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Modeling and Experimental Validation
of Dynamic Response of the Cutting
Tool in Turning Operations

The aim through the present paper is to calculate by analytical modelling
the dynamic response of the cutting tool in turning processes, where, the
general solution of the dynamic response is based on the numerical
evaluation of Duhamel's integral and the integration of the measured
cutting force signals into calculations. The proposed approach is a
mathematical modelling of the cutting tool dynamic formulated in
transverse vibrations in tangential and axial direction respectively
according to the cutting speed and feedrate direction based on Rayleigh
beam theory, which include the effect of rotary inertia. For this, the
turning tool is modelled as a cantilever beam with a uniform cross-section,
excited with tangential cutting force applied to their free-end to calculate
the transverse tool displacements. To validate the analytical results,
comparisons are performed against measured transverse tool displa-
cements obtained from measured tool accelerations. Therefore, it is
concluded that well agreement between results was demonstrated and was
found.

Keywords: transverse vibrations, Rayleigh beam, force signal, dynamic

response, Duhamel's integral, transverse tool displacement.

1. INTRODUCTION

In machining processes, as in turning operations;
vibration is a considerable factor and a frequent
problem, which influences the result of machining. In
particular, tool vibration which leads to increased tool
wear, cutting tool damage, and therefore short tool life,
poor surface finish and unacceptable noise [1].
Globally, instability in the cutting process causes insta-
bility in the dynamic system of the machine tool [2].
Hence, the tool tip vibration measurement is a great
significance for online surface topography prediction [3-
4] and active vibration control [3]. On the other hand,
tool condition monitoring can be carried out using force
and vibration signals, which are very useful in auto-
mated manufacturing systems [5]. From the related rese-
arches that exist in the scientific literature various
techniques have been performed by several researchers,
to predict cutting force, detect vibrations and then to
study the effect of the cutting conditions on the cutting
force components in machining. Among these
researchers, Zhang et al. [6] analysed diamond tool tips
displacements in multimode high frequency obtained by
numerical simulations and analytical methods.
Validations are performed with cutting force signals in
cutting direction. Also, Wang et al. [7] identified twin
peaks of cutting force signals in the frequency domain
for single-point diamond turning. Then, simulated
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surface roughness obtained from tool vibration results
are confronted with those measured. Liu et al. [8]
calculated tool tip vibrations obtained from vibration
measurements of the turret and then compared to the
direct measured tool tip vibrations that show the
concordance between them. It is concluded that
measuring vibrations far away from the cutting area and
chip evacuation zone in turning operations provided
encouraging results. Moreover, Abainia et al [9] in their
experimental study have selected the turning tool
geometry from other newly designed and manufactured
tools based on less cutting forces, less tool vibrations,
and an improved surface roughness. In their work
another aspect that has a great importance was explored
in the cutting tool geometry selection. Skoblar et al. [10]
in their paper study the dynamic transverse response of
slender cantilever Euler-Bernoulli beam carrying a point
mass, excited with transversal harmonic force. All
calculated results are confirmed by numerical results
using finite element method. As concluded by Jozwik
and Mika [11] that highest vibration values in the
cutting speed direction for cutting tool dynamics are
caused by the highest value of the cutting force main
component acting in that direction.

Comparing our research work according to the
previous explored works above, the difference appears in
establishing the system of equations describing
movements, as for example using a system of equations
described by spring-mass-damper for tool displacements
calculations, or estimating the tool displacements by
double integration method of measured tool acceleration
signals, which differs from our utilized approach. Also,
tool dynamic characteristics are determined by numerical
simulation using finite element method and then reused

FME Transactions (2020) 48, 454-459 454



into the equations of movements. Furthermore, the
validation of tool tip displacements is performed against
the frequency domain of the measured cutting force.

Our research work contribution and motivation in this
paper is focused on the analytical formulation of the
turning tool dynamic behaviour in transverse vibrations
using Rayleigh beam theory, integration of only the mea-
sured cutting force signal into the general solution. The
cutting tool is approximated as a short and thick beam
(where their cross section is near their length dimen-
sions), of which the rotary inertia effect is significant and
happen for high-frequency vibrations. The generalized
modal mass and modal stiffness are determined by
applying the orthogonal conditions and integrated them
into the governing differentials equations of movements
to predict with accuracy tool tip displacement signals in
turning process. Thus, avoiding as much as possible using
multiple sensors mounted in the same machining process
and be limited only to a sensor, which is of the force
hence overcoming the reported problems.

In this paper, a mathematical formulation of the
cutting tool dynamic behaviour during turning process
in transverse vibrations is proposed. Then the general
mathematical solution of the dynamic response of the
turning tool is presented integrating the measured cut-
ting force signals into calculations. Therefore, the
obtained analytical and measured transverse tool displa-
cements are compared for the validation.

2. MATHEMATICAL FORMULATION

Machining using machine-tools is a random pheno-
menon that occurred mainly between cutting tools and
workpiece, hence, during turning operations the tool is
subject to transverse vibrations in tangential and axial
direction.

In this section, a mathematical model formulation of
the cutting tool dynamic behaviour is presented, based
on Rayleigh beam, including the effect of rotation of the
cross-section in transverse vibrations. The cutting tool is
modelled as a cantilever beam excited at its free-end by
the measured cutting force component Fz.

2.1 Equations of cutting tool movement in trans-
verse vibrations

The turning cutting tool is modelled as a thick beam
with the height to width ratio of the section is relatively
low which happen for high-frequency vibrations.

The governing differentials equations of forced mo-
vement in transverse vibrations for a homogeneous and a
uniform Rayleigh beam, that integrating the rotary inertia
effect in the movement of a beam in two directions
tangential and axial are expressed as in following [12].

O*w(x.t) 3*w(x,7) 9w (x.1)
£l + 08 — ol =FZ x,t 1
ot or’x® ®
4 2 4
Ela V(x,t)wsa v(x,t)_ 18 v(x,1) =F, (x,1) (2)

ox* ot? o2 x>

The Egs. 1 and 2 is a fourth order partial differential
in space and second order in time.
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With: w(x, t) and v(x, t) is respectively the transverse
tool displacement in tangential and axial direction at a
distance x along the length of the beam / at time z.

) ) a4w(x,t) )
is the bending term and p/ ———— is

a4w(x,t)
El 4 2x2

ox ot
the rotary inertia term [13].

F.(x,¢) and F,(x,f) are the tangential and axial force
components.
p: is mass density of the material of the beam (cutting
tool).
I: is the cross section moment of inertia.
EI: is a uniform bending stiffness and it is constant for a
uniform beam.
pI: is the mass moment of inertia of the cross section.
S is the mass per unit length.

For mathematical convenience, the above equations
of movement can be rewritten in operators form as in
the following form:

2
s(alz}rL(w):Fz (1)8(x-1) 3)
ot
4
L=m )
dx

With, Q and L are the differential operators in space
of the mass and the stiffness respectively, expressed as
in follows [13]:

d2
X
4
L= EI;—4 6)
X

where F, (t)0(x—1) and F,(¢)d(x—1I) are the tan-

gential and axial component of the cutting force
respectively punctually applied at x=/.

For a cantilever beam, the applied boundary
conditions are expressed in terms of the spatial function
at the beam ends given as in following [12]:

e Clamped-end:

ow(0
x=0,Y¢:w(0,¢) =0, (0 (7)
ox
e Free-end:
2 3 3
! ! !
w=l vl W(Z’t),EIa W(3’t)—,0[a ! ;t)=o ®)
ox ox oxot

2.2 Mathematical solution procedure

To determine the natural frequencies and the corres-
ponding mode shapes in the cutting speed direction, the
movement expression (1) should be resolved in free
transverse vibrations where (F.(x,f) =0), and then, it is
rearranged as in following:

4 2 4
Ela w(jc,t) Sa w(zx,t)_p 0 wz(xz,t)
ox ot ot x

=0 9
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The general solution of the tangential tool transverse
displacement is assumed to be as a summation of modal
responses, using the separation method of variables of
two functions as in following:

w(x,t)=q,().4,(x) (10)

With ¢,(¢) is the generalized coordinates and @,(x) is
the mode shape function of the beam, both of » order.

The resolution consists to substitute the general
transverse displacement expression of the solution of.
(10) into expression (9), which leads to obtain two
separated ordinary differential equations (11) and (12)
in time and in spatial respectively [12]:

2
aaqtz(t)mzq(r):o (1)
4 2
E[aLgx)—w2 (pSw(x)—p[aw—gx)]zo (12)
ox X

The solutions of (11) and (12) are assumed to be as a
sinusoidal for time solution ¢(t) and both sinusoidal and
hyperbolic terms for the spatial solution w(x) as in
follow [14]:

q(t)=d;sinwt +d, cos ot (13)
#(x)=C; sinax+C, cosax + Cy sinhax+Cy coshax (14)

where (d;, d;) and C; (i=1, 2, 3, 4) are constants of
integration which should be determined respectively by
initial conditions and the boundary conditions.

For a spatial solution of (12), replacing the expre-
ssion in (14) into (12) which is satisfying the boundary
conditions of (7) and (8), permitting to determine the
mode shapes function as in expression (15) and the na-
tural frequency expression as in (18); given by the
following expressions [13]:

¢(x)=cosha,x—cosa,x -y, (sinha,x-sina,x) (15)

with:
_cos(an )+cosh(a,l)
"= Sin(a,0) sinh (a,1) (16)
(2n )7
4yl =2 (17)
w, = [k, = (18)

I
\ij“ (1+51L[k,11]2j

where: w, are the natural frequencies of n order, S is
section of beam, L is length of beam, E is young's
elastic modulus, 7 is the cross sectional area moment of
inertia, m is the linear mass, while the initial values of
[k,[] are given by [14].

To calculate the forced response under tangential
cutting force Fz, the forced transverse movement (19)
should be resolved utilizing the modal decomposition
method. Hence, the general solution given by the tan-
gential tool displacement w(x, t) as in (20) is expressed
to be as a summation of modal responses as below:
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84w(x,t) azw(x,t) o w(x, t)
EI S —-pl 19
ot PRV R F(xt) (19)
w(x,t):Zj;lqn (1).9,(x) (20)

The orthogonal conditions applied to the mode
shapes function ¢,(x) in (15) for the two operators 3 and
L are given in the following expressions [13]:

e  For the operator of mass 3:

0"
Jo#s ()30, (x)ds {M’ e

e For operator of stiffness L:

0, ifn#p
Jy0 (x L“’n()d“{Kn, pepy @

Where M, and K, are the generalized mass and
stiffness respectively of n mode; given by the following
expressions (23) and (24) respectively [14]:

d2
M, =jéps¢j(x)dx—j;pL2m¢n (x)dx  (23)

dx
K, = o} jé mg? (x)dx (24)

Substituting the forced general solution (20) into
(19) and applying the orthogonally conditions (21) and
(22), the undamped modal equation of transverse vibra-
tions is obtained as below:

MGy (1) + Kyq, (1) = Fy, (2), n=1,2,... (@)

where F,(2): is the modal tangential force associated to
the n mode shape, punctually applied at x=L given as in
following:

j¢ (x—L)dx=F,(t)¢, (L) (26)

The resolution of Eq. 25 excited by FZz is performed
by using the operational computation and the convo-
lution theorem. Hence, the general solution corre-
sponding to the Duhamel's integral expression for the
damped transverse vibrations is obtained in the fol-
lowing form:

_ 1 ¢ —fa}n(t—‘r) ; _
q,,(t)_and [y Fn(7)e sina, (1-7)dr  (27)

where F,,(7) in this case is an impulsive tangential
component of the cutting force and it is the only
unknown obtained by experimental experiment. In the
next, & is a structural damping factor and w, is the
damped natural frequency given by:

wy = wn1- &2 (28)
2.3 Numerical evaluation of Duhamel's integral
To calculate the general response, the integral of Duha-
mel (27) must be evaluated numerically using the

trigonometric relationships and several integrations by

FME Transactions



parts, then, the expression of (27) can be rewritten under
the following form:

1
Mn a)}’l

q,(t)= {4, (t)sinw,t - B, (t)cosw,t} (29)

The calculation of Duhamel's integral thus requires
the evaluation of the integrals A(?) and B(?) numerically,
where for these latter are written in the following
incremental form in time ¢ as follow:

A, (1) = 4, (1) + j:’_l F,, (t)cosw,zdr  (30)
ti .
B, (t;)=B, (ti )+‘[til—1 F,, (7)sinw,rdr (31)

The tangential force F.,(7) can be regarded as a
series of impulsive forces F(7) acting over a very short-
lived interval drt, then it can be approximated by a suc-
cession of linear segments using a linear interpolation
between an each time incremental At as in follow [15]:

AF,
an (T) =an (ti—1)+ Atzn (T_ti—l)’ti—l STSti (32)

i
With:
AF, = Fo () + Fop (tim1)s At =1, =1, (33)

The substitution of expression (32) into (30) and
(31), then their integrations yield to the integral expre-
ssion (29) of the system response in which is rewritten
at the time ¢, as follows:

1
M}’lw}’l

qn (tl) = {An (tl)slnwntl _B}’l (ti)cosa)ntl'} (34)
Replacing the expression given by (34) into the tan-

gential transverse tool displacement (20) taken at x=L

(free-end) and for each incremental time ¢; we obtain:

w(Lt;)=2 " 1y ()¢ (L) (35)

The resolution in the axial vibration equation is
preceded with the same procedure as previously, taking
account the measured axial force Fx into calculations of
the tangential transverse tool displacements v(x, ?).

3. EXPERIMENTAL VERIFICATION

In order to demonstrate the accuracy of the proposed
approach, the calculated results are verified by experi-
ment results. For this purpose, some parts of experi-
mental data have been exploited and reuse for this rea-
son. Then in brief, the experimental procedure is pre-
sented in figure 1 and with the following description:
Turning operations experiments were performed on a
round bar form with a diameter of 80 mm and a cutting
length of 140 mm, with a carbon steel AISI 1045 as a
workpiece material, on a universal lathe type Gallic 20
with a range of the spindle speed between 33 and 2500
rpm. Then, the cutting tool used is fixed on a tool holder
type PCLNR/L 2525M12 with a carbide insert type
ISO-CNMG both from sandvik Coromant Company and
with an overhang length equal to 51.2 mm. Two types
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of sensors were used, a Kistler (9257B) force dynamo-
meter with a vibration analyzer type Bruel & Kjaer
2035 respectively for measuring the cutting force sig-
nals and tool acceleration signals. Three components of
cutting forces in three mutually perpendicular directions
tangential force (£z) in the cutting speed direction, axial
force (Fx) in the feed direction, and radial force (Fy) in
the depth direction are measured in the same time with
the tangential tool acceleration signals for transverse
vibrations using an accelerometer type BK 4384. The
sampling frequency of both force and acceleration sig-
nals was set at a sampling frequency fs=22500 Hz.
Depth of cut ap, feedrate f'and cutting speed Ve values
are taken as variables.

Specimen:

round bar 80mm x 140mm Cu“mg Tool _

Piezoelectric Accelelorometer
(Monoaxial) Type BK 4384

Analyser of vibrations
Briiel & Kjer BK 2035 Measuring chain for cutting force components

Recorded Cutting Force Components (Fx, Fy, Fz)

Figure 1. Experimental setup and data acquisition
4. RESULTS AND DISCUSSION

The experimental results are presented as three cutting
force component signals in figure 2, where the average
cutting force component Fz is around 112.74 N higher
than both the average axial force Fx (41.51) and radial
force component Fy (42.74). Therefore Fz is great and a
dominant component which therefore generates high
tool displacements values, then a force signal Fz is
presented in figure 3 as an example.

Fz
Fx
—Fy

160

Cutting force components (N)

T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Time (s)

Figure 2. Cutting force component signals, for ap=0.5 mm,
f=0.1 mm/rev and Vc=48 m/min

To validate the obtained analytical tool displacement
by the comparison in the next section, the measured
tangential tool acceleration signal as in figure 5 should
be converted based on the algorithm in figure 4 to
calculate the corresponding tangential tool displacement
signal as on figure 6. This conversion permitted to trans-
form an acceleration signal by calculating their spect-
rum acceleration using FFT function and then their
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spectrum displacement and at the end calculating the
corresponding displacement signal applying inverse
function of FFT on spectrum displacement.

- —Fl

N
S

100+

Cutting force (N)

80

60-{

40

T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14

Time (S)

Figure 3. Tangential cutting force signal Fz, with ap=0.5
mm, f=0.1 mm/rev and Vc=48 m/min.

Measured acceleration signal vector

L |

Spectrum acceleration=FFT(acceleration signal)

L |

Spectrum displacement=(-1/®?) x Spectrum acceleration

L |

Displacement signal=IFFT(displacement spectrum)

Figure 4. Algorithm of the conversion tangential tool acce-
leration signal to tangential tool displacement signal.

Measured

Tangential acceleration signal (m/sz)

-6
0.0 012 014 016 018 110 112 114

Time (s)

Figure 5. Tangential tool acceleration signal, with ap=0.5
mm, f=0.1 mm/rev and Vc=48 m/min.

0.10 4 Measured

0.05+

-0.05+

Tangential tool displacement (mm)

-0.10 T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Time (s)

Figure 6. Corresponding tangential transverse tool displa-
cement with a,=0.5 mm, f=0.1 mm/rev and Vc=48 m/min.

4.1 Results Validation

As the tool acceleration signals are measured by a mono
-axial accelerometer in cutting direction, the results
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confirmation are performed also in the same direction.
However, to verify and to validate the tangential
transverse tool displacement signal determined by this
mathematical formulation, a comparison is done with
that acquired by an experimental measurement as
presented in Figure 7, where their amplitudes are very
close and much compared. It can be concluded that well
agreement between results is satisfied.

0.12
—— Measured
—— Mathematical modelin:

0.08

0.04

0.00

-0.04

-0.08

Tangential tool displacement (mm)

'012I T T T T T T T
00 02 04 06 08 10 12 14

Time (s)

Figure 7. Comparison between mathematical and measured
tangential tool displacement signal, with ap=0.5 mm, f=0.1
mm/rev and Vc=48 m/min.

5. CONCLUSION

In this proposed approach, the turning tool dynamic
behaviour during turning operations is studied in trans-
verse vibrations in time-domain by analytical modeling
based on the Rayleigh beam theory, and integrating the
measured cutting force into calculations in the goal to
calculate the transverse tool displacement for a dynamic
response. Calculated analytical transverse tool displa-
cement is compared and validated against measured
transverse tool displacement in tangential direction. A
good agreement between two types of results is found.
Then, the approach can be useful in ultra-precision tur-
ning especially in finishing operations of parts. Also, it
can be utilized to predict and monitor the surface rough-
ness of parts in automated machining, and extended to
other machining applications.
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MOJAEJIMPAILE U EKCITEPUMEHTAJIHA
EBAJIYAIIMJA TUHAMUWYKOI' OA3NBA
PE3HOI" AJIATA KOJl OBPAJIE HA CTPYT'Y

A. Canpenun, K. Hypenun, B.M. Illepud

we panma je wu3pavyyHaBame IWHAMHYKOT OJI3MBa
pe3Hor anara Koj oOpaze Ha CTPYry NPUMEHOM aHallH-
THYKOT MOZeNupama. [IHHaMIYKH OI3UB ce 0a3upa Ha
HYMEpPHUYKO] eBajyauuju JlyxamenoBor WHTerpaia u
UHTETPUCAbeM H3MEPeHUX CHTHalla CHIe pe3ama y
u3padyHaBama. [IpemnoxkeHM MeTox  IpencTaBba
MaTeMaTHYKO MOJIETINpame TUHaAMHIKE PE3HOT ajiaTta Kojl
NONpeYyHux  BUOpamuja y  TaHTCHIWjaTHOM |
aKCHjaJTHOM IIpaBIly, IpeMa Op3MHU pe3ama M MpaBla
nomohHoOr Kperama, O0azupanoM Ha PajimjeBoj Teopuju
rpeze Koja yKJbydyje M YTHIQ] pOTalljcKe HWHEpIHje.
3aro je pe3HH anar 3a obpaxy Ha CTPYry MOJEIHpaH
Kao KOH30JHA Tpeia ca YHU(QOPMHUM MNONPEYHUM
mpecekoM, Koja moOylyje TaHreHIMjanHy CHITy pe3ama
a Koja JiejcTByje Ha cio0oJHOM Kpajy, mro omoryhasa
n3padyHaBame MONPEYHUX NoMepaja anara. Pesynraru
aHAJIM3€e Cy eBalynpaHu yrnopehuBameM ca M3MEpEeHUM
NONpPEYHUM TIOMepajuMa ajiata JOOMjEeHHM MEpEHeM
yoOp3ama anata. YTBpheHo je mobpo ciarame msmely
JOOHMjeHUX pe3yJITara.
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