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Abstract: One of the major problems in precisiontemperature, vibration, power and Acoustic Emisgib.
machining processing can be related to the faitoraition  Each technique has its own advantages and limitstio
of the cutting tool. Hence online tool condition-nitoring  however, no single technique has proved to be osteipl
is of much interest in metal-mechanics industry.e Threliable over a range of operating conditioihis has
spontaneous problem of failure in a cutting toalchs as  prompted the need for a system that integrategrtion
chipping and breakage, is becoming more and morieom different monitoring sensors.
important in the manufacturing technology and isially
associated with the stresses put on the tool dih@gutting  This paper describes the possibilifiysensor ira machining
process. Other abnormal tool conditions in metatiidng  process through a technique for on-line wear mainigoof a
includes: tool wear, tool-work piece, etc. milling tool. The tool wear is estimated directhpin a fiber
In this work a method is presented for determirtirgwear optic sensor with high resolution and high bandtwidt
and fracture of a cutting tool, by means of a filsptic  characteristics. This sensor provides a distana@sorement
sensor with high resolution and large bandwidthedus between its probe and the tool profile. The contitn of
during the manufacturing process. The sensor h&s bethis work is the application of this sensor to seps-line
configured with two groups of fibers, distributed & wear of a milling tool. Since the light emitted thjs sensor
random fashion. One of the groups works as a Bghitter comes from a photodiode, it does not produce eyeada;
that illuminates the tool, while the other captutes light this is safer than laser displacement sensors. t€bimique
reflected by the tool surface itself. The lighesnerated by senses the tool wear in real time, while the tealotating,
a photodiode, which does not represent any riskh® with accuracy less than 1 micron. Experimental ltesare
health. This technique will allow observing the wemd also presented for a four-flank cutting tool ratgtiat 300
breakage of the tool in real time while the tookagating,  rpm.
with a high degree of accuracy. Tool Condition Monitoring (TCM) is concerned with
assessing the condition of the tool during maclginiby
measuring factors that influenced by tool stgtadipping,
Keywords: Fiber optic sensor, tool wear , tool breakage.  wear and breakage), and comparing with pre-sedriifor
deciding action. Traditionally TCM has been undegtaby
1. INTRODUCTION machine operatorés human operator can asses the status of
the tool by observing the associated changehip form,
color, sound due to rubbing, damage of surfacesHirmitc.)
during machining operation. However continuous
gssessment abol status is gaining importance for avoiding

The need for high level of automation, of manuifacg
operations. Successful implementation of this detsan
uninterrupted machining for longer duration withade

human supervision. In such situations, unfavorabl ; L ) ;
conditions like tool wear, tool breakage, chip-foand work yndeswable m"?‘Ch'””ﬁ‘g a.nd frequent interruptionsiier,
' . in manufacturing situations such as, unmanned,t leas

piece roughness must be monitored on-line, to mduc ttended d 1 i itori -
possibilities of interruptions during machining. @fese, attended - and  longer - operations, ‘monitoring sys

monitoring of tool wear Is critical due to its stdostial expected fo substitute the knowledge, experieneesmy

influence on the required surface finish and delsire"]‘.nOI pattern recognition ab_ilities of the hgman aper
dimensional accuracy. Figure 1 This can be achieved by adopting a decision

Various techniques have been proposed for recognif making scheme which can interpret information from

tool status based on monitoring of cutting forces SENSOTS, learn from the environment, adjust iiselésponse



to knowledge gained during the learning processdeuide
on the appropriate action. This calls for an lingelht Tool
Condition monitoring (ITCM) system. Such systemlides
various sensors, signal conditioning devices,
processing algorithms and signal interpretation @acision

is very high. Additionally, the cutting force-basetkethods
often require complex signal processing techniquiés,
high-order time series models, and FFT, as weltime

digndrequency analysis, which result in a hindranceetal time

application due to the computation time. Acoustitission

making As stated earlier, various tool wear sensing method(AE), is a very high frequency stress wave, geeerathen
have been proposed and evaluated. However, notteesé  deformation occurs when metals are cut or fractunddch
methods were universally successful due to the temp is linked to the plastic deformation process odogrduring
natureof the machining processedn general, these could chip formation due to the interaction between tloekwpiece

be broadly classifiethto direct and indirect methods [2k
shown in Table I. Of course, in normal practice]iiect
methods are more popular owing to the fact thasdhare
easy to handle and relatively economical.

Table 1 Tool wear sensing technigues

Direct Indirect

Electrical Resistance Torque and Power

Optical Temperature

Contact Sensing Vibration

Radioactive Cutting Forces
Acoustic Emission

1.1 The cutting process

The cutting process presents a particular problemre are
several input variables to the process such as:

Cutting, speed, Feed rate, Depth of the cut, Todl work
piece material properties, etc. These parametershet
beginning of any experience are fixed and define Ith
operation conditions figure 2. From here, the eixpental
results will be valid just for a particular casell Ahe
changes of the operation conditions are reflectedhie
output variables. Some of these variables are: ifgutt
temperature, Chip thickness, Cutting forces, Serftaish,

tool wear etc. Most of these parameters can be measured to
a certain degree. However, measuring the wear ef th

cutting tool on-line is very difficult but, it isgssible to
estimate it by detecting a process parameter etectiwith
tool wear. The wear of the cutting tool is oftere thmost
accepted criterion for tool lifeCutting tool life does not
represent the physical life of the tool, but thereamic life
of the tool in the real sense. There are three itapbwear
zones: Flank wear, crater wear and nose radius. \igark
wear is considered the most important criteriontda life.
Significant research has been done on cutting foesed
tool flute breakage detection [2,3,4,5]. The teqghsi is
dependent upon the instantaneous load appliedetatttier
and has the advantage of being easily modeled.ingutt
force measurements are commonly taken using
dynamometer mounted on a machining worktable, or
mounted tool holder during machining. The dynamemist
an essential tool for experimental work, and hanh@oved
a very successful tool in establishing inter-relaships
between secondary machining parameters and clitiing,
so as to enable researchers to prove their toolitonony
strategies prior to implementing them on-line. Heere the
physical characteristics of the dynamometer mountethe
worktable seriously limit the physical size of tlerk piece,
on the other hand, mounted in on the tool hold@riapts
the change of cutting tools, and the cost of theadyometer

and cutting tool [2,3]
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Fig. 1. Approaches of tool breakage monitoring foend milling

operations.
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Fig. 2 The milling cutting process

2. THE DISPLACEMENT FOTONIC SENSOR
2.1 The fiber sensor

The recent growth of activity in fiber optic sersdras lead
to a great variety of technically sophisticated ides
employing interference, polarization, and waveléngt
modulation techniques [12]. In spite of all, thesethods
dffer great promise to certain specific applicasioand
dedicated sensors, the intensity modulated FibeticOp
Displacement Sensor offers a powerful combinatidn o
simplicity, performance, versatility, and low costhich
make it well suited for a wide variety of laboratoand
industrial applications. Moreover, since the ligimitted by
this type of sensor comes from a photodiode it doets
produce eye damage, then it is safer than lasptadisment
Sensors.



2.2 Parameter analysis

The basic principle employed in the Fiber Optic &ev
Displacement Transducer [13] is to use two setditmr
optic elements, one to carry light from a remoterse to an
object or target whose displacement or motion isbé&
measured, and the other to receive the light refteérom
the object and carry it back to a photo sensitigector. A
very common fiber optic probe is a bifurcated benfibber
[14], as shown in Figure 3.

Input light

> :

7
J receiving fibers ¥
—

Output light
Fig. 3 Bifurcated bundle fiber

transmitting fibers N

target

The light emitted from one bundle is back-reflectadthe

target and collected by another bundle (receivingr§). As
a result, the returned light at the detector istatice-
modulated. The mathematical analysis of a photeaitsor
is considerably simplified by the assumption thati-u
angular electro luminescent energy is coupled liogs-less,
non-dispersing, and otherwise ideal step-indexrsibgith

negligible cladding thickness. Further simplificatiresults
when the sensor consists of a single centerednittiteg

fiber surrounded by six symmetrical receiving fibéradius

equal tor,) as shown in Figure 4. This figure shows the

exit and reflected patterns at the exit/return plarhe area
of receiving fibers illuminated by reflected lighieflected
ring radius X) is proportional to the target distancg

(standoff distance). The distance&lX represents X
variations when distance from probe to target ga(@y ).
The characteristic parameters associated to timsosecan
be determined from the knowledge of: the angleand the

emittance level of the exit illumination, the gedre
relationships between transmitting and receivibegr$, and
the distance from fiber-tip to target.

The mathematical relationships of the displacensentsor,
such as: the geometric sensitivity,
sensitivity, the optical detection limit, and thisglacement
detection limit, will be derived in the next sectidn this

the displacémen

Fig. 4. Cross section of the sensor

From trigonometry, it is a function of the fiberdias and
illumination exit angle only. When fiber cladding i
negligible, the standoff distance is given by

y= X=T1,
2tang

1)

By defining a parameteq] = X/ I, the equation (1) can be
rewritten as

(q B 1) o

2
2tang @)

The distance-modulated area of the reflected ringthe
fiber termination plane is given b A = 271 xdXx.

The first derivative of equation (2) respect tosthirea is
given by:

work, thesensitivitywas defined as the rate of change of the

standoff distance due to a change in a parameter.

The geometric sensitivity {;) is defined as the

relationship between the standoff distance vanatiand the
distance-modulated area of reflected light on thtgerf

_dy

dA

termination plane, i.eg

b 1 & 3)
dA 2tangdA
Then theq ; referred to this plane is
d 1
P~ (4)
dA 4mxtang

The displacement sensitivityd(, ) of a fiber optic sensor is
determined by the manner in which the optical raditsic



power (Por) reaching the photo-detector varies with the

: : dy
target distance, i.eq, =
dPor
The nonlinear contributions of th&, are incorporated into

aterms = dq/dﬁoR- where §0R: Pl

P,y is the
max

maximum subtended power. The differentiation of tieirm

and equation (4) lead to:

~

— S r.O
2P, tang

The subtended power of the receiving fibers ispraduct
of the receiving fiber subtended area and the iarazt.
Figure 5 shows the interaction of three adjacemtsimitting
and receiving fibers as the light is reflected frantarget a

ap (5)

Fig. 5. Interaction between transmitting and receiing fibers

These two irradiances appear from zero to plangidgtire 6

the single anglez . It can be seen that a zero gap, the lighthows more clearly that patterns of reflected light and

in the transmitting fiber would be reflected ditgcback
into itself and little or no light would be transfed to the
receiving fiber. As the gap increases, some ofréfiected
light is captured by the receiving fiber and calri® the
photo sensitive detector. As the gap increasesistande
will be reached at which a maximum of reflectechtidgs
transferred to the receiving fiber. Further incesasn the
gap will result in a decrease in the light at theeiving fiber
face and a corresponding drop in the output sifroah the
photo sensor. The gap and displacement range oliehw
the initial rise in signal takes place and at whitte
maximum occurs is primarily determined by the ditene
and the numerical aperture of the fibers and thensity
distribution within the operating filed of the fitge In order
to obtain the higher levels of intensity at the fohdetectors,
commercial devices of this type uses multiple tnaitting
and receiving fibers. The irradiance of the tamgdtiected
illumination on the entrance plane of the receiviilgers

C planes are annular rings, diverging cone, and not
uniformly illuminated disks since the rays exit the
illuminating fiber are not perpendicular to thodanes.

A

¢
s

TN
AN

target plane

may be derived from the geometry shown in Figure 5.

Indeed, since all rays are meridional
distributed within the illuminated fiber, they exit the

and uniformly

Fig. 6. Reflected patterns

single angle ¢. Figure 5 shows that two different 1o c plane distance is given by

irradiances appear on a target located on planeaB,

uniformly bright spot surrounded by a uniformly aiar
ring portion. When the target distance reachesChdane
the bright spot disappears and an annular ringapgé&om
C plane to target plane). The width of this annulag is
equal to the fiber diameter.

o

C=
tang

(6)

The optical detection limit ,GOD) is determined by the

ability of the photo-detector to solve even smaller
modulations in radiometric power. It can be deteedi
from the shot-noise relationship [15]

| o = (Por y26BW)'2 ™)
then the B, is given by
I
Bop =1 (8)
o0 =7,



where | , is the RMS noise curreny is the responsitivity ~Tom the probe to the target surface. The responsee that

) ) correlates the voltage output of the sensor andjdpeto the
of the photo-detector€ is the electron charge, ar@W is  (arget surface is shown in Figure 11. The initiaing
the noise current bandwidth. portion of the curve, the front slope, is very séves and is
the operating range used for high accuracy measumesm
The declining section of the curve, the back slapaysed
the product of the in displacement per watt and the for measurements that require greater standofinitets.

The displacement detection limif,,) of fiber sensors is

optical detection limit ([J’OD) in watts, i.e., In the analysis of sensitivity of the sensor présénn this
work, the reflected light was assumed a good réfladn
Boo = Lop order to simplify the drawings, however the refieatlight

on the surface of the milling tool is evidently fdge

_3 o (pory2e BW)}/2 9) reflection.
2 Py tang

)4 @ Receiving fiber
O Transmitting fiber

Defining d = §(ﬁOR)%, equation (9) becomes

Bop = a' pnéx fy (pORy 2eBW)3/2 (10)
°° }/ 2 pmax tan¢ y

2
Por

that can be reduced to

Fig. 8. Fiber distribution

Iy eBW & In the analysis of sensitivity of the sensor préserin this
tang| 2p__y (11) work, the reflected light was assumed a good réfladn
max order to simplify the drawings, however the refieatlight

Since nothing in the fiber optic sensors limits tleadwidth, ©n the surface of the milling tool is evidently fdge
this is determined only by the electronic circuitB8ome of ~"eflection.

the numerical values of the previous parameters are

presented in the next section and were verifiedd: THE EXPERIMENTAL SETUP

experimentally. The work presented in [16] givesiidnal  The experimental setup for this work is composedaby

information on the theoretical and experimentaifiation  DENFORD VMC 3-axis milling machine, a data acqsit

of the parameters of multiple fiber transducers. board with sample period of 150 KHz, the displaceime
photonic sensor, and a PC with a Pentium process400
MHz.

Boo =d

2.3 The Sensor Probe

The photonic sensor that has been used in this,vgbdwn
in Figure 7, is a fiber-optic device model KD-306rh MTI
Instruments, provided with a sensor probe MTI-2R25-

KD-300
FIBRE OPTIC
SENSOR

il +1C Volts
Milling
tool DATA

\' ACQUISITION
Fibre optiy BOARD

probe g

PCI-Bus

Fig.9. The experimental setup

Fig. 7. The displacement fiber optic sensor

3.1 Characterization of the sensor

This fiber-optic probe has two groups of opticdbefis The characterization of the sensor was made based o
bundled together in a random configuration, as shaw specimen of a well-known geometry (cylindrical) ainiwas
Figure 8. The sensor converts the amount of reiteight made a groove, to determine the work range and the
into an electrical signal that is proportional te tdistance



characteristic equation The sensor was charactetseg
the equation (12).

| 166+0.122x+.0029%° + 241*10°x°

12
- 837*10°%x* + 105*10°%° (12)

Obtained by polynomial regression with help of thenpute

tool (Equation Graper), that it is the distancéhaf sensor to
the objective in function of the quantity of refled light. In

that way one has the characteristic equation ofdfiection

distance (fig. 10).

b
EIBX

Yo 85+ 01220 0002872+ 2AIE6'3- B TEBC 4+ 1 GE10CS

Fig 10 Response curve

The sensor was mounted in a magnetic base andeazd

in front of the rotating tool, as shown in Figurg, ith a
gap of 2 mm to sense the tool profile during matidhe
sensor is working on the front slope to increase th
sensitivity of the measurement. The speed rotatibithe
main spindle was 300 RPM.

Fig. 11. Sensor and milling tool

4. RESULTS

The figure 12 shows the sensor response when otleeof
four flanks of the tool is worn. One can clearlgtify the
different flanks for each revolution of the toolhd circled
area shows that the signal corresponding to the flank
varies respect to the other flanks due to wearureigl3

shows the corresponding polar plot of the outputsee
using a new cutting tool. Since the sensor is kxtah front
of the tool when it is rotating, the tool profileart be
“reconstructed” after one tour. As it can be sekea tool has
four teeth with similar shape. Figure 14 showspbkr plot
of the output sensor for a worn tool; the wearasated
around 300 degrees of the tool profile, i.e., thiedtand
fourth teeth are concerned.

Fig 12. Sensor output plot while a worn tool is ratting

Fig. 13. Polar plots of new tool
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Fig. 14. Polar plots of worn tool

5. CONCLUSION AND FUTURE WORKS

A direct method for on-line wear detection of aatotg tool
is presented. Instead of a high cost laser displané
sensor, this simple and low cost fiber optic semsyforms
good quality measurements of the tool wear. Thectir
method developed has the ability to “reconstrub# tool
profile after only one tour of the tool, then ibpides a very
fast and accurate on-line method. In order to ptot¢he
sensor from sharp strips of metal, compressed air e

blown by a nozzle located near the sensor. Theosens

response curve varies depending on the type ofriabtd

target surface, thus it has to be calibrated fazhetol

material. This technique can also be used in mahgro
situations of on-line detection failures such asomatic

crack detection of metal sheets
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