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I. Introduction 
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II. Industrial application challenges for capacitive sensors 
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III. Capacitive-sensor performance limitations 

a) Sensor head 
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2(3)&%),*&:4*+4)+(5*')6*745%(6%$*$'-%K5'&%()+*635%),*(745'&%()*'54*54$(224)6468**
A:4*[&D(M7(5&\*+4)+(5*%)&45?'$4*642()+&5'&4+*K4&&45*745?(52')$4*D%&:*54+74$&*&(*-%)4'5%&=*')6*+&'K%-%&=!*K3&*
%&*%+*'-+(*)(&*$(27-4&4-=*%223)4*&(*&:4*4??4$&*(?*-(),*$'K-4+*')6*:%,:*7'5'+%&%$*$'7'$%&')$4*'&*&:4*%)73&*(?*
&:4*%)&45?'$4*4-4$&5()%$+8*O%&:*&:4*&D(M7(5&*'775('$:!*)4%&:45*(?*&:4*+4)+(5*4-4$&5(64+*%+*,5(3)6468*A:4=*
'54* &=7%$'--=* $())4$&46* &(* -(DM(:2%$* 7(5&+!* D:%$:* '3&(2'&%$'--=* 5463$4* &:4* %)?-34)$4* (?* &:4* $'K-4*
$'7'$%&')$4* ')6* (&:45* 7(++%K-4* 7'5'+%&%$* $'7'$%&(5+* &(* ,5(3)6* D%&:(3&* &:4* )446* &(* 3+4* '* K((&+&5'7*
&4$:)%Q348* 1(24&%24+* &:%+* &=74* (?* $'7'$%&%;4* +4)+(5* %)&45?'$%),* %+* $'--46* ['3&(MK'-')$46* K5%6,4*
&4$:)%Q34\!*'+* &:4*;(-&',4*'&* &:4* %);45&%),* %)73&*(?* &:4*$3554)&M&(M;(-&',4*$();45&45* /"5!0* %+*'3&(2'&%$'--=*
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C47&* $-(+4* &(* &:4*7(&4)&%'-* (?* &:4*)()M%);45&%),* %)73&* K=* &:4*:%,:*,'%)*(?* &:4*^7L27*')6* &:4* ?446K'$C*
54?454)$4*$'7'$%&(5*(-./8**
L*+74$%'-*$'+4*(?*&:4*&D(M7(5&*%)&45?'$4*%+*&:4*)()MK'-')$46*$'7'$%&%;4*K5%6,48*R&*$')*K4*3+46*4??4$&%;4-=*
D%&:*6%??454)&%'-*$'7*+4)+(5*$()?%,35'&%()!*'+*%+*+:(D)*%)*N%,354*E8*A:4*'6;')&',4*(?*3+%),*&:4*5'&%(*(?*&:4*
&D(* $'7'$%&')$4+* (?* &:4* 6%??454)&%'-* +4)+(5+* &(* 24'+354* 6%+7-'$424)&!* %+* &:'&* &:4* 54-'&%;4* 6%4-4$&5%$*
$()+&')&*%+*)(*-(),45*754+4)&*%)*&:4*&5')+?45*?3)$&%()*/+44*4Q3'&%()*/E00!*')6*%&+*;'5%'&%()*634*&(*$:'),4*(?*
&:4*D(5C%),*$()6%&%()+!*?(5*4#'27-4*754++354*')6*:32%6%&=!*D%--*)(&*'??4$&*&:4*24'+35424)&*54+3-&8**

*
*

 

 

 

 

(4) 

 

 

 

 

 

 
A:4*4#$%&'&%()*7-'&4+*(?*&:4*+4)+(5*'54*65%;4)*K=*;(-&',4*+(35$4+*D%&:*(77(+%&4*7:'+4+8*A:4*2%66-4*7-'&4*
%+*$())4$&46*&(*'*:%,:M%)73&M%2746')$4*754'27%?%458*L)=*7'5'$%&%$*4-4$&5%$'-*-%)C*?5(2*&:4*2%66-4*7(%)&*&(*
[&:4*54+&*(?*&:4*D(5-6\*D%--*-4'6*&(*4#&5'*65%?&!*)()M-%)4'5%&=!*')6*5463$46*+4)+%&%;%&=8*A:'&*%+*D:=*&:4*+'24*
54Q3%5424)&+*?(5*&:4*%)73&*'27-%?%45*'54*'-+(*;'-%6!*'+*D%&:*&:4*[()4M7(5&\*%)&45?'$48*
A:4*$-(+45*&:4*2%66-4*7-'&4*(?*&:4*6%??454)&%'-*+4)+(5*%+*&(*&:4*$4)&5'-*/K'-')$40*7(%)&!*&:4*+2'--45*&:4*4??4$&*
(?* &:4* 7'5'$%&%$+*')6* &:4* -%2%&46* %)73&* %2746')$4*(?* &:4* 754'27-%?%45*D%--* K48*@)?(5&3)'&4-=!* &:4* 754$%+4*
'-%,)24)&*(?*+3$:*6%??454)&%'-*$()+&53$&%()+*635%),*&:4*'++42K-=*(?*&:4*:(+&*2'$:%)'5=*%+*'*6%??%$3-&!*&%24M
$()+32%),*')6*;45=*4#74)+%;4*75($463548**

 

IV. Methods to improve performance 

R)* &:%+*+4$&%()!*D4*D%--* ?($3+*()* &:544* %27(5&')&* ?4'&354+*(?* &:4*$'7'$%&%;4*+4)+(5*745?(52')$4.*+&'K%-%&=*
')6*'$$35'$=!* %223)%&=* &(* %)&45?454)$4!*')6*+4)+%&%;%&=*')6*54+(-3&%()8*O4*D%--*'-+(*6%+$3++*24&:(6+* &(*
%275(;4*&:4+4*745?(52')$4*7'5'24&45+8**

a) Stability and accuracy 

A:4*'$$35'$=*(?*&:4*54?454)$4*4-424)&/+0*')6*&:4*754$%+%()*(?*&:4*$'-%K5'&%()*75($46354*+4&*&:4*-%2%&*(?*&:4*
+4)+(5*+=+&42*'$$35'$=8*"#&45)'-* 54?454)$4/+0!*'+*D4--*'+*K3%-&M%)* 54?454)$4+!*'54*3+468*A:4*$'-%K5'&%()*
$')*K4*4%&:45*745%(6%$!*D:4)*&:4*24'+35424)&*+=+&42*%+*+&'K-4*/;45=*+-(D-=*65%?&%),0!*(5*$()&%)3(3+!*?(5*
D:%$:*54?454)$4/+0*%+*/'540*24'+3546*4;45=*&%24*&:4*3)C)(D)*$'7'$%&')$4*%+*24'+3546*SJ!*`U8**
R)* %)63+&5%'-* '77-%$'&%()+!* %&* %+* :%,:-=* 754?45'K-4* &(* ';(%6* 4#&45)'-* $'-%K5'&%()* '&* ')=* 2(24)&* '?&45* &:4*
$'7'$%&%;4* +4)+(5* +=+&42* :'+* K44)* 2(3)&468* A:%+* 24')+* &:'&* 635%),* %&+* -%?4&%24!* 3)645* &:4* +74$%?%46*
D(5C%),*$()6%&%()+!*&:4*+&'K%-%&=*(?*&:4*$'7'$%&%;4*+4)+(5*+=+&42*:'+*&(*K4*D%&:%)*&:4*'$$35'$=*K36,4&8*A(*
64-%;45* +3$:*745?(52')$4!* &:4* $'7'$%&%;4* +4)+(5* 4-4$&5()%$* %)&45?'$4*)446+* &(* :';4*'* K3%-&M%)* 54?454)$4*
')6*'*+%27-4*$()&%)3(3+*(5*745%(6%$*'3&(M$'-%K5'&%()*'-,(5%&:28*@+%),*'*$'7'$%&(5*'+*'*54?454)$4*75(;%64+*
'* +%27-4* $'-%K5'&%()* 75($4++8*@)?(5&3)'&4-=!* $'7'$%&(5+* '54* )(&* &:4*2(+&* '$$35'&4* ')6* &:4*2(+&* +&'K-4*
$(27()4)&+8*A:454*'54*54?454)$4+*&:'&*'54*23$:*2(54*'$$35'&4*')6*+&'K-4*+3$:*'+*'54*?54Q34)$=!*>I*
;(-&',4!* ')6* 54+%+&(58* V(D4;45!* &:4* $(+&* (?* 3+%),* &:4+4* 54?454)$4+* %+* '* 2(54* $(27-4#* $%5$3%&* ')6*
$'-%K5'&%()*'-,(5%&:28**
L)*4#'27-4*(?*'*;45=*'$$35'&4*')6*+&'K-4*%)&45?'$4*%+*&:4*754+4)&46*%)*SJJ!*JFU.*'*JEMK%&*$'7'$%&')$4M&(M

6%,%&'-*$();45&45*/I>I0*K'+46*()*'*$:'5,4MK'-')$4*&4$:)%Q348*A:4*$();45+%()*&%24* %+* -4++*&:')*Jbb*5+*
')6*&:4*24'+35424)&*5'),4*%+*()4*7%$(M?'5'68*O%&:*$'54?3-*64+%,)*')6*&:4*5%,:&*$:(%$4*(?*$(27()4)&+!*
&:4* &5')+?45* $:'5'$&45%+&%$* $(275%+4+* ()-=* '* 54+%+&(5!* '* 54+%+&(5* 5'&%(!* ')6* '* $5=+&'-M+&'K%-%Z46* $-($C*
?54Q34)$=8*L--*&:4+4*$(27()4)&+*$')*K4*;45=*+&'K-4*')6*'$$35'&48*L2(),*&:42!*&:4*-4'+&*'$$35'&4*')6*
-4'+&*+&'K-4*$(27()4)&*%+*&:4*+%),-4*54+%+&(58*O:4)*3+%),*54+%+&(5*&=74*e%+:'=*1JbTfATbbfbbbMb8Jc!*&:4*
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24'+3546* &:452'-*65%?&*(?* &:4*I>I* %+* -4++* &:')*T*772<f8*A:4* &(-45'&46*$'K-4*$'7'$%&')$4* 54'$:4+<$')*
54'$:*Jb*)N!*D:%$:*$(554+7()6+*&(*')*'775(#%2'&4-=*Jb*2*$('#*$'K-48**
N%,354*T*+:(D+*&:4*K-($C*6%',5'2*(?*&:4*$:'5,4MK'-')$4*I>I8*L2(),*(&:45*%))(;'&%()+!*&(*%)$54'+4*&:4*
54+(-3&%()!* '* &534* $:'5,4* '27-%?%$'&%()* ?3)$&%()* :'+* K44)* %)&5(63$46* D%&:* '* ,'%)* (?* Tb8* A:4* I>I* $')*
%)&45?'$4*37*&(*G*+4)+(5+*D%&:*&:4*:4-7*(?*%)73&*23-&%7-4#458***
*
*
*

 

 

 

 

 

 

b) Immunity to interference 

A:4* $'7'$%&%;4* +4)+(5* ')6* &:4* 4-4$&5()%$* %)&45?'$4* $')* K4*D4--M75(&4$&46* ?5(2* 4#&45)'-* 4-4$&5(2',&4&%$*
?%4-6+*K=*24')+*(?*+:%4-6%),8*O:'&*%+*2(54*75(K-42'&%$*%+*&:'&*&:4*$'K-4+*$())4$&%),*&:4*+4)+(5*D%&:*&:4*
4-4$&,5()%$*%)&45?'$4*$54'&4*'*-((7*D:%$:*'$&+*'+*')*')&4))'*?(5*2',)4&%$*?%4-6+8*I54'&%),*+3$:*'*$-(+46*
-((7*%+*3)';(%6'K-4*?(5*'--*%)&45?'$4*75%)$%7-4+8*A:4*K4+&*+(-3&%()*?(5*2%)%2%Z%),*&:4*+4)+%&%;%&=*&(*4#&45)'-*
2',)4&%$*?%4-6+*%+*&(*C447*&:4*'54'*+355(3)646*K=*&:4*-((7*'+*+2'--*'+*7(++%K-48*@)?(5&3)'&4-=!*&:%+*%+*)(&*
'-D'=+* 7(++%K-4!* '+* &:4* 5(3&%),* (?* &:4* &D(* $'K-4+!* D:%$:* $())4$&* &:4* &D(* +4)+(5* 4-4$&5(64+* D%&:* &:4*
4-4$&5()%$*%)&45?'$4!*$')*K4*6%??454)&*634*&(*(&:45*:%,:45M75%(5%&=*54Q3%5424)&+8**
^)4*D'=*&(*$%5$32;4)&*&:%+*75(K-42*%+*&(*3+4*'*?-('&%),*&'5,4&*')6*&(*+7-%&*&:4*+4)+%),*4-4$&5(64*%)&(*&D(*
4Q3'-*7'5&+!*D:%$:*$54'&4+* &D(*4Q3'-*$'7'$%&(5+*Cx1*')6*Cx2'D%&:* &:4* &'5,4&* /+44*N%,354*G08*A:%+* %64'* %+*
+%2%-'5*&(*D:'&*%+*+3,,4+&46*%)*SJXU8*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
13$:* '* $()?%,35'&%()* :'+* &D(* -((7+8* ^)4* %+* &:4* 24'+35424)&* -((7!* &:5(3,:* D:%$:* &:4* 24'+35424)&*
$3554)&*i*53)+8*A:%+*-((7*$')*K4*$54'&46*3+%),*()4*+%),-4*24'+35424)&*$'K-4*D%&:*&D(*D%54+*&:'&*'54*D4--M
+:%4-646*?5(2*4'$:*(&:458*13$:*'*-((7*%+*:%,:-=*%)+4)+%&%;4*&(*2',)4&%$*?%4-6+8*A:4*(&:45*-((7*53)+*&:5(3,:*
&:4*2'$:%)4* ,5(3)6!* &:4* 7'5'$%&%$* $'7'$%&')$4*Cp' K4&D44)* &:4* &'5,4&* ')6* &:4*2'$:%)4* K(6=!* ')6* &:4*
24'+35424)&* $'K-48* A:4* ,4)45'&46* * )(%+4*Un /+44* N%,354* GK0* %)* &:%+* -((7* $54'&4+* 7'5'+%&%$* $3554)& in!*
D:%$:*%+*+7-%&*%)&(*&D(*7'5&+*K=*&:4*&D(*+%,)'-*D%54+!*')6*D:%$:*'774'5+*'+*'*$(22()*2(64*%)73&*+%,)'-*
?(5*&:4*%)&45?'$4*4-4$&5()%$+8*P=*3+%),*')*%)73&*+&',4*D%&:*'*:%,:*IBgg*/$(22()*2(64*54a4$&%()*5'&%(0!*
&:4*)(%+4*+%,)'-*$')*K4*+%,)%?%$')&-=*+3754++468**
A:4*$(+&+*(?*3+%),*+3$:*$()?%,35'&%()*'54.*/J0*?(35*&%24+*5463$46*+4)+%&%;%&=W*/F0*'*2(54*$(2-4#*4-4$&5()%$*
%)&45?'$4W*/X0*&:4*5%+C*(?*$:'5,%),*&:4*&'5,4&*4-4$&5(64*D%&:*+&'&%$*4-4$&5%$%&=8**
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c) Sensitivity and resolution 

A:4* +4)+%&%;%&=* (?* &:4* $'7'$%&%;4* +4)+(5*!C<!d* %+* %);45+-=* 75(7(5&%()'-* &(* &:4* +Q3'54* (?* &:4* 6%+&')$4*d*

K4&D44)*&:4*4-4$&5(64+8*R?* &:4*+2'--*6%+7-'$424)&* %)*&:4*)')(24&45*
5'),4* )446+* &(* K4* 24'+3546!* %&* %+* ;45=* K4)4?%$%'-* &(* 7(+%&%()* &:4*
4-4$&5(64+* (?* &:4* $'7'$%&%;4* +4)+(5* $-(+4* &(* ()4* ')(&:45!* ?(5*
4#'27-4!* '* ?4D*2%$5(24&45+8* @)?(5&3)'&4-=!* &:4* '++42K-=* (?* -'5,4*
2'$:%)4+* $'))(&* ,3'5')&44* +3$:* '$$35'&4* 7(+%&%()%),* (?* &:4*
$'7'+%&%;4* +4)+(5* 4-4$&5(64+* D%&:(3&* '* +%,)%?%$')&* %)$54'+4* %)* &:4*
'++42K-=* &%24* ')6* $(+&+8* R)6%;%63'-* 2')3'-* '-%,)24)&* (?* 4'$:*
$'7'$%&%;4* +4)+(5* %)* &:4*2'$:%)4* '?&45* '++42K-=!* %?* 7(++%K-4!* ?'$4+*
+%2%-'5* $:'--4),4+.* &%24* ')6* $(+&+8* L* 7(++%K-4* +(-3&%()* &(* &:%+*
75(K-42* %+* &(* 3+4* ')* '3&(M'-%,)24)&* +4)+(5* :4'68* A(* 6(* +(!* &:4*
+4)+(5* :4'6* :'+* &(* '$$(22(6'&4.* '* 2%$5(M'$&3'&(5!* ')* '$&3'&(5*
4-4$&5()%$* 65%;45!* ')6* '* K3%-&M%)* 7(+%&%()* 54?454)$4* L)* %)&454+&%),*
$')6%6'&4*?(5*+3$:*')*'$&3'&(5* %+*547(5&46* %)* SJEU!*D:%$:* %+*$'--46*'*
&:452'-* +-%645* /+&4774508*N%,354*_*+:(D+*'*7(++%K-4* 54'-%Z'&%()*(?*'*

$'7'$%&%;4*+4)+(5*+4)+%),*4-4$&5(64*2(3)&46*()*'*&:452'-*+-%6458**

Conclusions 

B(+&*(?*&:4*%)63+&5%'-*'77-%$'&%()+*(?*$'7'$%&%;4*+4)+(5+*73&*'66%&%()'-*54Q3%5424)&+*')6*-%2%&'&%()+*()*&:4*
+4)+(5* 745?(52')$4!* D:%$:* ;45=* (?&4)* &5')+?(52* ')* 4'+=* 64+%,)* %)&(* '* ,54'&* $:'--4),48* N54Q34)&*
'66%&%()'-*54+&5%$&%()+*'54.*-%2%&46*+7'$4*?(5*&:4*+4)+(5*:4'6W*)(*7(D45*6%++%7'&%()*'--(D46*%)*&:4*+4)+(5*
:4'6W*-'5,4*'-%,)24)&*&(-45')$4+W*-(),*6%+&')$4*K4&D44)*&:4*+4)+(5*:4'6*')6*&:4*4-4$&5()%$*%)&45?'$4W*)(*
7(++%K%-%&=*?(5*$'-%K5'&%()8*L&*&:4*+'24*&%24*:%,:*54'6(3&*(?*+7446!*:%,:*54+(-3&%()!*')6*:%,:*+&'K%-%&=!*'54*
54Q3%5468*
A:%+* 7'745* :'+* '6654++46* &:4* K'+%$* -%2%&'&%()+* %)* &:4* 745?(52')$4* (?* $'7'$%&%;4* +4)+(5+* ')6* &:4*
(77(5&3)%&%4+* &(* %275(;4* &:428* "#'27-4+* :';4* K44)* ,%;4)* ?(5* ;45=* +&'K-4* %)&45?'$4* +(-3&%()+!* '* +4-?M
'-%,)24)&*&4$:)%Q34!*')6*%)$54'+46*%223)%&=*&(*4-4$&5(2',)4&%$*%)&45?454)$48**
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