal
cutting process, there are three deformation zones,
including primary shear zone, secondary shear zone, and
tertiary deformation zone, as shown in Fig. 2. The cutting
forces are explained in all cutting zones as follows:

In the Primary Shear Zone

In this zone, the shear force (F;) acting on the shear
plane that is derived from the tool and chip geometry, and
it can be calculated by Eq. (2) as shown in Fig. 3.

FS=FCCOi¢c+Ba_ar) (2)

where

B.: The average friction angle between the tool’s rake
face and the moving chip [deg]

o, The rake angle of the tool [deg]

F.: The shear force on the shear plane [N]

F.. The normal force on the shear plane [N]

Workpiece

Fig. 3. Cutting forces in orthogonal cutting [2]

Besides, from cutting force diagram as shown in Fig. 3,
the shear force can be expressed as a function of feed
cutting force and normal cutting force as in Eq. (3).

Fs=Fcosq +F¢.ssin¢ (3)

And the normal force acting on the shear plane can be
calculated by Eq. (4).

Fp =F sifid. +B, —a,) “4)
or
F,=F(sin¢+F¢.cos @ 5)

In the Secondary Shear Zone

In the secondary shear zone, as shown in Fig. 3, the
cutting process is analyzed in the rake plane of the tool. On
this plane, two components of cutting force are active:
normal force (F,) and the friction force (F,). The normal
force is calculated by Eqg. (6) and the friction force is
calculated by Eq. (7).

F, =Fcosq+F¢.ssing (6)
and,
Fu=Fsinqg+F¢.cosq (7)

It is assumed that in orthogonal cutting process, the chip
is sliding on the tool with an average and constant friction
coefficient (u,). In fact, the chip sticks to the rake face for a
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short period and then it slides over the rake face with a
constant friction coefficient [2, 5]. So, the average friction
coefficient on the rake face was determined by Eq. (8).
Fy
Mo =tanf, = (8)
where the friction angle can be calculated from the
tangential force and the feed force as by Eq. (9) and Eq. (10).

tan(B+a,) :% 9

SO,

=1 Ffe

B, =a,+ tan - (10)

tc
In the Tertiary Deformation Zone

The tertiary deformation zone is the zone where the
flank of tool rubs the finished surface of workpiece. In this
zone, the mechanics of cutting operation depends on the
tool wear, the properties of cutting edge, and the friction
characteristics of the tool and workpiece material. It is
assumed that the total friction force on the flank face is F¢
the force normal the flank face is F¢,, and the pressure (o)
on the flank face is uniform, the normal force on the flank
face was described as in Fig. 4, and can be expressed by Eq.
(11),[2, 3]

Fin=0¢ dc b (11)

where I¢ . is the flank contact length, and b is the width
of cut.

Assume the average friction coefficient between the
flank face of tool and the finished surface is y; so, y¢ can be
calculated by Eq. (12).

F
He = F—” (12)

fn

Workpiece

Fig. 4. The edge force in the tertiary deformation zone [2]

The angle between the flank face and the finished
surface is y, (Clearance or relief angle). The total cutting
forces can be expressed by cutting forces in tangential and
feed direction as by Eq. (2.13).

{Fte =F¢psiny —Feecosy

Fre=F¢ncosy +Fesiny (13)

In reality, the cutting forces are often measured in the
feed and normal directions; so, the measured forces may
include both shear forces (F., FJ in the primary shear
zone and secondary shear zone, and the edge forces
(Fte» Fo in the tertiary deformation zone (ploughing or
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rubbing zone). Thus, the measured -cutting force
components can be expressed as a superposition of shear
forces and edge forces as in Eq. (2.14).
{Ft =Fc+Fee
Fe=Ffc+Fee
1.1.2. Cutting Force Modelling in Oblique Cutting
Processes

In the oblique cutting operation, the cutting velocity is
inclined at an acute angle (i) to the plane normal to the
cutting edge as shown in Fig. 5. The shear deformation is
plane strain without side spreading and the shearing and the
chip motion are identical on all the normal planes parallel to
the cutting velocity and perpendicular to the cutting edge.
The resultant cutting force (F), along with the other forces
acting on the shear and chip-rake face contact zone. The
cutting force does not exist in the direction that is
perpendicular to the normal plane. It is assumed that the
edge force at the tertiary zone is equal to zero.

(14)

Fig. 5. The geometry of oblique cutting [2]

The cutting velocity has an oblique (inclination) angle i
in oblique cutting operations. So, the directions of shear,
friction, chip flow, and resultant cutting force vectors can
be expressed in three Cartesian coordinate (X, y, z) as
shown in Fig. 6.

Rake face

%

Shear plane

Normal plane

Cutting surface

Cutting edge

Fig. 6. Planes and angles in the oblique cutting process [2]
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In oblique cutting processes, the cutting forces exist in
all three directions. Assume the mechanics of oblique
cutting in the normal plane are equivalent to that of
orthogonal cutting; so, the normal shear angle (¢,) is the
angle between the shear plane and the xy plane. The
oblique shear angle (¢;) is the angle between the velocity
vector on the shear plane and the vector normal to the
cutting edge on the normal plane. The chip flow angle (1)
is measured from a vector on the rake face, but normal to
the cutting edge. The normal rake angle (a,,) is the angle
between the z axis and normal vector on the rake face.
The resultant cutting force (F.) is formed from the friction
force on the rake face (F,) and the normal force to the
rake face (F,) with a friction angle (,) [2]. In the oblique
cutting operation, the shear force (F,) can be expressed as
a projection of cutting force (F,) in the shear direction by
Eq. (15).

F, =F.[cos(Q+d,) cosPco@ +sinfsing (15)

Besides, the shear foces also can be expressed as a
product of shear stress and shear plane area as in Eq. (16).

F et e (2) () @

where A,, b, and h are the shear area, the width of cut,
and the uncut chip thickness, respectively. From Eq. (15)
and Eq. (16), the cutting force can be calculated by Eq. (17).
Ts
F. =bh [cos (@ +dn) cos § co dj+sin 65 sin ;] cos isin gy (17)
In oblique cutting processes, the measured resultant
force consists of shear force (cutting force F.) and edge
force (F.). So, the edge force components can be
determined from the measured resultant force. Besides, the
cutting force components can be expressed as a function
of shear yield stress (tg), the resultant force direction
(6, 6;), the oblique angle (i), and the oblique shear angle
(dn, d;) as presented by Eq. (18).

Fic =F.[cosB@cos §cosi +sinBinli

Fr.=F [cos §sing] (18)
F..=F [sin@Psini —cos;6os § sinl
So,
_ Ts(cos +tan Bj tani)
|(Ftc =bh [cos (G+dn) cos q+tand; sin ;] sin by
_ Tg Sin By
4 Frc=bh [cos (G +dn) cos q+tand; sin d;] cos isin dn (19)
IF —bh Tg(tan6—cos 6y tani)
k rc ™" [cos(@+dn) cos d+tan6; sin d;] sin pp

The measured resultant cutting forces can be written as
a convenient form by Eq. (20).

Fi =F +F ¢

Fr=F;.+Fe (20)
Fr=F c+F e

or

Fic =K-bh+K b

Fre=K;bh+K (b (21)
F.c =K, .bh+K ..b
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1.2. Cutting Force Modelling in Milling Processes

1.2.1. Cutting Force Modelling with Zero Cutter Helix
Angle

Milling is not only the most common processes in
cutting operations, but also is very popularly employed in
computer numerical control (CNC) machines for metal
material removal operations. This operation is an
intermittent cutting process. It is used extensively in the
industrial manufacturing where both precision and
efficiency are critical. In vertical three-axis milling
processes, the tool (cutter) is held in a rotating spindle,
while the workpiece is clamped on the table, and this table
is linearly moved toward the tool. So, in milling processes,
each milling tooth (flute) often traces a trochoidal path
producing varying but periodic chip thickness at each
tooth passing interval. However, it can be approximated by
a circular path if the radius of the cutter is much larger than
the feed per flute [6].

There are many milling operations such as face milling,
slot milling, shoulder milling, plunge milling, ramp milling,
and so on. The classification of milling operations depends
on the tool geometry, workpiece geometry, cutting
processes, and the machines.

z A

Fig. 7. Flat-end milling process with zero helix angle

Y4

v

Fig. 8. Rotation angle in flat-end milling process with zero helix angle

In flat-end milling process with zero helix angle, the
instantaneous chip thickness (h) varies periodically as a
function of time-varying immersion (angle-varying
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immersion); so, the instantaneous chip thickness can be
calculated by Eq. (22) as shown in Fig. 7.

h() = fsin¢ (22)
where f, is the feed per tooth (the feed per flute) and ¢
is the instantaneous immersion angle.

In general, there are three components of cutting forces
(tangential cutting force F.( ¢), radial cutting force F.( ),
and axial cutting force F,(¢)) that can be expressed as a
function of the varying uncut chip area and the contact
length by Eq. (23) [2, 6].

Fi(d) =Kah(¢) +Kiea
Fi(d) =K ah(¢) +K;ca
Fa(¢) =Kycah(¢) +Kyea
where a is the contact length (axial depth of cut) as
shown in Fig. 9, ah(¢) is the uncut chip area, K,. is the
tangential shear force coefficient, K. is the radial shear
force coefficient, K, .is the radial shear force coefficient, and
K., K. and K are the tangential, radial, and axial edge
force coefficients.

(23)

zZ 4

d!

<4

Fig. 9. The axial depth of cut in flat-end milling process with zero helix angle

It is assumed that nose radius and the approach angle
on the inserts are zero and the helix angle is also zero, the
axial components of cutting forces will become zero
(F,(d) =0). So, the feed, normal and axial cutting forces
were described in Fig. 7 and can be calculated by Eq. (24).

Fe(p) =—F (cos(¢) —Esin(P)
Fo($) =4F (sin($) —Fcos(¢)
F, (¢) =0
The cutting forces are produced only when the cutting
tool is in the cutting zone as expressed by Eq. (25).

Fe(d), BE(P) #0 when ¢ << o (25)

Considering the case more than one tooth cut
simultaneously. The total feed and normal forces can be
calculated by Eq. (26).

Fe(h) = 200 Fe (), o(B) = X5 F, (o)

where N¢ is the number of flutes.

(24)

(26)
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1.2.2. Cutting Force Modelling with Non-Zero Cutter
Helix Angle

To dampen the sharp variations in the oscillatory
components of the milling forces, the helical end-mills are
used. They are often used when cutting with large depth of
cut, but small width of cut. The geometry of a cutter with
the helical flutes is described in Fig. 10.

Fig. 10. Helical end-mill process

The helix angle of the helical cutter is B. On the effect of
cutter's helix angle, a point (P) on the axis of cutting edge
will be lagging behind the end point of the tool as shown
in Fig. 11.

|
|
\ 1
\L_’/
|
i
| N— P
) i ‘
T LB |2
LA
i A
\\"JB
Cutting edge

Fig. 11. The lag angle in helical end-mill

The lag angle (W) at the axial depth of cut (z) can be
calculated by Eq. (27).

AB=z*tanB=R*W=§*‘~P (27
o)

w= 220, =Kz (28)
wherek, = 2tanf
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The immersion is measured clockwise from the normal
(y) axis. Assuming that the bottom end of one flute is
designated as the reference immersion angle ¢, the
bottom endpoints of the remaining flutes are at angles
¢;(0) that can be calculated by Eq. (29).

¢](0) :¢+] q)p' ] :0' 1'(N_1) (29)

By the effect of cutter’s helix angle, the immersion angle
for flute j at axial depth of cut (z) is calculated by Eq. (30)

$j(@) =d+j b —kypz (30)

Tangential (dF, ), radial (dF, ), and axial (dF, ) forces
acting on a differential flute element with height (dz) are
expressed as Eq. (31), [12, 13, 14, 15].

dF, (@ 2 = [Kihj($(@) +Kee * dz

dF, (& 2 = [Kechj(§(2) +K; o] * dz (31)
dF,, (¢ 2 = [Kachj(§(@) +Kqe] * dz
where the chip thickness is calculated by Eq. (32).
i (@) = sing(z) (32)

By accepting the helix angle as the oblique angle of the
mill i = )Bthe elemental forces are resolved in the feed
(x), normal (y), and axial (z) directions using the
transformation as in Eq. (33).

(dFy, (b 2 =—dF (& Dcosd(z)

| r b 2singdE)

{ dFy, (¢ 2 =+dF ¢ ( 2sind(z)

| r, (& 2 cos G(ZIF
U dF, (¢ 2 =+dF, (4 2

(33)

So,
i K sin2d(z)
dF, (b 2 = { ;[—Krc(l —cos Zcp(z)l }dz
+[K e cos $(z) —K,esi nqj(z)]
ft[ (1-cos 2¢(z)) (34)
dF, (¢ 2 ={ 2| K, .si n24(z) }dz
+[Keesin P(z) K, ecos d;»(z)]
dF, (b 2 = {Kacftsi n ¢(z) +Kae}dz

The differential cutting forces are integrated analytically
along the in-cut portion of the flute j in obtaining the total
cutting force produced by the flute as in Eq. (35).

Fo (,) =F (¢ 2
= fzzii"deq(q; 2,
where z;,(¢d (z)) and z;,(¢d (z)) are the lower and upper

axial engagement limits of the in-cut portion of the flute j.
2. MODELLING OF VIBRATIONS IN MACHINING
PROCESSES

2.1. Modelling of Vibrations in Turning Process

In the turning dynamic cutting process, at the time (t)
the tool is removing the chip from an undulated surface
that was generated during the previous pass when the tool

q=xy, Z (35)
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vibrated with the amplitude in y direction (y ) (outer
modulation or wave removing). Besides, at the time (t), the
tool is also vibrating with the amplitude (y ) (inner
modulation or wave generation). So, the orthogonal
dynamic cutting process can be described as a
superposition of these two distinct mechanisms as

described in Fig. 12 [7].
Kk, gj [

Workpiece

Fig. 12. Orthogonal dynamic cutting process

The traditional regenerative cutting force F(t) at time t
is expressed with velocity effect by Das and Tobias [8],
Nguyen [9], and Altintas [10], and this model was expressed
by Eqg. (36) and Eq. (37).

(mak (0 £ (1) Kk =F(0) @)
my§ (t) $¥ (t) $k=Fy(t)
Fo() =K alhy +x(t =0 —x (1) ]-K ahy o
v (@7
Fy(t) =Kgalhy +y (t —1) _Y(t)]_Ktahole 7

where K¢ and K, are the static cutting force coefficients
in feed and cutting speed directions, respectively. a is the
width of cut, h, is the uncut chip thickness, V is the cutting
velocity, and t is the time delay between the inner and
outer vibration waves.

Many studies were performed to investigate the
dynamic cutting processes and analyze the stability lobes
in orthogonal cutting and turning processes such as
Altintas et al [10], Budak and Ozlu [11], Ahmadi and Ismail
[12], Otto et al [13].

2.2. Modelling of Vibrations in Milling Process

In the static models of cutting force, the structural
vibrations during cutting process are ignored. In fact, the
milling process is the dynamic milling process that includes
the effect of structural vibrations during cutting process. In
dynamic milling, the periodic cutting forces can cause
forced vibrations in milling system. Under some conditions,
force induced vibrations may be inherent in the cutting
process at the tooth passing frequency. For other
conditions, the vibration may cause the cutting process to
vary as shown in Fig. 13 [7].

In the dynamic milling processes, the dynamic chip
thickness and cutting forces were analyzed to predict the
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vibrations and the chatter frequency. Many studies were
performed to analyze the stability lobes in milling
processes such as Altintas [2], Altintas and Lee [14], Budak
[15, 16], Moradi et al [17], Govekar et al [18].

Milling process is a dynamic process; so, by the effect of
machine tool dynamic structure, the machine tool
vibrations in x and y directions were calculated by Eq. (38),
[7,9,13,19].

J F Workpiece
- \
Vibration >1i17arks feft
by flute (j)

< dF,

flute (-1)
Vibration marks feft
by flute (-1)

Cy Ky

Fig. 13. Dynamic milling process

mek (t) 4k (t) £k =F,(t)
my (1) +c,y(t) +kyy =F, (1)
m,Z (t) 3z (t) $k=F,(t)
Finally, the dynamic cutting forces were simulated
following the block diagram in Fig. 14 [7]. The simulation
procedure starts from static chip thickness and cutter run-
out model. The cutting forces are calculated for the cutting
processes based on the cutting force coefficients, the
cutting conditions, and cutting force models. That process
is called the cutting process.

(38)

Cutting process Dynamic process

Run-out F H
{ i x [
el | ; mmk
K G, O,
+ | ;
fisin ¢(z) —50—L») F 0 Machine tool
LI v i vibrations

| [DLBNE !
3 a=sr¢szt¢lx 3: F:

Displacement feedback is caused by flute
number (j-1) at time (t-7)

Displacement feedback is caused by flute
number (j) at time (f)

Fig. 14. Block diagram of the integrated prediction procedures of dynamic
cutting forces
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In the dynamic process, the machine tool vibrations are
generated by the effect of cutting forces and the machine
tool dynamic structure. By the effect of machine tool
vibrations in x and y directions, the chip thickness changes
as the dynamic chip thickness, and the calculation process
of cutting force is repeated as a new loop. This calculation
process is a closed loop. By using this process, the cutting
force in tangential, radial, and axial directions could be
determined.

3. REVIEW OF EXPERIMENTAL METHODS IN
INVESTIGATION OF CUTTING FORCES AND MACHINING
VIBRATIONS

Using the keyword “Cutting force” to search in google
scholar, about 3,540,000 results were found in 0.06
seconds. Similarly, using the keyword “Vibrations”, there
are about 3,560,000 results that were found in 0.03 seconds
of searching time. There are a lot of studies about cutting
forces and vibrations. Al most of these studies were
conducted by using force and vibration measurement
systems. The cutting force measurement system can be
used to measure the cutting force in machining processes
such as milling, turning, etc. as shown in Fig. 15 [6].

a. CNC machine
b. Dynamometer
d. Signal Filter and Processing System

d.PC and Display System

Fig. 15. Setup measurement of cutting force setting

The vibration measurement system can be applied to
measure the machine-tool vibrations, workpiece vibrations,
the parameters of machine-tool dynamic structure and
workpiece dynamic structure, and so. on as shown in Fig.
16 [20].

b. Acceleration sensor  c. Force sensor
e.PCand CUTPROTM software

a. Tool
d. Signal processing box
Fig. 16. Setup of FRF measurement

The above measurement systems can be applied to
measure the cutting forces, vibrations, machine-tool
dynamic structure for different pairs of tool and workpiece.
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4. REVIEW OF THE INVESTIGATED RESULTS

4.1. Verification of Cutting Force Models in Machining
Processes

The dynamometer and measurement system were
often used to measure the cutting forces in machining
processes. In the Fig. 17 [6], the investigated results that
showed the comparison of measured and predicted cutting
forces in a flat end mill process. The compared results that
were the basic to withdraw the conclusions of each study.
So, the cutting force measurement system is an important
system that was used to verify the proposed models of
cutting force and to evaluate the accuracy of each
prediction model.

D =8 mm, N=2, a=0.4 mm, £f=0.06 mm/tooth, S=1000 RPM, half down

Feed force (Simplified model) ~ —— Feed force (Research model) - Feed force (Measurement)

- - -~ Normal force (Simplified model) Nommal force (Research model) -
- - - Axial force (Simplified model) ~ —— Axial force (Research model)

50

Nomnal force (Measurement)

Axial force (Measurement)

Cutting force [N]

0 90 180 270 360 450 540 630 720
Cutter rotation angle [Deg]

Fig. 17. Verification of simulation results
4.2. Investigation of Machine-Tool Dynamic Structure

By using the measured results of forces and vibrations,
the signal of hammer force and the acceleration values
obtained from the force and acceleration sensors are
shown in the time domain of a machine-tool system. And
then, the machine tool dynamic structure was analysed by
the modals in x and y directions. Finally, the parameters of
the machine tool dynamic structure were determined for a
machine tool system and listed in Table 1 [9].

Table 1. Machine tool dynamic structure parameters

. .| Mode LI Damping Modal Mass
Direction No Frequency Ratio [%4] Stiffness [kal
[Hz] [N/m]
1 842.9752 0.898 7.8919E+08 | 28.1316
X 2 1591.7397 |  5.067 4.8211E+07 0.4820
3 2790.6410 | 3.940 1.2730E+07 0.0414
1 991.8001 2.641 1.8614E+08 4.7933
Y 2 1514.4826 | 6.180 4.0318E+07 0.4453
3 | 2785.8612 | 6.635 1.3818E+07 | 0.0451

4.3. Prediction of Machine-Tool Vibrations

Using the measured results of forces and vibrations, the
parameters of machine-tool dynamic structure were
determined. And then, the cutting force models can be
extended to predict the models of other machining
characteristics such as machine-tool vibrations as shown in
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Fig. 18 [9]. However, it seems that the vibration models
have not been verified in previous studies, so, it is
necessary to perform the next studies to verify the
machine-tool vibration models and to evaluate the
accuracy of a proposed vibration models.

Vibrations: D=8mm, N=2flutes, HSS, Ball-end mill, a=1.5mm, $=1000rpm, ft=0.05mm/flute
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Fig. 18. The predicted result of machine tool vibrations
5. CONCLUSION

In this study, the review of cutting force and vibration
modelling was presented. By analysis of results from
previous studies, the conclusions of this study can be listed
as following.

- Cutting force and vibration modelling were significant
works that were performed by many researchers to predict
the cutting forces and machine - tool vibrations, and to
improve the quality of machining processes.

- In machining processes, cutting forces can be
modelled by orthogonal and oblique cutting processes that
include turning, milling and other machining processes.

- Cutting force and vibration measurement systems can
be used to measure the cutting forces, machine-tool
vibrations, to verify and evaluate the accuracy of the
proposed cutting force and vibration models.

- Development and verification of cutting force models,
vibration models, surface error models, etc. prediction and
optimization of machining processes are the proposed
research directions of this study.
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