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A simple approach for on-line tool wear monitoring
using the analytic hierarchy process
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Abstract: A wide variety of on-line tool condition monitoring techniques have been developed to the present
time. Timely decision making for cutting tool indexing needs a proper method for assessment of the state of

the tool on-line.

The present work demonstrates a very simple system based on cutting force measurement for deter-
mination of the tool condition on-line using the analytic hierarchy process (AHP). The technique shows
reasonably close estimation of the tool condition and enables successful on-line tool wear monitoring.
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NOTATION

A pairwise comparison matrix
C criterion

P; probability

Py  feed force

Pxz resultant of feed force and tangential force
Py transverse force

P, tangential force

S feed

t depth of cut

Vg  average flank wear

Ve cutting speed

W weight vector

Amax largest eigenvalue

1 INTRODUCTION

Various methods have been reported for on-line assess-
ment of tool condition, both directly and indirectly. Varia-
tion in the motor current, dimensional deviation, vibration,
cutting forces, acoustic emission, etc., are used for on-line
indirect assessment of tool condition. On-line measurement
of dimensional deviations of the job, being inconvenient, is
not commonly used for tool condition monitoring. In
general, it was found that cutting force and acoustic emis-
sion (AE) signals are well related to the deteriorating con-
ditions of the tool. Within the tool wear region, it was
also reported that cutting force monitoring provides better
assessment of the tool conditions than by the AE or any
other techniquel)). Variation of motor current and vibration
characteristics are the derived parameters of the cutting
forces, and these were reported to be less sensitive and
machine dependeni,(2). More than one sensory system
was also tried to give some amount of succe?s 3.
Force-based single sensory monitoring systems were
found to be quite reliable and accurate 2).

Regarding the signal processing technique as well as the

A proper cutting tool condition monitoring (TCM) systemis  gecision-making tool, a number of methods are used for
essential for present-day manufacturing by machining. on.jine monitoring of the cutting tool. Multivariate time
Cutting tools wear out and fail frequently during machining.  series analyses4( 5) and multiple regression analyses

On-line monitoring of the tool condition helps indexing or

(6, 7) were used for on-line tool wear estimation during

replacement of the inserts in time, thereby assuring safeyarious machining processes. A number of researchers

operation of the machine—fixture—tool-work system and tried on-line tool condition monitoring using self-organizing

saving time, and causes minimum or no damage to the methods like the group method of data handling (GMDH)

workpiece and the machines.
An appropriate sensory system coupled with a suitable gj50 been used with some amount of success in this area

analysis technique is the main component of the on-line (7_10),

tool condition monitoring system.

(7, 8). Recently, artificial neural networks (ANN) have

The main objective of the present work is to introduce a

The MS was received on 30 January 1995 and was accepted for publication SIMPle and promising on-line tool condition monitoring
on 10 June 1996.
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(TCM) system using the analytic hierarchy process (AHP)

Proc Instn Mech Engrs Vol 211 Part B



20 SDAS, RISLAM AND A B CHATTOPADHYAY

( Estimation of tool conditionJ

¢——  GOAL

«— CRITERIA

workable

Sharp

«—— ALTERNATIVE

worn out

Fig. 1 Hierarcty of the tool condition monitoring system

—apopularandwidely useddecisbn-makingtool. Cutting

force componerd developedduring turning of C25 steel

with carlide insets havebeenusedfor on-line monitoring

of the state of the tool. The principle, process and the

resultsof the systemusing the analtic hierachy process
havebeenpresented.

2 THE ANALYT IC HIERA RCHY PROCESS(AHP)

Theanaltic hieracchy proces{AHP) (11) is atechniqieto
makerankingof afinite numberof alternaivesbasedipona
finite numberof criteria. The AHP strucuresany complex
discrete multiple-criteria decision-naking (MCDM)
problem hierarchically. The overall objective of the deci-
sionis placedat the top level of the hierarchyandthe cri-
teria, subciteria, if any, and decisbn altemativeson each
descendig level (Fig. 1). After structuring the hierarchy,
pairwise comparisos amongthe elementsbelonging to a
level with respect to an elementbelonging to an immedi-
ately highe leve are performedin order to derive their
local priority weights. The typical form of a pairwisecom-
parisonmatrix is asfollows:

C E, E, - E,
=) a;; a2 -+ A
A= 1)

E Ay dyp v Qg

En 8 @ v @nn
wherea;; (for i, j =1,2,...,n) represets the strengh of
preferenceof the altemative E; over E; with resgectto the
criterionC, a; = Va;; anda; = 1, for all i andj.
The entiies a; are normally takenfrom the 1-9 ratio

scale(11). The semanticinterpretition of the numkersare
givenin Table1. The matrix A is saidto be consisent if
aj A = A, foralli, j,k=121,2,...,n 2
If A is consisentit canbe expressd as
gj = Wi/w;, i,j=212,...,n 3
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wherew;, i =1,2,...,n, are the priority weights of the
alternaives.

If altemativeA; is 3 times preferdle to or dominantover
alternaive A,, then a;» = wy/w, = 3. Furthermoe, if the
alternaive A, is 4 times preferdle to alternaive Ag, then
a3 = Wo/W3 = 4. From this, it can be inferred that
13 = Wi/W3 = (W/Wo)(Wo/W3) = 3x4 =12, i.e. altema-
tive A; is 12 times preferdle to alternativeA;. Howeve,
9 is the upperboundof the fundanental1-9 ratio scaleof
the AHP. Therdore, this value of a;3, which is greater
than 9, cannot be taken. In this case a;,a,; # a;3. In
summay, the above phenonenon violates the geneal
cardind consiséncy relation given in equatio (2). If all
the judgements are consistent i.e. the matrix entries
satisfy the aboverelation, thenthe matrix A is saidto be
consistent

The priority weights of the alternaives canbe obtaned
by solving the eigenvalueproblem

Aw = nw, wherew = (W, Wy, ..., W,)" (4)

In reality, the matrix A is rarely consisent. In theinconss-
tent case the aboveeigenvalueequation becones

AW = NpaxW )

where .y is the largesteigenvalue of the pairwisecom
parisonmatrix (PCM) A.

Table 1 Semanticinterpretationof the ratios
in the comparisormatrices

Verbaljudgemaet of preference Numeical rating

Extremey preferred

Very stronglyto extremely
preferred

Very stronglypreferred
Stronglyto very strongy preferred
Stronglypreferred

Moderatdy to stronglypreferred
Moderatdy preferred

Equally to moderatelypreferred
Equally preferred

o ©

PNWbhOOoOoN

Note.If alternativeE; haspreferencestrengthasany oneof
theabovenon-zeranumberssomparedo E;, thenE; hasthe
reciprocalvaluewhencompare with E;.
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For the inconsistentmatrix, the largesteigervalue, N\ ax
is alwaysgreaterthanor equalto n. The amountof incon-
sistencyis measued by the consstencyindex (ClI):

)\max —nNn

Cl =~ ()
The consisencyratio (CR) is found by comparingthe con-
sistencyindexwith the index obtainal from randomlygen-
eratedreciprocal matriceswhoseentriesaretakenfrom the
scale (1/9,1/8,...,1,...,8,9). The average consstency
index correspondingo the randanly geneatedmatricesis
calledthe randam index (RI). The standardvalues of Rls
for variousmatrix sizesare available (11). The ratio of CI
to RI is called the consistencyratio (CR). A consbtency
ratio of 10 percentor lessis generallyconsderedasaccep-
table (11, 12).

Having obtaned A\, the local weights can be dete-
minedby solving the system

n
Wy = ZEa”vvj)/)\maX, i=12...,n )

Alternatively, the principal right eigenvetor, w, can be
directly computel by raisingthe matrix A to anincreasing
powerof k andthennormalizng theresliting systemas

Ake

W=, AR ©
wheree is a unit row vector (1,1,1,...,1) and e is the
transposef the vectore.

It may be notad that the denoninator in equatia (8)
taking k = 1 denotesthe sum of all the elements of A.
Onenumericalexampeto illustratethis methodis availeble
(13). Theintuition behind this approachandits interpreta-
tion asanavemagingprocesshasalso beenreportal (14).

If pj,j =1,2,...,m aretheweightsof them criteriaand
Gij, i =1,2,...,n, are the local weight of n alternaives
with respectto the jth criterion, thenthe global weightsof
the alternaives are calculaed as

m
riZijq”, i—12...n ©)

The AHP is a potential optimization technigqieto solve a
wide variety of real-wotd problems.Althoughthe AHP is
mainly meantfor managel decsions, it canbe usedto
solveproblens of othe disciplinesaswell. Someresearch-
ers(15, 16) havereportal applicationsof the AHP in more
than 40 different fields The applicaion areasinclude
budgetay fund allocations transporttion, marketirg, con-
flict resdutions, academicplanning environmenal plan-
ning, facility location, justification of robotic and flexible
manufactuing system(FMS) appications, mateial hand-
ling and various othe decisbn-makng problems. For
algebraic details of the AHP, the readeris referred to
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referencg12). In thepresenstudy, the AHP hasbeenintro-
ducedfor the first time to monitor cutting tool conditions
on-line.

3 EXPERIMEN TAL INVESTIGATION S
3.1 Experimental conditions

In the preent work, turning tests have been carried out
under the machiring conditions given in Table 2. The
cutting force componerg Py, Py and P, were obtaned
using a Kistler dynanometer(type 9257B), chaige ampli-
fiers and an FFT (fast Fourier transform) analyser(type
AD-3524, A and D Company, Japan)and then processed
in the frequeny range of 0-10kHz. Each frame of the
signal is of 40ms duraton. Five frame averagesof the
signal were taken for smoothingthe sigral, which might
be affectedby seveanl other factorsapartfrom tool wear.
Average flank wear, Vg, of the carbide insert P30 was
measued at regularintervals under an optical microscope
(made by Olympus, Japan).This process was continued
beyondthe Vg valueof 200pm.

The signalswere transkerredto an HCL-HP 80386 per-
sonalcomputervia an IEEE-488 interfacecard. Therethe
averageof theforcecomponerg andthe derivedparameters
were computed. Under varying machiningconditions,the
monitoring sysem wastested89 times.

Cutting speed V¢, andfeed, S, were sekectedconsider
ing the normal operatingrangein the industy. The depth
of cut, t, waskeptconsantbecaseof its insignificantinflu-
enceon the growth of flank wea, particularly when the
machire—fixture—tool-work system has enough strength
andrigidity.

3.2 Experimentation

The hierarchtal structureof the tool condition monitoring
system making use of the analtic hierachy process

Table 2 Experimenal conditiors

Machinetool NH22 high-speedrecisionlathe,Hmt Limited (India)
Motor power:11kW
Speedrange:40-2040r/min
Cuttingtool SNMA 120408,uncoatedP30inserts,SandvikAsia
Limited
Tool geometry:—6°, —6°, 6°, 6°, 15°, 75°, 0.8mm
Tool holder R174.1-252812 (Sandvik),overhang22mm
Jobmaterial Low carbonsteel(C25)
Composition: C 0.25%,Si 0.18%,
S 0.03%,Mn 0.62%,
P0.22%
HardnessHRB 76
Rodsize Diameterl50mm, length 750mm
Machining Cutting velocity, Ve = 118-184m/min
conditiors Feed,§ = 0.1-0.24mm/rev

Depthof cut,t = 1.5mm
Environmen: dry
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Fig. 2 Growthof flank wearandincreasen cutting forceswith machiningtime atthe mediumspeed-

feedcondtion

(AHP) is shownin Fig. 1. To achievethe goal of the sysem
which is the ‘estimaion of tool condition’, four criteria
havebeenselectedTheseare:

(a) thefeedforce component,Py,

(b) thetangential force component,P,,
(c) theratio Px/Pz,

(d) theratio Py/Pyz.

Threealternaives consideed in the systemare:

(a) theshap tool condtion, when Vg < 100pm,

(b) the progressive tool wear region, 100pm < V=<
200pm,

(c) theworn-ou tool, Vg > 200um.

The criteria chose areusedto decidethe probablealterna-
tive, i.e. the tool condtion.

The force paranetersshow consideable changs with
growth of cutting tool wear. Figure 2 shows typical plots
of the four criteria and Vg with respectto machining time
undera medum speed-feed condition.

The pairnisecomparisormatrix for the criteria, shown in
Table3, is construtedwhile viewing therelativechange®f
eachcriterion to the growth of flank wear. The change in
the valuesof the force parametes (criteria) whenthe tool
flankwea is justbeyond200,.m vary from onecutting con-
dition to the other.In the preentwork, five weartestshave
beencarried out underdifferent cutting condtions,andit is
seenfrom thee expeiments that the magnitude of Py
increaseshy 22—-38 per cent P, increaseshy 10-24 per
cent, Py/Py; deceasesby 10-22 per cent and Py/P,
increasesdy 6—16 per cent when the averageflank wear
value of the cutting tool just exceeds200pm. A typical
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plot showing the changs in the sekectedforce paraneters
correspading to the medium speedand feed condtion is
depictedin Fig. 2. According to the changs of the values
of the criteria with the growth of tool wear, if they are
arranged based upon decreasig sensiivity, the order
becomes

According to equaion (3), all the diagonalelemants of
the pairwise comparisoncriteria matrix are 1. Basedupon
thevaluesabove,verbd judgementsupon the relationdips
are pereeived to be that Py is moderate}, strongly and
equally to modeately prefered over Py/Pyz, Px/P; and
P, respeadwely whenregardng monitoring of the cutting
tool condtions, andaccodingly the entries takenfrom the
1-9 scaleare insertedin the appr@riate positionsof the
comparison matrix (Table 3). A similar interpretaion
follows for othe conparisons The componerg of the prin-
cipal eigenvetor (i.e. the vector correspading to the
largest eigmvalue, N\,,) Of the matrix give the priority
weights of the criteria calculated using equaton (7). The
consistencyratio (CR) measuresthe amountof inconsist-
encypresentin the matrix.

Table 3 Pairwisecomparisonmatrix for criteria

VB PX PY/PXZ PX/PZ Pz (&)
Px 1 3 5 2 0.4773
Py/Pxz 1/3 1 2 1/2 0.1539
Px/Pz 1/5 1/2 1 1/4 0.0809
P, 1/2 2 4 1 0.2880

Amax = 4.0211,CR = 0.0078.
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Table 4 Paiwise comparisonmatricesfor alternaivesin the AHP modéd for the medum speed-feed cutting condition

Compaison matriceswhenthe criteria value correspods to tool conditions:

Sharp Progressie wear Worn out
(-..—466)N (454-510)N (510-...)N
Px Vb1 Ve2 Va3 @ Ve1 Va2 Vi3 @ Ve1 Va2 Va3 @
Vay 1 2 5 0.582 1 1/3 1/2 0.163 1 1/3 1/4 0.122
Va2 1/2 1 3 0.309 3 1 2 0.54 3 1 1/2 0.32
Vas 1/5 1/3 1 0.109 2 1/2 1 0.297 4 2 1 0.558
Amax = 3.0034 3.0092 3.0183
CR = 0.0029 0.0079 0.0157
(-..—0.375)N (0.395-0.362)N (0.365-...)N
Py/Pxz Vb1 Ve2 Va3 @ Ve1 Va2 Vi3 @ Ve1 Va2 Va3 @
Vay 1 2 3 0.54 1 1/3 1/2 0.168 1 1/2 1/3 0.163
Va2 12 1 2 0.297 3 1 112 0.349 2 1 1/2 0.237
Vas 13 1/2 1 0.163 2 2 1 0.484 3 2 1 0.54
Amax = 3.0092 3.1356 3.0092
CR=0.0079 0.1169 0.0079
(-..—0.715)N (0.715-0.729)N (0.724-.. )N
Px/Pz Ve1 Ve2 Vi3 @ VB1 Ve2 VB3 w Ve1 Va2 \E w
Var 1 3 4 0.625 1 14 1/3 0.124 1 1/4 1/5 0.097
Va2 13 1 2 0.239 4 1 112 0.359 4 1 1/2 0.333
Vas 14 1/2 1 0.137 3 2 1 0.517 5 2 1 0.57
Amax = 3.0183 3.1078 3.0246
CR=0.0157 0.0929 0.0212
(-..—630)N (630-710)N (710-..)N
PZ VBl VB2 VB3 w VBl VBZ VB3 @ VBl VBZ VB3 w
Vay 1 3 5 0.637 1 14 1/2 0.149 1 1/3 1/5 0.105
Va2 13 1 3 0.258 4 1 112 0.376 3 1 1/3 0.258
Vas 1/5 1/3 1 0.105 2 2 1 0.474 5 3 1 0.637
Amax = 3.0385 3.2174 3.0385
CR=0.0332 0.1874 0.0332
The sameprocealure hasbeenfollowed for construting is determired:
the pairwise comparisonreciprocal matrices for the alter-
. . . . . . m m
nativeswith respecto onecriterion at atime. The matrices pm _ ICh — Li'| = LI, 0 g = =1, 11l
correspadingto themediumspeed-feedconditionarepre- & By T ’

sentedn Table 4. Global weightsare determired by equa- (10)
tion (9). The largest global weight correspondsto the

highestprobability of the stateof the tool. where

The ranges of eachof the four criteria (Px, Pz, Py/Pxz | = shap tool
and Py/P,) corresponihg to the three tool condtions Il = workabk tool
(sharp,workable and worn out) are determired. For this, Il = worn-ou tool

30 pattens in the vicinity of tool engagenent, 100um
and200pm, flankweasareused Generdly, therange<or-
respondng to the adjacentool conditionshavesorne over-
laps. In the casesof overlappng, the local weightsof the
alternatives are calculaed in the following way.

Firstly, the probaility (P;) of eachcondition of the tool
for the nth setof patten andthe mth criterion paraméer

C" = value of the mth criterion for the nth patten

L™ = upperor lower limit of the overlap

Bg" = overlapbetwea | andIl (g=1-Il) or Il andlll
(g = -1 for the mth criterion

|IC — Li"| = positivedifferencebetwea C" andL]"

Secondly, the new local weights, w;, for eachcriterion
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Table 5 Averagepairwise comparsonmatrices for alternaives

Compaison matriceswhenthe criteria value correspods to tool conditions:

Sharp Progressie wear Worn out
Px Vb1 VB2 Vi3 W VB1 Ve2 Va3 W Ve1 VB2 Vi3 ®
Vg1 1 2.333 4.667 0.601 1 0.311 0.5 0.158 1 0.729 0.3 0.179
Vg2 0.429 1 2.583 0.281 3.215 1 2 0.548 1.372 1 0.5 0.262
Vg3 0.214 0.387 1 0.118 2 0.5 1 0.294 3.333 2 1 0.599
Amax = 3.0073 3.0053 3.0042
CR=0.0063 0.0046 0.0036
Py/Pxz Vi1 Ve2 Vi3 @ Ve1 Ve2 Vi3 @ Ve1 Ve2 Vi3 @
Vg1 1 2 3.333 0.549 1 0.458 0.583 0.203 1 0.625 0.354 0.183
Vgo 0.5 1 2.167 0.304 2.183 1 15 0.468 1.6 1 0.5 0.28
Vg3 0.3 0.462 1 0.151 1.715 0.667 1 0.329 2.825 2 1 0.537
Amax = 3.0077 3.0030 3.0017
CR = 0.0066 0.0026 0.0015
Px/Pz Va1 Va2 Va3 w Vb1 Va2 Va3 w Ve1 Ve2 Vi3 @
Vg1 1 2.5 3.833 0.598 1 0.325 0.611 0.176 1 0.729 0.288 0.176
Vg2 0.4 1 1.917 0.258 3.077 1 1.75 0.529 1.372 1 0.5 0.26
Vg3 0.261 0.522 1 0.145 1.637 0.571 1 0.295 3.478 2 1 0.564
Amax = 3.0056 3.0005 3.0063
CR=0.0048 0.0005 0.0054
Pz Vi1 Ve2 Vi3 @ Ve1 Ve2 Vi3 @ Ve1 Ve2 Vi3 @
Vg1 1 2.667 4.167 0.61 1 0.394 0.694 0.202 1 0.583 0.308 0.169
Vgo 0.375 1 2.389 0.263 2.538 1 1.667 0.502 1.715 1 0.417 0.26
Vg3 0.24 0.419 1 0.127 1.441 0.6 1 0.296 3.247 2.398 1 0.576
Amax = 3.0199 3.0003 3.0062
CR=0.0172 0.0003 0.0054
were calculatedfrom the equatio Model 2

W = Piwig + Pywig, i=L2,...n(Py=1-P)
whenl andll overlap
=PyWi1 +Pywiz,  j=12....n(Py =1-Py)

whenll andlll overlap
(11

These new local weights are used to calculae global
weightsusingequatian (9).

In the presnt study, two constderationsregarding the
AHP-based tool wea monitoring sysem have been
investigatedandarediscussd in the following.

Model 1

First the analtic hierachy processhas been applied to
assesscutting tool wear at some particula cutting con-
ditions. For eachexpeimental cutting condtion, sepaate
setsof pairwise comparisonmatricesfor the alternaives
havebeenconstruted. Onesuchsetof alternaive matrices
is presenédin Table4 correspadingto the mediumspeed-
feedcondition.
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Finally, an AHP modelhasbeeninvestigaedto suitawide

rangeof cutting conditions.For this, the correspading ele-

mentsof the setsof pairwise conparisonmatrices for the

alternalves have beenavemgedto make a set of average
comparisonmatrices for the alternaives (Table 5). The

rangesof valuesof the criteria (force parameers) corre-

sponding to the altemative tool conditiors have been
foundduring the wearted undersekectedcutting conditions
(Table 6). Regressim analysisis doneusing thee datato

find out the rangesof the force parametes for the tool

wear conditionswithin a wide rangeof cutting conditions.
Wheneer a particula cutting condition is selected,the
rangesof criteria are computedto be usedever time to

assesghe tool wear statesduring that particula condition
of machning.

4 RESULTS AND DISCUSSION

In the preentinvestigaton, the AHP-basedool condition
monitoring has been studied with two consderations
discussd above.Figures3ato e and Table 6 indicate the
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Table 6 Performane of the AHP-basedmonitoring sysem

Cutting Tool conditiors monitoredby AHP models(%)t
Obsoletetool conditiorf
condition Ve, &) | l Il
| --) 73.3 (73.3) 26.7 (26.7) — -
+-) 87.5 (85.7) 125 (14.3) - —
-+ 100 (100) - — — —
(++) — (33.3) - — 100 (66.7)
(o 0) 60.0 (60.0) 40.0 (40.0) —_ -
1] (-=-) 12.5 (12.5) 87.5 (87.5) —  —
(+-) 12.5 12.5 (88.9) 75.0 (11.1)
-+ - — 50.0 (85.7) 50.0 (14.3)
++) 75.0 (25.0) 25.0 (50.0) — (25.0)
(0 o) 27.3 (16.7) 545 (58.3) 18.2 (25.0)
1] -+ — — (20.0) 100 (80.0)
(++) — 90.0 — 10.0 (100)
(o 0) — 25.0 (14.3) 75.0 (85.7)
*Levels — o +
Ve (m/min) 118 148 184
S (mm/rev) 0.1 0.16 0.24

TNumberswithin parenthesesorrespondo individual AHP models while the generalAHP
modelcorrespodsto numberswithout parentheses.

performane of the AHP-basedtlassificationtechniquesof
the stateof tool wear.lt maybe notedthatthe notaionscor-
respondigto modd 1 andmodd 2 usedin Figs3ato eindi-
cateonly the stateof the tool wearandnot the actualtool
wear value. The directly measued flank wea is plotted
againstthe machining time. It is seenthatthe classificatio
techniqueusing mode 1 for eachselectectutting condtion
has,in general higheraccuracythanmodel2, but the latter
is morewidely applicable

At lower cutting speed-feed condtions, the assessment
of the stae of the cutting tool wear by the AHP has a
closematchwith the actualstateof the tool. Only at some
points doesthe AHP systemmisclassify the cutting tool
states,which, perhapsdue to variation in forces, restts
from deep notching occuring beyondthe break-in wear
region, and built-up edge (BUE) formation in somecases
is observedduring the experimenation.

Unde the high speedfeed condition, the tool-wear
stateestimaton is found to be lesseffective Formaton of
the built-up edge at the initial stages,smdl chater at
the initial and later stagesof wear and deep notching
beyondthe break-h wear region may causeundesirable
variation in the force components. The consideable
changesin the effective principal cutting edgeangle due
to large flank wear may also causevariaion in the forces
when the noseradius of the tool is large (0.8mm for the
tool used)

5 CONCLUSION

The following conclusons may be drawn basedon the
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presentinvestigatians:

1. A force-based monitoring system isdevel oped to classify the
tool wear ates using the analytic hierarchy process (AHP).
2. The AHP model for each of the cutting conditions
(model 1) shows betterresultsthan the AHP modé 2,
but the latter methodis suitabk for a wide range of
cutting condtions.
3. Themisclas#icationsmadeby thesysemmaybedueto
someeffectscausingvariation of the force sigrals.
. Exceptfor high cutting speedconditions the AHP-based
monitoring systemenables closeestimateof the stateof
the tools to be made.

N
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