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Abstract — Cavities and ageingleadsto a higher demand for robust and durable dentures. Cobalt chromium
dental castalloys fulfill theserequirements. After the casting, the alloys have to be thoroughly cleanedin an
electrochemicaldissolution bath. In the existing technologyan expert hasto control the polishing process.In
this paper we presenta fuzzy logic controller with 16 fuzzy rules, which completely automatize the polishing
processof cobalt chromium cast alloys. The user hasto only put the untreated cast alloys in the polishing
machine and pressthe start button. Our experimentshave shown, that the tr eateddentureshave a consistent,
very high quality during the sewice life of the electrolyte. Furthermor e, the exchangepoint of the electrolyte is
alsoautomatically determined. The proposedstrategy canbe extendedto other polishing processewith differ ent
castalloys or electrolyte concentrations.

Keywords: fuzzycontrol,fuzzyrules,electrochemicgbolishing,electrochemicainachining electrolyticbrightening,
anodicdissolution,cobaltchromiumdentureseglectrolytestate.

Intr oduction

Electrochemicalmetal removal (ECMR) is the general
namefor a numberof metaivorking processesisedfor

dissolvingmetalfrom workpiecesurfacesin placeof the

corventionalmachiningoperationgBurk91]. A special
field of applicationECMR is the electrochemicatlissolu-
tion of dentureconstructs.Suchartificial teethare used
to bridgegapswhich arecausedy cavities or ageing.To

allow food intake without difficulty, the dentureshave to

be very smoothand shiry. The first productionstepre-

quiresa perfectcastedconstruct. Theseconstructgden-
tures)consistof a very roughcobaltchromiumalloy that
hasto bethoroughlycleanedandpolished.However, the

denturegannotbe sufficiently polishedmechanicallybe-

causeof their shapeand roughness. So, electrochemi-
cal polishingusinglow concentratedgulphuricacidasan

electrolyteis one adequaténandlingmethod[Sieg6§ to

polish the surface of the denturecastalloys. The main

characteristicare definedin the Germanguiding rules
VDI 3401,page2 [VR72].

Thestateof theartrequiresnanualcontrol of theseex-
tremely nonlinearpolishing processes.The userhasto
adjustspecificparametergor eachdentures shape size
and number which vary with the environment, (eg the
temperaturer the stateof the electrolyte. The variety of
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Figurel: Cobaltchromiumdenture

the maminal conditionsand the nonlineardependencies
of theparameterss thereasorfor amissingmathematical
modelaswell asthe absencesf an automaticpolishing
processlt wasshavn in acoupleof experimentsthatthe
polishing result variesfor the sameuser Nevertheless,
the userhassomevagueandimpreciserulesfor the de-
pendencie®f the polishingparametersThe difficulty in
compiling the control know-how is dueto the nonlinear
time varying behaviour of the systemandthe poor qual-
ity of the available measurementsFuzzy control seems
to be a possibility to incorporatetheserulesand to im-



1 large 1 two high
&
o Cl o W A
0A 5A 1I0A O 2 4 0 sec 2000 s
Rule 1:

sec 2000 sec
COG
. medium . wo medium Combined inference results.
S N W, PT,
0.6 az 055/ -\ -ceeceo 2o o= o3
0] 0 - -
0 5A I0A O 2 4 0 sec 2000 sec
Rule 3
Inference

Figure2: Fuzzycontrolleralgorithm

plementthemin an automaticcontrol algorithm. Fuzzy
rule-baseadsystemgFRBS)or fuzzy logic controllersare
importanttoolsfor modelingcomplex systemsTo mirror
naturallanguageconceptsfuzzy logic replacesrue and
falsewith continuousmembershipvaluesranging from
zeroto one. This allows the processingf linguistic con-
cepts(adjectves,adwerbs)like “small”, “big”, “near”, or
“approximately”in the control system.The main advan-
tageis to control processeshat are too complex to be
mathematicallymodeledn real-time.So,thebasicideaof
this approachs to incorporatethe know-how of a skilled
humanoperatorinto fuzzy setsand fuzzy rules, which
would thenbe combinedby thefuzzyimplicationandthe
compositionatule of inference.

Beforewe describethe polishingprocesf dentalcast
alloys in sectionthreeandthe designof the fuzzy logic
controller in sectionfour, a formal, brief overviev of
fuzzy control is givenin the next section. An extended
introductionto fuzzy control canbe foundin mary good
textbooks,eg [Kosk91] Dria93. Furthermorethe proper
ties of our new approachandthe hardwareimplementa-
tion aredescribedn sectionfive andsix.

Basicterms of Fuzzy Controllers

The fuzzy control algorithmis basedon the generalized
modusponengnferencerule [Wata9(Q:

Premise: A istrue
Implication: If A thenB
Conclusion: Bistrue

Fuzzy functions replace “crisp” propositions A and
B. Thesefunctions characterizeand define fuzzy sets
through 1 : U — [0,1] with x — p(x), so i
{(%,5(X))|x € U,(X)}. Zadeh[Zade6F definesfuzzy
setsin threeimportantfuzzy operations:

IntersectionC=A N B,
He(X) = min(Ha(x), pg (X))
UnionC=A U B,

e (X) = max(pia(X), Hg(X))
Complement,
Hz(X) = 1— pp(X)

A, B andC arefuzzy setsandU is the universeof dis-

coursefor x. Thesefundamentabperationgogethemwith

theset[0,1] formsafuzzy algebrasothatary logic func-

tion canbebuilt. After Zadehs basicwork a lot of other
fuzzy operationshave beendefined[Yage80 Zimm9qQ,.

The important operationsfulfill the triangular norm (t-

norm, eg minimum) or t-co-norm, eg maximum condi-
tions. Insteadof u,(x) we only write A to denotethe
fuzzy set A. Replacingcontinuousfunctions with unit

pulsesimplementsthe Booleanalgebra,a subsetof the
fuzzy algebra. In contrastto a corventionalknowledge
basedsystem,the premiseof therule is a valuein [0,1]

insteadof {0,1}. The examplein Figure 2 introduces
the basicfuzzy algorithm. It shows three simple rules
for a polishing device with two inputs (n = 2) “size”

(in Ampéres)and“number” (of denturesandoneoutput
(m= 1) “polishing-time” (in seconds).The “size” (sur

face)is measuredby the currentbetweerthetwo dentures
(Figure3).



R1: IF sizeis large AND numberis two
THEN polishing-timeis high
R2: IF sizeis smallAND numberis two
THEN polishing-timeis small
R3: IF sizeis mediumAND numberis two
THEN polishing-timeis medium
Theinput valuesof the variables'size” and“number”
are simultaneouslyswitchedto all the rulesto be com-
paredwith the storedpremiseqIF parts). Now the truth
valuesas'ze, af™MPerfor every sub-premisarecalculated

by:

a7 =, (sizg , for A, € {smal,med}

arumber — pg (numbe) , for B; € {onetwo}
, fori=1...3

| (1)
a5'?® = 0.2 and a§uMPe = 0.55 in rule 2 generatesa
rule matchingor truth value of w, = 0.2, becausethe
fuzzy logic conjunction“AND” is interpretedasthe min-
im_um of aisize and ainumber (Oq — min(aisize7 ainumber))_
a;%¢ = 0.0 indicatesthat the input doesnot matchwith
the storedsub-premiset all, which leadsto a complete
non-contrilution of rule 1 to the output. The conclusion
of eachruleis

PT' = {min(w,PT;(x)) | x€ PT}, fori=1...3 (2)

andrepresentshe conclusion(THEN part) of eachrule.
ThefuzzyresultfunctionPT’ is theunificationof all sub-
resultsPT’ andis calculatedoy:

®3)

In mostapplicationgheoutputvaluesare“crisp” numbers
(unit pulses),which areaccomplishedy calculatingthe
centerof gravity (COG) of the resultingfuzzy function
PT"

PT' = JPT, fori=1...3%

Jxx PT'(x)dx
- JPT/(x)dx @
The describedFRBS with binary input and output val-
uesis called BIOFAM (Binary Input-OutputFuzzy As-
sociatve Memory)[Kosk91] or the MIN-MAX algorithm
[Mamd74 with the COGusedasdefuzzificatiormethod.

Thecalculationof thefuzzy resultfunctionPT’ andthe
centerof gravity is the bottleneckduringthe computation
of thefuzzy algorithm. Therefore a modifiedresultfunc-
tion calculation(FCOG)[Infr90, Surm95h is suggested,
in which the centerof areaM, andthe areaA; of amem-
bershipfunction arecalculatecbeforeruntime (I = num-
berof outputmembershigunctions):

COGp;

A = [PT'(x)dx, M, = [xxPT(x)dx

|
M
izqu '

®)

COGer

2 A

1compositionatule of inferenceMamd74

A fuzzy controller with multiple inputs and one output
is called a MISO fuzzy controller Each multiple in-
put/multipleoutput(MIMO) fuzzy controllerwith m out-
putvariabless a unificationof severalMISO controllers.
MIMO describes partial, n-dimensionalnonlinearand
dynamicfreefunction f : U C R" - R™ becauséhe |/O
behaiour of the FRBS dependwnly on the currentin-
put vector and the algorithm hasno storing or delaying
elements.

More mathematicallythe 6-tuple FRB = (p,,,RT,
|,T —CO,DEF) is afamily of fuzzy controllers(FC) with
the membershigunctions i, the fuzzy rule baseR, the
t-norm fuzzy conjunctionT, the implication | verifying
I(a,0) =0if a## 0 (eg a R-implication or t-norm), the
t-co-normT-CO andthe defuzzificationmethodDEF (eg
centerof gravity, maximumor FCOG).The main param-
etersfor theFRBSarethenumberof fuzzy rulesk andthe
position(a) andwidths (b) of theinput and outputmem-
bershipfunctions.Of primeimportancds thatFC € FRB
is auniversalapproximator

THEOREM 1 (Universalapproximator) Let FRB be
the setof all FC and f : U C R" — R be a continuous
functiondefinedona compactU. For each € > O there ex-
istsa FC, € FRBsud that

swp{| (®) ~FCs() | [ReU}<e.

Castro[Cast93 providesthe proof. Clearly, from a the-
oretical viewpoint a fuzzy controller performsthe same
actionsasotheruniversalapproachesTheimportantpart
is, thatthefuzzy rule-basedpproachs a highlevel, sym-
bolic modelingtechnique Sincethe fuzzy rulesresemble
muchmorecloselytheway humansexplain generakules,
the fuzzy controlleralgorithmeasily definesthe function

—h

Electropolishing of cobalt
chromium dental plate castalloys

During electropolishing,a power supply unit forcesan

electricchage andmaterialexchangg(ions) betweernthe

dentalplate (anode)and metaniumsheet(cathode). The

ions migrate towards conductingelectrodesthrough an

electrolyte(low concentratedgulphuricacid). The reac-
tion ervironmentis showvn in Figure3. In whatfollows,

a simplified descriptionof this electrochemicaprocedure
is given.

Applying a voltageresultsin a chage exchangebe-
tweenthe cathodeandthe anodein which the workpiece
getsoxidized [VR72]. Furthermore molecularoxygen
ariseson the positive electrode. The oxygenrecombina-
tion is exothermal,that meansa part of the supplieden-
ergy is corvertedinto heatand the electrolyteheatsup
duringpolishing.
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Figure3: PolishingprocessReactionequation:
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Onthecathodehydrogenis reducednthewhole. The
oxidized part of the atomschangesnto ionsin the elec-
trolyte andformssolubleandinsolublechemicalmixtures
(Figure3). Theinsolublepartcanberecognizedaisa dark
sedimenin theelectrolyte.
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Figure4: Circuit diagramof the polishing processwith
anexternalcurrentsupply

Figure4 shovstheelectricalcircuit diagram.Theelec-
trolytic cell containsthe currentsupply G with its com-
plex impedance; andthewire andcontactresistance, .
Z, includesthecurrentfeedingtheelectrodeso theeffec-
tive electrodearea.Z; consistof inductive andcapacitve
component®f the currentsupply Theimpedancer,, of
the cell consistof the polarisatiornresistancef the cath-
ode (titanium) Z,,, andthe anodeZ,, (dentalplates)as
well asthe Ohmicelectrolyticresistancdetweerthecell
Ry - R, depend®nthespecificcircuit capacityk, theav-
erageadistances betweertheelectrodesandthesizeof the
effective electrodeareaof the anode(A) andthe cathode
(K) [VR72].

s
A(K)

X |k

Re = (6)

Furthermorethe specificcircuit capacityk depend®n
the compositionof the electrolytesolutionaswell asits
concentratiorandtemperaturd,. In particular thecircuit
capacityk change®n the borderbetweerthe electrodes
andtheelectrolyteduringtheoperation.Theeffectiveness
of theelectrolytemainly depend®nthespecificweighty,
themetalconcentratiorGy, theelectrolyteconcentration,
thewaterconcentrationthetemperaturetheviscosityand
the specificcircuit capacityk. The durability L, of the
electrolyteandthe momentumstateE, of the electrolyte
arecalculatedby the numberof Ampérehourstaken.

Polishing parameters

The important parameterguring the polishing process
andtheir principledependenciefsom eachotherareanal-
ysedwith sheetsteelin experimentaktudies(“Hull-Cell-
Studies”)[Venk9]. Someof the resultsof thesestudies
canbe adoptedto cobaltchromiumcastalloys. Accord-
ing to that, we find the following dependenciesywhich
are supplementedvith our own experiments[Huse94
[Surm95&

e Thepolishingresultimprovesexponentiallywith the
timet.

e A relative motion betweenthe dentalcastalloy and
theelectrolyteimprovesthebrighteningresultduring
the polishingprocess.The motion of the workpiece
causeshe dischage of gasbubblesfrom it besides
causingheremoval of heatfrom theanodeandelec-
trolyte exchangeon thedenturesurface.

e Thereis anonlinearrelationshipbetweerthe polish-
ing resultandthetemperaturef theelectrolyte.The
higherthe temperaturdhe higheris the specificcir-
cuit capacityk andthe lower is the resistanceR,.
However, temperaturesver 55°C leadto a conden-
sationof the electrolyteand canburn the userif he
touchesthe pan. So, temperaturesver 55°C have
to be excludedbecauseof injury to the user Con-
sequently a working temperatureof 48°, 4+ 4°C is
choserbasedn therestrictionsin [Poll93].

e Furthermorethe currentdensity S is importantfor
the polishingresult. The averagecurrentdensity S,
resultsfrom the applied currentand the surface of
the dentures. The currentdensity S is the effective
currentiy, over eachsurfaceareaunit. The density
is differenton the anodeandthe cathode.A current
densityS;, which is too high “burns” the top of the
denturesand sometimeshig metal moleculesburst
outof themetal.

e Theincreasingservicelife L, of the electrolytede-
terioratesthe polishing result (L is measuredn



Amperehours). Themetalmoleculeswhich aredis-
solvedin the electrolytechangethe circuit capacity
andwith that the Ohmic resistanceR,, of the elec-
trolyte also changes. On the one hand, this shifts
the currentdensity and on the other, the polishing
time neededo getsatisfyingresultss extended Fur-
thermoretheoptimumtemperaturés shiftedhigher
The changen the currentdensitydependingon the
electrolyte state is a modeling uncertaintyand is
hencenot considered. A new electrolytecontains
only a few ions. So, the polishingtime hasto be
increasedluringtheinitial polishingprocessesThe
maximummaterialturnoveronthework piece/ elec-
trolyte phaseborderis reachedafterafew polishing
experiments.Figure5 showvs the activity depending
onthebathconcentration.

adivity(%)
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25 |- UNECONOMICAREA  \
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low high
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C

Figure5: Activity line (in %) of chemicalpolishingpro-
cesseslependingon theelectrolyteconcentration

e The polishingresultdependsn a nonlinearway on
the numberof denturedn the electrolytebath,i.e.,
the optimum currentof a large dentureis not equal
to the optimum currentof its half. That's why on
the one hand,the distances betweenthe electrodes
is different (eq. 6) becauseof the different two-
dimensionabrrangemendf thedenturesn theelec-
trolyte, while on the other, the polishingprocesya-
rameterk changeson the borderbetweenthe elec-
trodesandthe electrolyteduringthe operation.

State-of-the-artpolishing machine$ are user-con-
trolled with a heatingand cooling device to control the
temperaturef the electrolyte,a motor for the motion of
thedenturecastalloys anda power supplyfor themanual
adjustmenof the current[Frie90, Lind91]. Now, thegoal
is to automatizethe polishing processwith a rule-based
fuzzy logic controller, so thatthe userhasto only putin
the dental platesand pressthe start button without any

a consistentigh quality polishingresultindependenbf
thedenturesizeandtheelectrolytestate.

Designof the fuzzy logic controller

During polishing, the behaiour of the electrolytic cell
is extremely nonlinearbecauseof the parametervaria-
tions. Hence,the cell is consideredas an uncertainsys-
temin general,without ary closedanalyticalmodel. A
skilled humanoperatoralsohassomedifficultiesin con-
sistentlypolishing the denturecastalloys optimally. On
the one hand, estimatingthe size of the denturess im-
preciseandsois estimatingthe basicpolishingtime. On
theotherhand theoperatorestimateshe stateof theelec-
trolyte manually Particularlyif differentusersoperateahe
samepolishing machine thereis high uncertaintyabout
the electrolytequality. So, the usercannotincreasethe
basicpolishingtime in anoptimalway.

The fuzzy rulesandthe membershigunctionsfor the
linguistic variableswere developedwith our own fuzzy
case-toolFUNNYLAB [Surm93 basedon the subjec-
tive humanexperiencedescribedabore. The 16 fuzzy
rulespresentedn Figure7 controlthe polishingprocess.

The rules 1-3 control the power of the motor — the
power supply dependson the temperatureof the elec-
trolyte. The polishing processstartsonly if the temper
aturehasreachedhe working point, (around48°C). The
fuzzy rules4-6 control the temperaturef the electrolyte
throughthe heatingand cooling system. They monitor
and control the systemand keepit in the working point,
around48°C. Dependingon the numberand size of the
dentalcastalloys, the fuzzy rules 7-12 determinethe ba-
sic polishingtime, the control voltagefor the power sup-
ply and accordingto that, the currentdensity Depend-
ing on the electrolytestate,the basicpolishingtime in-
creasegrules 13-16). Figure 8 shavs the polishingpro-
cessflowchart.

Figures9 and10 shav themembershigunctionsof the
four linguisticinputvariablesandthe six linguistic output
variables.

Theuniverseof discourseof the membershigunctions
is definedthroughour own experiments It is worth men-
tioning, how thetwo linguistic variables'size” and“num-
ber” of the dental castalloys are defined. For the cal-
culation of the input valuesof thesevariables,a prede-
fined control voltageis appliedin the working tempera-
ture range. Then, the size of the denture(effective area
of the anode)adjustsa determinedresistanceand a de-
terminedcurrent,correspondindo equation6. It is also
necessaryto considerthe electrolyte state, becausehe
specificcircuit capacityk determineghe electricalresis-
tanceR,, (eq. 6), andk dependn the electrolytestate.

otheradjustments.The fuzzy logic controllerguarantees Thesizeof adentalcastalloy is indicatedthroughthecur

%je Dentalux 2 from Krupp Medicine Technic GmbH, Essen,
Germay

rentin amperesatthe highestcontrolvoltageof thepower
supplyto save computatiortime (Figure9).
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Figure6: Linguistic variablesof thefuzzy logic controller

. IF Temperaturéslow  THEN Power is off
: IF Temperaturés normal THEN Poweris on
. IF Temperaturés high  THEN Power is off

N o0k, WNBE

. IF Numberis oneAND Sizeis very small

. IF Temperaturés too low THEN Heatingis on AND Coolingis off
: IF Temperaturés mediunTHEN Heatingis off AND Coolingis off
: IF Temperaturés too highTHEN Heatingis off AND Coolingis on

THEN Polishing-times very smallAND

Voltageis very small

8: IF Numberis oneAND Sizeis small

THEN Polishing-timeis smallAND

Voltageis small

9: IF Numberis oneAND Sizeis mediumhigh THEN Polishing-timeis high AND
Voltageis mediumhigh

10: IF Numberis two AND Sizeis mediumhigh THEN Polishing-timeis mediumAND
Voltageis medium

11: IF Numberis two AND Sizeis high

THEN Polishing-timeis mediumhigh AND

Voltageis high

12: IF Numberis two AND Sizeis very high

THEN Polishing-times very high AND

Voltageis very high

13: IF Electrolyt-statds new

THEN Polishing-time-increasis very high

14: IF Electrolyt-statdés good THEN Polishing-time-increasis zero
15: IF Electrolyt-statés mediumTHEN Polishing-time-increasis medium

16: IF Electrolyt-statds bad

THEN Polishing-time-increasis high

Figure7: Thefuzzyrules

Simultaneouspolishing of two dentureson the one
handreducesthe averagedistances betweenthe anode
andthe cathode,and on the other increaseghe specific
circuit capacityk. Thereforetheelectricalresistancele-
creasesndthe currentincreasesTheresultingtransition
gapcanbeusedto detectthenumberof dentalcastalloys.
With the bath dimensionsof 25 cm x 10 cm x 10 cm,
the large dentalcastalloys requirea currentof =~ 6A for
onedentureand= 10A for two denturesThevaluesvary
around0.5A dependingpn the electrolytestate.

The authorsof the “Hull-Cell-Studies” [Venk9] do
precisereflectionand weight loss measurementfor the
judgmentof polishingresults. Other verifying methods
are: profile analysis,interferencemeasurementand mi-
croscopicpicturesof the polishedsurface[Burk91]. In
our case we usedsomereferencedenturesandclassified
themwith arasterelectronmicroscope Figure11 showvs

threereferencedenturesand their rasterelectronmicro-
scopepictures.

Propertiesof the fuzzy controlled pol-
ishing machine

Sinceourwork is thefirst in thefield of automatigolish-
ing of cobaltchromiumdentalcastalloys[Surm94, it was
notpossibleto compareghegivenrule basewith otherap-
proachesNeverthelessanimpressiorof theinput/output
behaviour of thefuzzy controlleris presentedby shoving

the dependenciedefinedthroughthe fuzzy rules. Figure
12 shaws the influenceof the temperaturen the heating
andcooling systemaswell ason thevoltage. Therelays
switch on if the outputvalue DefuzZx) > 0.6 andthey

switch off if the outputvalue Defuzzx) < 0.4. A relay
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Figure9: Membershigunctionsof thefour inputvariables
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Figure12: Behaviour of the pawerdependingntheelec-
trolyte temperatureThe systemis switchedoniif the out-
putvalueu(T) > 0.6 andis switchedoff if u(T) < 0.4.

canonly switch on/off if therewasno changeduringthe
previous 5 seconds. A temperatureof more than 45°C
turnson the voltageandstartsthe polishingprocess.An
increasein temperatureover 46°C switchesthe heating
systemoff anda furtherincreaseover 49°C switchesthe
coolingsystenon. If afurtherincreasen thetemperature
takesit above 51°C, thenit is too greatto be cooledby
the cooling systemandthe procesds turnedoff until the
temperaturelecreases.

Figure13and14 shawv thebasicpolishingtime andthe
control voltageof the power supplyfor oneandtwo den-

turesdependingpn their effective size. The figuresshow
thedifferencesn theregion of thetransitiongapbetween
two smallandonebig denture.While for two dentalcast
alloys,thebasicpolishingtimeincreasesonsiderablythe
controlvoltagefor the power supplychangeonly alittle
becausef the alteredaveragedistances andthe specific
circuit capacityk. The basicpolishingtime increasess
a percentagevith the electrolytestateasshawn in figure
15. A new electrolytebathcontainsonly a few dissolhed
ions, so the basicpolishing time hasto be increasedn
the beginning, but the maximummaterialvolume on the
material/ electrolytephaseborderis reachedafter a few
polishing trials. At the end of the servicelife, the pol-
ishing time increasesgainandthe electrolytehasto be
changedat a lifespanof 250000 As becausef the long
anduneconomicapolishingtimes. Figure 16 shavs the
increasingpolishing time dependingon the stateof the
electrolyteandthe sizeof thedentalcastalloys.

Hardware implementation

The polishingmachines 27 cm high, 30 cmwide, 31 cm
long andconsistof aprimaryclockedpower pack,which
is controlledby a microcontrolle? [Pasc94. The micro-
controllerselectsthe requiredcurrentfrom 0 — 10A over
a pulse-duration-modulatioPDM) interface. A PDM
currenthasthe advantagesf smoothersurfaces,higher

3Intel 80535
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Figure10: Membershigunctionsof the six outputvariables

severity andlower abrasionof the dentures.Also, addi-
tivesfor theelectrolytecanbesaszedandimprovementsn
the currentgainanddispersioncapabilitycanbe reached
throughpulse-platindgLeis92. Figurel7shovstheblock
diagramof the polishing device with the control unit.
Linked by the polishingelectrodesthe dentalcastalloys
in the electrolyteare directly connectedwith the output
signalof the currentcontrol.

On the other side, the polishing electrodesare linked
with a motorto move the denturesn the bath. The mo-
tor is connectedvith the microcontrollerover relays,so
that it can control the movementof a denture. For the
calculationof the currentflow in the polishingbath, the
voltageis measuredver a resistorandtransferredo the
microcontroller

Furthermorethe polishingmachinecontainsa heating
andcoolingsystem.Thecoolingsystemconsistf a spi-

ral pipe, which hasto be connectedo an external wa-
ter supply The microcontrollercontrolsthe temperature
by switching the heatingand cooling systemon and off
with furtherrelays. By measuringhe voltagedrop over
a temperatureesistorin the electrolytebath, the micro-
controllercalculateghe electrolytetemperatureTheuser
canstartthe polishing processor he cangive simplein-
putsto the microcontrollerby the useof buttons.A small
display shavs messagesr the internal statesof the pol-
ishingmachine.Storingthe electrolytestateE is possible
becausehe microcontrolleris batterybuffered. Even if
the external power of the polishingmachineis switched
off, therestcurrentsupplyof the microcontrolleris guar
anteed.Thewhole control algorithmincluding the fuzzy
systemis storedin an EPROM. All experimentsduring
the developmentprocessof the control algorithmswere
doneon a PC with a digital I/0 cardandthe fuzzy case



Figure1l1: Comparisorof anon-polishedabove)with aninadequately-polishe@iniddle) anda well-polisheddenture
(right) andtherasterelectronmicroscopepictures(left) of therespectie denturesurfaces
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Conclusions

Startingfrom a purely usercontrolledpolishingmachine
for cobaltchromiumdentalplatecastalloys, we have de-
velopedanautomatigoolishingmachinebasedn afuzzy
logic controller The depictedfuzzy rules are basedon
physicalequationsexperimentalstudiesin the literature
andour own experiments.The resultsof the preliminary
experimentsareimplementedn a fuzzy knowledge-base
with fuzzy casetools. Thus, it was possibleto build the
first automaticpolishing machinefor cobalt chromium
denture§Surm94.

With the fuzzy rulesit is possibleto considerthe plau-
sibility of all the input valuessimultaneouslywhile cal-
culatingand storingthe electrolytestatewithin a micro-
controller, togetherwith the simultaneousevaluation of
the electrolyteageingand the size and numberof den-
tures. We notethatin particular the size of the denture
(effective surfaceof the anode)andthe electrolytestate

4 T T T T
38 |- —
3.6 - —
Voltage
- one prothese -
(V) two protheses
g2l 1
3 - -
2.8 | | | |
0 2 4 6 8 10
Size (A)

Figure 14: Voltagefor the currentsupply dependingon
the numberandthe areaof thedentures

polishing time
increase (%)

size (A)
electrolyte state (As

Figure16: 3D plot of the dependenciebetweertheelec-
trolyte state,the size of the dentalcastalloys andthe in-
creasingpolishingtime

cannotbe preciselycalculated So,theseveralhypotheses
are weightedand combinedwith the compositionalrule
of inferencein thefuzzy logic controllet

While operatingprevious polishingmachinesthe user
hadto estimateandadjustindividual parameterdik e the
sizeandcontourof thedentalcastalloy aswell astheelec-
trolyte state. Now, everythingis adjustedautomatically
Furthermorethe calculationandstorageof theelectrolyte
statein the microcontrollerenablego determinethe ex-
changepoint of the electrolytewhenit is usedup through
ageing. The new polishingmachineshows a consistent
very high quality of the denturegduringits servicelife.

The fuzzy systemis easyto understandand maintain
becausehe fuzzy rules correspondlirectly to the users
experience.Therefore differentautomaticpolishingpro-
cesseswith otheralloys or varying electrolytesolutions
canbe developedby only shifting the membershigunc-
tions. Also, bigger and more complex polishing pro-
cessegan be automaticallycontrolledby implementing
theusers experiencesn fuzzy rules,providedthatappro-
priatefuzzy casetoolsareavailable.
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