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Abstract – Cavities and ageing leadsto a higher demand for robust and durable dentures. Cobalt chromium
dental cast alloys fulfill theserequirements. After the casting, the alloys have to be thoroughly cleanedin an
electrochemicaldissolution bath. In the existing technologyan expert has to 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 has to only put the untr eated cast alloys in the polishing
machineand pressthe start button. Our experimentshave shown, that the tr eateddentureshave a consistent,
very high quality during the service life of the electrolyte. Furthermor e, the exchangepoint of the electrolyte is
alsoautomatically determined. Theproposedstrategycanbeextendedto other polishingprocesseswith differ ent
castalloys or electrolyte concentrations.

Keywords: fuzzycontrol,fuzzyrules,electrochemicalpolishing,electrochemicalmachining,electrolyticbrightening,
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Intr oduction

Electrochemicalmetal removal (ECMR) is the general
namefor a numberof metalworking processesusedfor
dissolvingmetalfrom workpiecesurfacesin placeof the
conventionalmachiningoperations[Burk91]. A special
field of applicationECMR is theelectrochemicaldissolu-
tion of dentureconstructs.Suchartificial teethareused
to bridgegapswhich arecausedby cavities or ageing.To
allow food intake without difficulty, thedentureshave to
be very smoothandshiny. The first productionstepre-
quiresa perfectcastedconstruct.Theseconstructs(den-
tures)consistof a very roughcobaltchromiumalloy that
hasto bethoroughlycleanedandpolished.However, the
denturescannotbesufficiently polishedmechanicallybe-
causeof their shapeand roughness.So, electrochemi-
cal polishingusinglow concentratedsulphuricacidasan
electrolyteis oneadequatehandlingmethod[Sieg68] to
polish the surfaceof the denturecastalloys. The main
characteristicsare definedin the Germanguiding rules
VDI 3401,page2 [VR72].

Thestateof theart requiresmanualcontrolof theseex-
tremely nonlinearpolishing processes.The userhasto
adjustspecificparametersfor eachdenture’s shape,size
and number, which vary with the environment, (eg the
temperatureor thestateof theelectrolyte.Thevarietyof�
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Figure1: Cobaltchromiumdenture

the marginal conditionsand the nonlineardependencies
of theparametersis thereasonfor amissingmathematical
modelaswell asthe absencesof an automaticpolishing
process.It wasshown in acoupleof experiments,thatthe
polishing result variesfor the sameuser. Nevertheless,
the userhassomevagueandimpreciserulesfor the de-
pendenciesof thepolishingparameters.Thedifficulty in
compiling the control know-how is dueto the nonlinear,
time varyingbehaviour of the systemandthe poor qual-
ity of the availablemeasurements.Fuzzycontrol seems
to be a possibility to incorporatetheserules and to im-
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Figure2: Fuzzycontrolleralgorithm

plementthemin an automaticcontrol algorithm. Fuzzy
rule-basedsystems(FRBS)or fuzzy logic controllersare
importanttoolsfor modelingcomplex systems.To mirror
naturallanguageconcepts,fuzzy logic replacestrue and
falsewith continuousmembershipvaluesranging from
zeroto one.This allows theprocessingof linguistic con-
cepts(adjectives,adverbs)like “small”, “big”, “near”, or
“approximately”in thecontrol system.Themainadvan-
tage is to control processesthat are too complex to be
mathematicallymodeledin real-time.So,thebasicideaof
this approachis to incorporatetheknow-how of a skilled
humanoperatorinto fuzzy setsand fuzzy rules, which
would thenbecombinedby thefuzzy implicationandthe
compositionalrule of inference.

Beforewe describethepolishingprocessof dentalcast
alloys in sectionthreeand the designof the fuzzy logic
controller in section four, a formal, brief overview of
fuzzy control is given in the next section. An extended
introductionto fuzzy controlcanbe foundin many good
textbooks,eg [Kosk91, Dria93]. Furthermore,theproper-
ties of our new approachandthe hardwareimplementa-
tion aredescribedin sectionfiveandsix.

Basicterms of FuzzyControllers

The fuzzy control algorithmis basedon the generalized
modusponensinferencerule [Wata90]:

Premise: A is true
Implication: If A thenB
Conclusion: B is true

Fuzzy functions replace “crisp” propositions A and
B. Thesefunctions characterizeand define fuzzy sets
through µi : U � �

0 � 1� with x �� µi � x� , so i 	
 � x � µi � x���
� x � U � µi � x��� . Zadeh[Zade65] definesfuzzy
setsin threeimportantfuzzyoperations:

IntersectionC = A � B,
µC � x��	 min � µA � x��� µB � x���

UnionC = A � B,
µC � x��	 max� µA � x��� µB � x���

ComplementĀ,
µ

Ā � x��	 1 � µA � x�
A, B andC are fuzzy setsandU is the universeof dis-
coursefor x. Thesefundamentaloperationstogetherwith
theset[0,1] formsa fuzzyalgebra,sothatany logic func-
tion canbebuilt. After Zadeh’s basicwork a lot of other
fuzzy operationshave beendefined[Yage80, Zimm90].
The important operationsfulfill the triangular norm (t-
norm, eg minimum) or t-co-norm,eg maximumcondi-
tions. Insteadof µA � x� we only write A to denotethe
fuzzy set A. Replacingcontinuousfunctions with unit
pulsesimplementsthe Booleanalgebra,a subsetof the
fuzzy algebra. In contrastto a conventionalknowledge
basedsystem,the premiseof the rule is a valuein [0,1]
insteadof



0,1� . The example in Figure 2 introduces

the basic fuzzy algorithm. It shows threesimple rules
for a polishing device with two inputs (n 	 2) “size”
(in Ampères)and“number” (of dentures)andoneoutput
(m 	 1) “polishing-time” (in seconds).The “size” (sur-
face)is measuredby thecurrentbetweenthetwo dentures
(Figure3).



R1: IF sizeis largeAND 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

The input valuesof thevariables“size” and“number”
are simultaneouslyswitchedto all the rules to be com-
paredwith the storedpremises(IF parts). Now the truth
valuesαsize

i , αnumber
i for everysub-premisearecalculated

by:

αsize
i 	 µAi � size� � f or Ai � 
 small � med���

αnumber
i 	 µBi � number��� f or Bi � 
 one� two�� f or i 	 1 ����� 3

(1)
αsize

2 	 0 � 2 and αnumber
2 	 0 � 55 in rule 2 generatesa

rule matchingor truth value of ω2 	 0 � 2, becausethe
fuzzy logic conjunction“AND” is interpretedasthemin-
imum of αsize

i and αnumber
i (ωi 	 min � αsize

i � αnumber
i � ).

αsize
1 	 0 � 0 indicatesthat the input doesnot matchwith

the storedsub-premiseat all, which leadsto a complete
non-contribution of rule 1 to the output. The conclusion
of eachrule is

PT �i 	 

min � ωi � PTi � x����� x � PTi ��� for i 	 1 ����� 3 (2)

andrepresentsthe conclusion(THEN part) of eachrule.
ThefuzzyresultfunctionPT � is theunificationof all sub-
resultsPT �i andis calculatedby:

PT � 	�� PT �i � for i 	 1 ����� 31 � (3)

In mostapplicationstheoutputvaluesare“crisp” numbers
(unit pulses),which areaccomplishedby calculatingthe
centerof gravity (COG) of the resultingfuzzy function
PT � :

COGPT 	! x " PT � � x� dx

 PT � � x� dx
(4)

The describedFRBS with binary input and output val-
uesis called BIOFAM (Binary Input-OutputFuzzy As-
sociativeMemory)[Kosk91] or theMIN-MAX algorithm
[Mamd74] with theCOGusedasdefuzzificationmethod.

Thecalculationof thefuzzyresultfunctionPT � andthe
centerof gravity is thebottleneckduringthecomputation
of thefuzzyalgorithm.Therefore,a modifiedresultfunc-
tion calculation(FCOG)[Infr90, Surm95b] is suggested,
in which thecenterof areaMi andtheareaAi of a mem-
bershipfunctionarecalculatedbeforerun time (l = num-
berof outputmembershipfunctions):

Ai 	  PT � � x� dx � Mi 	  x " PT � � x� dx

COGPT 	
l
∑

i # 1
ωi $ Mi

l
∑

i # 1
ωi $ Ai

(5)

1compositionalruleof inference[Mamd74]

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-
put variablesis a unificationof severalMISO controllers.
MIMO describesa partial, n-dimensional,nonlinearand
dynamicfreefunction f : U % IRn � IRm becausetheI/O
behaviour of the FRBS dependsonly on the currentin-
put vectorand the algorithm hasno storingor delaying
elements.

More mathematicallythe 6-tuple FRB = � µab,R,T,
I ,T � CO,DEF � is a family of fuzzycontrollers(FC)with
the membershipfunctionsµ , the fuzzy rule baseR, the
t-norm fuzzy conjunctionT, the implication I verifying
I � a � 0��	 0 i f a &	 0 (eg a R-implicationor t-norm), the
t-co-normT-CO andthedefuzzificationmethodDEF (eg
centerof gravity, maximumor FCOG).Themainparam-
etersfor theFRBSarethenumberof fuzzyrulesk andthe
position(a) andwidths(b) of the input andoutputmem-
bershipfunctions.Of primeimportanceis thatFC � FRB
is a universalapproximator.

THEOREM 1 (Universalapproximator) Let FRB be
the setof all FC and f : U % IRn � IR be a continuous
functiondefinedona compactU. For each ε ' 0 thereex-
istsa FCε � FRBsuch that
sup


 � f �)(x�*� FCε �+(x���,� (x � U �.- ε.

Castro[Cast93] providesthe proof. Clearly, from a the-
oretical viewpoint a fuzzy controller performsthe same
actionsasotheruniversalapproaches.Theimportantpart
is, thatthefuzzyrule-basedapproachis ahighlevel, sym-
bolic modelingtechnique.Sincethefuzzy rulesresemble
muchmorecloselythewayhumansexplaingeneralrules,
the fuzzy controlleralgorithmeasilydefinesthe function
f .

Electropolishingof cobalt
chromium dental plate castalloys

During electropolishing,a power supply unit forcesan
electricchargeandmaterialexchange(ions)betweenthe
dentalplate(anode)andmetaniumsheet(cathode).The
ions migrate towards conductingelectrodesthrough an
electrolyte(low concentratedsulphuricacid). The reac-
tion environmentis shown in Figure3. In what follows,
a simplifieddescriptionof this electrochemicalprocedure
is given.

Applying a voltage resultsin a charge exchangebe-
tweenthecathodeandtheanodein which theworkpiece
getsoxidized [VR72]. Furthermore,molecularoxygen
ariseson the positive electrode.The oxygenrecombina-
tion is exothermal,that meansa part of the supplieden-
ergy is convertedinto heatand the electrolyteheatsup
duringpolishing.



5%
Sulphuric acid
hydrochloric acid

10%
Glycol85%

Molybdemum
Manganese

Charge number

Chromium

Electrolyte

+-

Cathode Anode

Nitrogen
Carbon
Silicon

29.0 %
  6.5 %
  0.85%
  0.7 %
  0.2 %
  0.19%

62.5 %Cobalt

Metal
e

Denture

z
Me

Electron

Reaction environment:
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Onthecathode,hydrogenis reducedonthewhole.The
oxidizedpart of the atomschangesinto ions in the elec-
trolyteandformssolubleandinsolublechemicalmixtures
(Figure3). Theinsolublepartcanberecognizedasadark
sedimentin theelectrolyte.
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Figure4: Circuit diagramof the polishingprocesswith
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Figure4 showstheelectricalcircuit diagram.Theelec-
trolytic cell containsthe currentsupplyG with its com-
plex impedanceZi andthewire andcontactresistanceZL.
ZL includesthecurrentfeedingtheelectrodesto theeffec-
tiveelectrodearea.Zi consistsof inductiveandcapacitive
componentsof thecurrentsupply. TheimpedanceZW of
thecell consistsof thepolarisationresistanceof thecath-
ode(titanium) ZPK and the anodeZPA (dentalplates)as
well astheOhmicelectrolyticresistancebetweenthecell
Rel. Rel dependsonthespecificcircuit capacityκ , theav-
eragedistancesbetweentheelectrodesandthesizeof the
effective electrodeareaof theanode(A) andthecathode
(K) [VR72].

Rel 	 1
κ

s
A � K � (6)

Furthermore,thespecificcircuit capacityκ dependson
the compositionof the electrolytesolutionaswell asits
concentrationandtemperatureTa. In particular, thecircuit
capacityκ changeson theborderbetweentheelectrodes
andtheelectrolyteduringtheoperation.Theeffectiveness
of theelectrolytemainlydependsonthespecificweightγ,
themetalconcentrationGm, theelectrolyteconcentration,
thewaterconcentration,thetemperature,theviscosityand
the specificcircuit capacityκ . The durability Ld of the
electrolyteandthe momentumstateEz of the electrolyte
arecalculatedby thenumberof Ampèrehourstaken.

Polishing parameters

The important parametersduring the polishing process
andtheirprincipledependenciesfrom eachotherareanal-
ysedwith sheetsteelin experimentalstudies(“Hull-Cell-
Studies”)[Venk91]. Someof the resultsof thesestudies
canbe adoptedto cobaltchromiumcastalloys. Accord-
ing to that, we find the following dependencies,which
are supplementedwith our own experiments[Huse94]
[Surm95a]:

9 Thepolishingresultimprovesexponentiallywith the
time t.

9 A relative motion betweenthe dentalcastalloy and
theelectrolyteimprovesthebrighteningresultduring
thepolishingprocess.Themotionof theworkpiece
causesthe discharge of gasbubblesfrom it besides
causingtheremovalof heatfrom theanodeandelec-
trolyte exchangeon thedenturesurface.

9 Thereis anonlinearrelationshipbetweenthepolish-
ing resultandthetemperatureof theelectrolyte.The
higherthetemperaturethehigheris thespecificcir-
cuit capacityκ and the lower is the resistanceRel.
However, temperaturesover 55oC leadto a conden-
sationof the electrolyteandcanburn the userif he
touchesthe pan. So, temperaturesover 55oC have
to be excludedbecauseof injury to the user. Con-
sequently, a working temperatureof 48o, : 4oC is
chosenbasedon therestrictionsin [Poll93].

9 Furthermore,the currentdensityS is importantfor
the polishingresult. The averagecurrentdensitySa

resultsfrom the appliedcurrentand the surfaceof
the dentures.The currentdensityS is the effective
current iw over eachsurfaceareaunit. The density
is differenton theanodeandthecathode.A current
densitySa, which is too high “burns” the top of the
denturesand sometimesbig metal moleculesburst
out of themetal.

9 The increasingservicelife Ld of the electrolytede-
terioratesthe polishing result (Ld is measuredin



Ampèrehours).Themetalmolecules,whicharedis-
solved in theelectrolytechangethecircuit capacity,
andwith that the Ohmic resistanceRel of the elec-
trolyte also changes. On the one hand, this shifts
the currentdensityand on the other, the polishing
timeneededto getsatisfyingresultsis extended.Fur-
thermore,theoptimumtemperatureis shiftedhigher.
The changein the currentdensitydependingon the
electrolyte state is a modeling uncertaintyand is
hencenot considered. A new electrolytecontains
only a few ions. So, the polishing time hasto be
increasedduringtheinitial polishingprocesses.The
maximummaterialturnoveronthework piece/ elec-
trolyte phaseborderis reachedaftera few polishing
experiments.Figure5 shows theactivity depending
on thebathconcentration.
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Figure5: Activity line (in %) of chemicalpolishingpro-
cessesdependingon theelectrolyteconcentration

9 The polishingresultdependsin a nonlinearway on
the numberof denturesin the electrolytebath, i.e.,
the optimumcurrentof a large dentureis not equal
to the optimum currentof its half. That’s why on
the onehand,the distances betweenthe electrodes
is different (eq. 6) becauseof the different two-
dimensionalarrangementof thedenturesin theelec-
trolyte, while on theother, thepolishingprocesspa-
rameterκ changeson the borderbetweenthe elec-
trodesandtheelectrolyteduringtheoperation.

State-of-the-artpolishing machines2 are user-con-
trolled with a heatingandcooling device to control the
temperatureof the electrolyte,a motor for the motion of
thedenturecastalloysandapowersupplyfor themanual
adjustmentof thecurrent[Frie90, Lind91]. Now, thegoal
is to automatizethe polishingprocesswith a rule-based
fuzzy logic controller, so that the userhasto only put in
the dentalplatesand pressthe start button without any
otheradjustments.The fuzzy logic controllerguarantees

2ie Dentalux 2 from Krupp Medicine Technic GmbH, Essen,
Germany

a consistenthigh quality polishingresult independentof
thedenturesizeandtheelectrolytestate.

Designof the fuzzy logic controller

During polishing, the behaviour of the electrolytic cell
is extremely nonlinearbecauseof the parametervaria-
tions. Hence,the cell is consideredasan uncertainsys-
tem in general,without any closedanalyticalmodel. A
skilled humanoperatoralsohassomedifficulties in con-
sistentlypolishingthe denturecastalloys optimally. On
the onehand,estimatingthe sizeof the denturesis im-
preciseandso is estimatingthebasicpolishingtime. On
theotherhand,theoperatorestimatesthestateof theelec-
trolytemanually. Particularlyif differentusersoperatethe
samepolishingmachine,thereis high uncertaintyabout
the electrolytequality. So, the usercannotincreasethe
basicpolishingtime in anoptimalway.

The fuzzy rulesandthe membershipfunctionsfor the
linguistic variableswere developedwith our own fuzzy
case-toolsFUNNYLAB [Surm92] basedon the subjec-
tive humanexperiencedescribedabove. The 16 fuzzy
rulespresentedin Figure7 controlthepolishingprocess.

The rules 1-3 control the power of the motor – the
power supply dependson the temperatureof the elec-
trolyte. The polishingprocessstartsonly if the temper-
aturehasreachedtheworking point, (around48oC). The
fuzzy rules4-6 control the temperatureof theelectrolyte
throughthe heatingand cooling system. They monitor
andcontrol the systemandkeepit in the working point,
around48oC. Dependingon the numberandsizeof the
dentalcastalloys, thefuzzy rules7-12determinetheba-
sic polishingtime, thecontrolvoltagefor thepower sup-
ply andaccordingto that, the currentdensity. Depend-
ing on the electrolytestate,the basicpolishing time in-
creases(rules13-16). Figure8 shows the polishingpro-
cessflowchart.

Figures9 and10show themembershipfunctionsof the
four linguistic inputvariablesandthesix linguisticoutput
variables.

Theuniverseof discourseof themembershipfunctions
is definedthroughour own experiments.It is worth men-
tioning,how thetwo linguisticvariables“size” and“num-
ber” of the dentalcastalloys are defined. For the cal-
culation of the input valuesof thesevariables,a prede-
fined control voltageis appliedin the working tempera-
ture range. Then, the sizeof the denture(effective area
of the anode)adjustsa determinedresistanceand a de-
terminedcurrent,correspondingto equation6. It is also
necessaryto considerthe electrolytestate,becausethe
specificcircuit capacityκ determinestheelectricalresis-
tanceRel (eq. 6), andκ dependson the electrolytestate.
Thesizeof adentalcastalloy is indicatedthroughthecur-
rentin amp̀eresat thehighestcontrolvoltageof thepower
supplyto savecomputationtime (Figure9).
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Figure6: Linguistic variablesof thefuzzy logic controller

1: IF Temperatureis low THEN Power is off
2: IF Temperatureis normal THEN Power is on
3: IF Temperatureis high THEN Power is off

4: IF Temperatureis too low THEN Heatingis on AND Coolingis off
5: IF Temperatureis mediumTHEN Heatingis off AND Coolingis off
6: IF Temperatureis too highTHEN Heatingis off AND Coolingis on

7: IF Numberis oneAND Sizeis verysmall THEN Polishing-timeis very smallAND
Voltageis verysmall

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 mediumhighTHEN 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 veryhigh THEN Polishing-timeis very highAND
Voltageis veryhigh

13: IF Electrolyt-stateis new THEN Polishing-time-increaseis veryhigh
14: IF Electrolyt-stateis good THEN Polishing-time-increaseis zero
15: IF Electrolyt-stateis mediumTHEN Polishing-time-increaseis medium
16: IF Electrolyt-stateis bad THEN Polishing-time-increaseis high

Figure7: Thefuzzy rules

Simultaneouspolishing of two dentureson the one
handreducesthe averagedistances betweenthe anode
and the cathode,andon the other increasesthe specific
circuit capacityκ . Therefore,theelectricalresistancede-
creasesandthecurrentincreases.Theresultingtransition
gapcanbeusedto detectthenumberof dentalcastalloys.
With the bathdimensionsof 25 cm " 10 cm " 10 cm,
the largedentalcastalloys requirea currentof { 6A for
onedentureand { 10A for two dentures.Thevaluesvary
around0 � 5A dependingon theelectrolytestate.

The authorsof the “Hull-Cell-Studies” [Venk91] do
precisereflectionandweight lossmeasurementsfor the
judgmentof polishing results. Otherverifying methods
are: profile analysis,interferencemeasurementsandmi-
croscopicpicturesof the polishedsurface[Burk91]. In
our case,we usedsomereferencedenturesandclassified
themwith a rasterelectronmicroscope.Figure11 shows

threereferencedenturesand their rasterelectronmicro-
scopepictures.

Propertiesof the fuzzy controlled pol-
ishing machine

Sinceourwork is thefirst in thefield of automaticpolish-
ingof cobaltchromiumdentalcastalloys[Surm94], it was
notpossibleto comparethegivenrulebasewith otherap-
proaches.Nevertheless,animpressionof theinput/output
behaviour of thefuzzycontrolleris presentedby showing
thedependenciesdefinedthroughthefuzzy rules. Figure
12 shows the influenceof the temperatureon theheating
andcoolingsystemaswell ason thevoltage.Therelays
switch on if the outputvalueDef uzz� x�|' 0 � 6 and they
switch off if the outputvalueDef uzz� x�D} 0 � 4. A relay



maxt

START Polishing

N

N

N

N

N

READY

Y

Y

Y

Y

Y

Dentures

inserted ?

Insert

Estimate number
of dentures and

surface area (30sec)

t=0

Calculatepolishing time
and voltage

t=t+1
Apply voltage

Heating/Cooling

Turn off voltage

Initialize

Electrolyte state OK?

Change electrolyte

Temperature OK?

t > tmax ?

Temperature OK?

Heating/Cooling

(fuzzy-rules 7-16)

(fuzzy-rules 1-3)

(fuzzy-rules 4-6)

(fuzzy-rules 4-6)

(fuzzy-rules 1-3)

Figure8: Polishingprocessflowchart



~
~\���j�
~\���
~\�U���

�

�j~ ��� ��~ ��� ��~ �j� �j~

µT

T � oC �

too
low

low
medium normal

high
too

high

~
~K� ���
~\���
~K���j�

�

~ � � � � �
~

µA

Size� A�

very
small

small

medium

mediumhigh high
very
high

~
~\���j�
~\���
~\�U���

�

~ ��~�~j~j~ ��~j~�~j~ ���j~j~�~j~

µEs

Electrolyte � state� As�

new good medium bad

~
~K� ���
~\���
~K���j�

�

~ ~\��� � �j��� � ����� �

µNr

Number

one two

Figure9: Membershipfunctionsof thefour inputvariables

~
~\���
~\� �
~\� �
~\� �
�

�j~ ��� ��~ �f� ��~ �j� �j~

µ � x�

���l�r�Z�l���`���K��� � o � �

���
�`�����K� �G�f��� ���\�

  �`¡ �l� � � �Q¢ ��£ �
ON ¤ 0 � 6

OFF - 0 � 4

¥ ¥

¦

Figure12: Behaviour of thepowerdependingontheelec-
trolyte temperature.Thesystemis switchedon if theout-
put valueµ � T �B' 0 � 6 andis switchedoff if µ � T �S} 0 � 4.

canonly switchon/off if therewasno changeduring the
previous 5 seconds. A temperatureof more than 45oC
turnson thevoltageandstartsthepolishingprocess.An
increasein temperatureover 46oC switchesthe heating
systemoff anda further increaseover 49oC switchesthe
coolingsystemon. If afurtherincreasein thetemperature
takes it above 51oC, thenit is too greatto be cooledby
thecoolingsystemandtheprocessis turnedoff until the
temperaturedecreases.

Figure13and14show thebasicpolishingtimeandthe
controlvoltageof thepower supplyfor oneandtwo den-

turesdependingon their effective size. Thefiguresshow
thedifferencesin theregionof thetransitiongapbetween
two smallandonebig denture.While for two dentalcast
alloys,thebasicpolishingtimeincreasesconsiderably, the
controlvoltagefor thepower supplychangesonly a little
becauseof thealteredaveragedistances andthespecific
circuit capacityκ . Thebasicpolishingtime increasesas
a percentagewith theelectrolytestateasshown in figure
15. A new electrolytebathcontainsonly a few dissolved
ions, so the basicpolishing time hasto be increasedin
the beginning,but the maximummaterialvolumeon the
material/ electrolytephaseborderis reachedafter a few
polishing trials. At the endof the servicelife, the pol-
ishing time increasesagainandthe electrolytehasto be
changedat a lifespanof 250� 000As becauseof the long
anduneconomicalpolishingtimes. Figure16 shows the
increasingpolishing time dependingon the stateof the
electrolyteandthesizeof thedentalcastalloys.

Hardware implementation

Thepolishingmachineis 27 cmhigh,30 cmwide,31 cm
longandconsistsof aprimaryclockedpowerpack,which
is controlledby a microcontroller3 [Pasc94]. Themicro-
controllerselectsthe requiredcurrentfrom 0 � 10A over
a pulse-duration-modulation(PDM) interface. A PDM
currenthasthe advantagesof smoothersurfaces,higher

3Intel 80535
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Figure10: Membershipfunctionsof thesix outputvariables

severity andlower abrasionof the dentures.Also, addi-
tivesfor theelectrolytecanbesavedandimprovementsin
thecurrentgainanddispersioncapabilitycanbereached
throughpulse-plating[Leis92]. Figure17showstheblock
diagramof the polishing device with the control unit.
Linkedby thepolishingelectrodes,thedentalcastalloys
in the electrolytearedirectly connectedwith the output
signalof thecurrentcontrol.

On the otherside, the polishingelectrodesare linked
with a motor to move the denturesin the bath. The mo-
tor is connectedwith the microcontrollerover relays,so
that it can control the movementof a denture. For the
calculationof the currentflow in the polishingbath, the
voltageis measuredover a resistorandtransferredto the
microcontroller.

Furthermore,thepolishingmachinecontainsa heating
andcoolingsystem.Thecoolingsystemconsistsof aspi-

ral pipe, which hasto be connectedto an external wa-
ter supply. The microcontrollercontrolsthe temperature
by switching the heatingandcooling systemon andoff
with further relays. By measuringthe voltagedrop over
a temperatureresistorin the electrolytebath, the micro-
controllercalculatestheelectrolytetemperature.Theuser
canstart the polishingprocessor he cangive simplein-
putsto themicrocontrollerby theuseof buttons.A small
displayshows messagesor the internalstatesof the pol-
ishingmachine.StoringtheelectrolytestateE is possible
becausethe microcontrolleris batterybuffered. Even if
the externalpower of the polishingmachineis switched
off, therestcurrentsupplyof themicrocontrolleris guar-
anteed.Thewholecontrolalgorithmincluding thefuzzy
systemis storedin an EPROM. All experimentsduring
the developmentprocessof the control algorithmswere
doneon a PC with a digital I/O cardandthe fuzzy case



Figure11: Comparisonof anon-polished(above)with aninadequately-polished(middle)andawell-polisheddenture
(right) andtherasterelectronmicroscopepictures(left) of therespectivedenturesurfaces
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tool FUNNYLAB [Surm92].

Conclusions

Startingfrom a purelyuser-controlledpolishingmachine
for cobaltchromiumdentalplatecastalloys,we have de-
velopedanautomaticpolishingmachinebasedonafuzzy
logic controller. The depictedfuzzy rules are basedon
physicalequations,experimentalstudiesin the literature
andour own experiments.The resultsof thepreliminary
experimentsareimplementedin a fuzzy knowledge-base
with fuzzy casetools. Thus,it waspossibleto build the
first automaticpolishing machinefor cobalt chromium
dentures[Surm94].

With thefuzzy rulesit is possibleto considertheplau-
sibility of all the input valuessimultaneouslywhile cal-
culatingandstoringthe electrolytestatewithin a micro-
controller, togetherwith the simultaneousevaluationof
the electrolyteageingand the size and numberof den-
tures. We notethat in particular, the sizeof the denture
(effective surfaceof the anode)and the electrolytestate

cannotbepreciselycalculated.So,theseveralhypotheses
areweightedandcombinedwith the compositionalrule
of inferencein thefuzzy logic controller.

While operatingpreviouspolishingmachines,theuser
hadto estimateandadjustindividual parameterslike the
sizeandcontourof thedentalcastalloy aswell astheelec-
trolyte state. Now, everythingis adjustedautomatically.
Furthermore,thecalculationandstorageof theelectrolyte
statein the microcontrollerenablesto determinethe ex-
changepointof theelectrolytewhenit is usedup through
ageing. The new polishingmachineshows a consistent
veryhigh qualityof thedenturesduringits servicelife.

The fuzzy systemis easyto understandandmaintain
becausethe fuzzy rulescorresponddirectly to the user’s
experience.Therefore,differentautomaticpolishingpro-
cesseswith other alloys or varying electrolytesolutions
canbe developedby only shifting the membershipfunc-
tions. Also, bigger and more complex polishing pro-
cessescanbe automaticallycontrolledby implementing
theuser’sexperiencesin fuzzyrules,providedthatappro-
priatefuzzycasetoolsareavailable.
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