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Abstract: Oil analysis is a diagnostic tool used 
to detect and quantify presence of wear metals 
and other contaminants in industrial oils. It is a 
test that helps to determine whether a mechanical 
system is in a normal or abnormal wear mode. A 
number of offline techniques for wear metal 
detection are prevalent. However these are 
expensive, time consuming, requires skilled 
labor and do not provide real time data. 
Accordingly, the goal of this work is to conduct 
a feasibility study on the application of 
capacitive sensing principle for detecting 
abnormal wear conditions in industrial lubes. 
The detection is based on sensing the change in 
relative permittivity of oil as the wear metals 
pass through the capacitor electrodes. Three 
configurations, namely, parallel plate, 
interdigitated and meandering capacitor 
electrodes have been studied. Simulation results, 
corroborated by experimental results suggest that 
the capacitance change is directly proportional to 
the wear particle concentration.  

Keywords: Wear particle, Interdigitated (IDT). 

1. Introduction

Lubricant oil is a key component used in 
industries in order to ensure proper functioning 
of industrial machinery such as turbines, gears, 
bearings and compressors. The condition of the 
oil deteriorates over time due to machine 
operation, and needs to be monitored frequently 
so as to prevent structural damage to the 
machinery. Oil analysis is a diagnostic tool used 
to detect and quantify presence of wear metals 
and other contaminants in the lubricant of oil 
wetted systems. Just as a blood sample analysis 
reveals details of the physiological well-being of 
an individual, the analysis of a lubricant sample 
provides important information on the health of 
the machine. It is a test that helps to determine 

whether a mechanical system is in a normal or 
abnormal wear mode. 

The presence of large metal particles 
(typically, greater than 10 microns) indicates an 
abnormal wear mode, whereas the presence of 
fine particles is more indicative of the normal 
wear condition of the machine. Figure 1 
indicates the contributions of the large and fine 
metal particles as a function of time.  

Figure 1: Influence of particle size on oil ageing [1]. 

Just as a blood sample analysis reveals 
details of the physiological well-being of a 
human being, the analysis of a lubricant sample 
provides important information on the health of 
the machine. It is a test that helps to determine 
whether a mechanical system is in a normal or 
abnormal wear mode. 

The aim of this work is to conduct a 
feasibility study on application of capacitive 
sensing principle for detecting abnormal wear 
conditions in industrial lubes. The paper is 
organized as follows. Firstly, the literature 
review and motivation for this work is presented. 
Next, a detailed account of the numerical 
modeling is presented. Finally, the simulation 
and experimental results are presented and key 
conclusions are drawn.   

2. Background and Motivation

This section summarizes the various wear 
metal analysis techniques reported in literature. 
A capacitive sensor for measuring wear metal 
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particles with sizes exceeding 1000 microns is 
reported in [2]. Any contamination due to 
metallic impurities changes the dielectric 
constant in between the two plates of the grid 
capacitor leading to change in capacitance. This 
change in capacitance is measured by the 
impedance analyzer. Likewise a capacitive 
sensor based portable oil analyzer is presented in 
[3]. This work reports the dependence of 
dielectric constant of contaminated oil on the 
frequency of interrogation. Impedance 
spectroscopy indicates that water contamination 
dominates dielectric constant at lower 
frequencies of 100-500 Hz, while metal particle 
contamination dominates at 120 kHz and higher 
frequencies. A parallel plate MEMS capacitor 
based on Coulter counting principle for wear 
particle analysis is presented in [4]. These 
sensors are capable of detecting fine wear 
particles in sub- micron range.  

Elemental analysis of wear metal 
contamination can also be measured by atomic 
absorption spectroscopy (AAS), atomic/optical 
emission spectroscopy (AES/OES), mass 
spectrometry (MS), X-ray fluorescence 
spectroscopy (XRF), ferrography and magnetic 
chip detectors [5]. Spectroscopic methods 
usually require pre-treatment of oil samples 
before analysis. In atomic spectroscopic methods 
the excitation source, atomizes and often also 
ionizes the elements of the sample. In the AAS 
method, a light source with the characteristic 
wavelength of the determined metal is emitted 
from a hollow cathode lamp and is absorbed by 
the metal atoms. The degree of absorption is then 
detected to determine the presence and 
concentration of a particular metal [5]. In OES 
techniques the metal atoms and/or ions are 
excited with the thermal energy of the excitation 
source. When the excitation state dies, an 
element-specific emission spectrum is produced. 
With the selection and isolation of a certain 
emission line, the concentration of the metal can 
be determined. In the XRF instrument each atom 
emits radiation in the X-ray region after 
stimulation. The detection system can measure 
the amount of metal atoms in the sample by 
determining the amount of X-ray energy 
produced by the atoms at their characteristic 
wavelengths [5]. The XRF technique has been 
used successfully to determine additive metals 
and wear metals in oil samples, as well as wear 
metals in lubricant filters. All the above 

mentioned techniques require extensive pre-
treatment of the sample, necessitating the need 
for skilled labor. Also these instruments are 
bulky and not suited for portable on-site and 
real-time applications. 

Optical emission spectroscopy for oil 
analysis has been reported in [6] and [7]. The 
scattering measurements are used for 
determination of wear particles, whereas the 
optical UV-VIS-IR spectroscopy is used for 
finding water content in the oil and fluorescence 
spectroscopy is used for viscosity determination. 
Another configuration of optical emission 
spectroscopy uses microfluidic channels etched 
on glass substrate as presented in [7]. 
Simultaneous determination of water 
contamination and wear particle contamination is 
carried out using the scattered and fluorescence 
spectral data. These optical systems are light 
weight and do not need extensive preparation 
time. However, these optical techniques cannot 
be applied on-line for real time measurements. 

Thus the requirement is to develop a simple, 
easy to use, cost-effective, real-time sensor that 
does not need extensive sample preparation and 
can be easily integrated with a Programmable 
Logic Controller (PLC) to obtain real time data 
for automated analysis.  

Accordingly, the goal of this work is to 
conduct a feasibility study on application of 
capacitive sensing principle for detecting 
abnormal wear conditions in industrial lubes. 
 
3. Methods 

 
This section provides a detailed account of 

the numerical modeling of three configurations 
of the capacitive sensor, namely, parallel plate, 
interdigitated (IDT) and meandering electrodes. 
The sensing principle, underlying assumptions 
and step-by-step model set-up procedure are 
outlined. 

 
3.1. Sensing principle and assumptions: 
  

The sensing principle is based on detecting 
change in capacitance between two plates of a 
capacitor due to the presence of wear metal 
contaminants in oil. Polarity of oil changes due 
to presence of conducting metal debris inside it, 
which in turn leads to change in dielectric 
constant of oil and can be detected using the 
capacitive sensors. 



 
Figu

 
Three 
namel
meand
COMS
AC/D
evalua
capaci
model
spheri
immer
steady
source
in cap
only.  

 
3.2. Si

 
Th

for the
highlig
details
 
Physic
The e
modul
calcula
field s
 

 .(
Where
ε0 is 
relativ
density
The el
V.   
E 

Open

Sele

Def
variab

D

M

Speci
and bo

Ch

Excerp

ure 2: Simulatio

configuration
y, parallel 

dering electrod
SOL 4.3a. The
C module of
ate the sensiti
itance per a fix
l assumes th
cal in nature, t
rsed in oil med
y state. Further
e of contamina
pacitance is pu

imulation set-

he step-by-step
e sensor mode
ghted in Fig
s. 

cs: 
electrostatics f
le solves th
ate the poten

space.  

  )0 Vr

e, 
the permittivi

ve permittivity
y. 
lectric field is o

V . 

n COMSOL 4.3 a GUI

ect AC/DC module 

fine constants, 
bles and materials 

Draw geometry 

Mesh geometry

ify physics, domain 
oundary conditions

hoose study type 
and compute

pt from the Pr

on flow of wear 
model. 

ns of capacit
plate, interd

des have been 
e electrostatics 
f COMSOL 
ivity, defined 
xed number of

hat the wear 
the capacitors a
dium, and that
r it is assumed
tion is present,
urely due to 

-up: 

p set-up proce
el simulation in
ure 2. Follow

formulation in
he Poisson’s 
ntial distributio

  

ity of free sp
, and ρ is the

obtained from 

Convergence 
Errors?

Refine/ change
Mesh 

Yes

oceedings of t

metal sensor 

tor electrodes,
digitated and

studied using
formulation in
was used to
as change in

f particles. The
particles are

are completely
t the fluid is in
d that no other
, so the change
wear particles

edure followed
n COMSOL is
wing are the

n the AC/DC
equation to

on across the

pace, εr is the
e space charge

the gradient of

Post 
processing 
and DisplayNo

he 2013 COM

 

, 
d 
g 
n 
o 
n 
e 
e 
y 
n 
r 
e 
s 

d 
s 
e 

C 
o 
e 

e 
e 

f 

F
 

F

F

MSOL Conferen

Figure 3: Model

Figure 4: Model

Figure 5: Mode

nce in Bangalor

l of parallel pla

l of Interdigitat
 

el of meanderin

re 

ate capacitor. 

ted capacitor. 

 
ng capacitor. 

 

 



Geom
A 3D 
The p
well-k
Librar
modifi
range 
in Fig
field o
flow o
flow, a
In plan
a subs
is very
height
neglec
a 2D s
and m
and 6 
as sph
600 μm
 
Bound
One o
model
The ot
A po
betwe
condit
 
Mater
The el
copper
FR4 w
half of
oil wit
 
Meshi
Fine 
Station
perfor
perfor
in cas
the re
capaci
particl
numbe
perfor
compa
config
particl
All th

Excerp

etry: 
model was bu
arallel plate ca

known examp
ry. Dimension
fied to detect w
of 100-1000 m
ure 3. Howeve
or tank would 
of the oil. To re
a planar structu
nar structures, 
strate. The thic
y small (1000 t
t of the subs
cted and the el
structure. The 

meandering capa
respectively. 

heres with diam
m. 

dary conditions
of the two elec
led using the P
ther electrode w

otential differe
en the two 
tions are depict

rials:  
lectrodes were
r. The substra
with a dielectr
f the domain is
th dielectric co

ing and study s
mesh was c

nary and p
rmed.  The 
rmed to calcul
se absence of 
eference value
itance with t
les. The impa
er of particle
rming a param
are the sen
gurations, a u
les is considere
e remaining p

pt from the Pr

uilt using the C
apacitor model
le from COM
ns of the ca

wear particles i
microns. The m
er, using this c
introduce dist

educe the impa
ure of sensor w
the electrodes

ckness or heigh
times) when co
trate. Hence, 
ectrode has be
geometries of 
acitor are show
The particles 
meters ranging

s: 
ctrodes of the 

Potential bound
was modeled a
ence of 1V 
electrodes. T

ted in Figures 3

e assumed to b
ate material is
ric constant of
s considered to

onstant of 2.3. 

settings: 
chosen for a
parametric an
base-line sim
ate the absolu
particles. This

e for computi
the increasing

act of particle
es were then
metric analys
nsitivities of
uniform distri
ed as shown in
arameters are 

oceedings of t

COMSOL GUI
l is based on a
MSOL Model
apacitor were
in the diameter
model is shown
capacitor in the
turbance in the
act on the fluid

was considered
s are etched on
ht of electrode
ompared to the
the height is

een modeled as
f IDT capacitor
wn in Figures 5

were modeled
g from 100 to

capacitor was
dary condition
as a Ground. 

was applied
The boundary
3, 4 and 5.  

be made up of
 chosen to be
f 4.5. The top
o be filled with

all the cases
nalyses were

mulations were
ute capacitance
s was taken as
ing change in
g number of

e size and the
n studied by
is. Lastly, to
f the three
ibution of 12
n the Figure 6
kept identical

he 2013 COM

. 
a 
l 
e 
r 
n 
e 
e 
d 
. 

n 
e 
e 
s 
s 
r 
5 
d 
o 

s 
. 

d 
y 

f 
e 
p 
h 

. 
e 
e 
e 
s 
n 
f 
e 
y 
o 
e 
2 
. 
. 

Henc
to the
 

F

6. R
 
6.1.

Fi

MSOL Conferen

ce the only cha
e change in ele

Figure 6: Simu
perform

Results and di

Simulation re

igure 7: Change

nce in Bangalor

ange in the resu
ectrode configu

 
ulation set-up fo
mance compari

 
iscussion:  

esults: 

e in capacitance
diameter. 

re 

ult would be du
uration itself. 

or sensitivity 
ison. 

e with particle 

ue 

 

 



 To ha
simula
establi
simula
publis
sensor
report
simula
which
publis
The ch
particl
shown
capaci
diame
config
 

Tab

No
part

3

6

9

1
 
Table 
sensor
can se
order o
the or
meand
capaci
particl
Table 
sensor
unifor
is arou
200fF 
meand
capaci
(factor
metal 
 

Excerp

ave higher co
ation model 
ish the validity
ation results w
hed in literat
r proposed for 
ed in [8], was
ation yielded 

h closely match
hed in the pape
hange in capa
le size for pa
n in Figure 
itance increase
ter. This is 

gurations. 

ble 1: Change in

o of 
ticles 

Capa
chan

for 
capa

Ref = 1
 
3 0.0

 
6 0 .1

 
9 0.1

 
2 0.2

1 shows the 
rs with increas
ee that the cha
of 0.05 pf per 3
rder of 0.07 
dering capacit
itance is direc
le concentratio

2 lists the 
r configuration
rmly distribute
und 95fF for 

for an IDT 
dering capacit
itor configura
r of 3 times th
detection. 

pt from the Pr

onfidence in th
had to be 

y of the capaci
were compared 
ture. A mode

sugar concent
s created in C
a capacitance

hes with the va
er. 

acitance as a f
arallel plate co

7. Thus, th
es with increa

valid for a

n capacitance wi
particles. 

 
citance 
ge (pf) 
IDT 

acitor 

C
cha

m

10.66 pf  Re

05 pf 

11 pf 

16 pf 

20 pf 

performance 
ing number of

ange in capacit
3 particles for 
pf per 3 par

tors. Thus th
ctly indicative
n. 
comparison b

ns. For 12 w
d; the change 
the parallel p
capacitor and

tor. Thus, th
ation is the m
hat of parallel 

oceedings of t

he results, the
validated. To
itor model, the
against results

el of the IDT
tration sensing

COMSOL. The
e of 8.16 pF
alue of 8.02 pF

function of the
onfiguration is
he change in
ase in particle
all the three

th number of 

Capacitance 
ange (pf) for 

meandering 
capacitor 

ef = 12.75 pf 

0.10 pf 

0.18 pf 

0.25 pf 

0.30 pf 

of the planar
f particles. One
tance is of the
the IDT and of
rticles for the
he change in
e of the wear

between three
wear particles,
in capacitance

plate capacitor,
d 300fF for a
he meandering
most sensitive
plate) to wear

he 2013 COM

e 
o 
e 
s 
T 
g 
e 
F 
F 

e 
s 
n 
e 
e 

r 
e 
e 
f 
e 
n 
r 

e 
, 
e 
, 
a 
g 
e 
r 

Tab

6.2.
 
 

Figur

 
The 
fabric
is pla
oil. 
conn
show
acros
frequ
5Vp-
moni
From
frequ
the fr
outpu
This
value
value
such 
frequ
the ID
revea
much
conta
simu

Para

Refe
capa
Chan
capa
with 
parti
Chan
capa
with 
parti

MSOL Conferen

ble 2: Performan
IDT and

Experimenta

re 8: Block diag
sensor

sensors desi
cated on FR4 s
aced in a vial 
A first orde

necting the ca
wn in Figure 
ss the 5kΩ
uency is swept
-p amplitude. 
itored on the o

m simulation, t
uency is 3.01 M
frequency at wh
ut is about hal
is in close agr

e of 4 MHz (±
e of measurem
sets of sensor

uency of aroun
DT sensor wit
aled that the ou
h as 100mVp
amination. Th

ulation results 

ameter Par
plat
sens

erence 
acitance 

24.4

nge in 
acitance  

9 
icles 

0.07

nge in 
acitance 

12 
icles 

0.09

nce in Bangalor

nce comparison 
d meandering sen

 
al results: 

gram of experim
r characterizati

igned using 
substrate. The 
containing 10

er RC filter 
apacitive senso
8. The outpu
resistor. The

t from 100 kH
The correspon
scilloscope.  
the expected v
MHz. The cut-
hich the amplit
lf of its maxim
reement with t
± 1MHz). Thi

ments performe
rs. The maxim
nd 30 MHz. Fu
th fine metal d
utput of the se

pp for every 
his is in agree
which pointed

allel 
te 
sor

Inter-
digitat
sensor 

44 pf 10.56 p

7 pf  0.16 pf

9 pf  0.20 pf

re 

of parallel plate,
nsors. 

mental set-up fo
ion. 

COMSOL a
sensor capacito
0ml of machin
is realized b

or in series a
ut is monitore
e input sign

Hz to 50 MHz 
nding output 

value of cut-o
-off frequency 
tude of the filt
mum amplitud
the experiment
s is the averag

ed in air for tw
mum occurs at 
urther testing o

dust contamina
ensor changes a

1g of metall
ement with th

d out to the fa

ed 
Meander
ing  
sensor

pf  12.75 pf 

f  0.25 pf 

f  0.30 pf 

, 

 
or 

are 
or 
ne 
by 
as 
ed 

nal 
at 
is 

off 
is 

ter 
de. 
tal 
ge 

wo 
a 

of 
ant 
as 
lic 
he 
act 

r-

 



Excerpt from the Proceedings of the 2013 COMSOL Conference in Bangalore 

that the capacitance change is indicative of the 
concentration of wear particles. 
 
7. Conclusions 
 
The principle of capacitive sensing for wear 
particle detection of industrial oils has been 
explored in this work. To understand the 
behavior of these sensors with increasing wear 
particle concentration and wear particle size, a 
numerical model was built using COMSOL 
Multiphysics. Simulation studies revealed that 
the change in capacitance is proportional to the 
change in particle size as well as the particle 
concentration. The models were validated by 
comparing with published literature. 
Experimental characterization of the IDT and 
meandering sensors further indicated that the 
simulated and experimental values of cut-off 
frequencies (~ 3MHz) are in agreement with 
each other. The output of the IDT sensor 
changed by a factor of 100 mVpp for 1g increase 
in metallic contamination in 100 ml volume of 
oil. Thus COMSOL has been successfully used 
to model and understand the behavior of 
capacitive sensors for wear metal detection in 
industrial oils. Future work will focus on 
optimization of sensor design for improved 
sensitivity performance. 
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