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The purpose of this paper is to outline the basics of lubricant 

condition monitoring and relate that to what could potentially be 

used to monitor the condition of grease and the water content 

thereof. Some of the physics and principles behind these methods 

will also be investigated. There is little to no previous published 

research about condition monitoring of water in grease even though 

there is considerable research on condition monitoring of grease 

lubricated bearings. Because of this gap in knowledge, it is an 

important first step to investigate existing monitoring methods for 

various lubricants. It could be that new methods will be adapted to 

measure water content in grease. Methods involving the 

measurement of the dielectric constant through capacitance, 

inductance and conduction will be investigated. Various 

spectroscopic devices will also be investigated ranging from UV to 

visible to IR wavelength spectroscopy. A brief introduction of 

several possible future methods will be included as well. Although 

the effects of water will not be discussed far beyond the 

consequences, the detection of water and condition monitoring tools 

will be. Methods of water detection in lubricants will be discussed. 
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Water in Grease Condition Monitoring 

A literature review 

ABSTRACT 
The purpose of this paper is to outline the basics of lubricant condition monitoring and 

relate that to what could potentially be used to monitor the condition of grease and the 

water content thereof. Some of the physics and principles behind these methods will also 

be investigated. There is little to no previous published research about condition 

monitoring of water in grease even though there is considerable research on condition 

monitoring of grease lubricated bearings. Because of this gap in knowledge, it is an 

important first step to investigate existing monitoring methods for various lubricants. It 

could be that new methods will be adapted to measure water content in grease.  

Methods involving the measurement of the dielectric constant through capacitance, 

inductance and conduction will be investigated. Various spectroscopic devices will also be 

investigated ranging from UV to visible to IR wavelength spectroscopy. A brief 

introduction of several possible future methods will be included as well. 

Although the effects of water will not be discussed far beyond the consequences, the 

detection of water and condition monitoring tools will be. Methods of water detection in 

lubricants will be discussed. 

 

 

 

1. INTRODUCTION 
 

The first widespread use of offline condition 

monitoring principles began soon after World War II in 

the railroad industry when engineers discovered they 

could detect wear particles in lubricants. These 

methods however were limited to simple wet chemical 

analysis [1]. To this day, most condition monitoring 

methods are off-line lab tests. Now however, they are 

typically viscosity measurements, pH measurements 

and various spectroscopy measurements (UV-Visible 

and Infrared spectrophotometric analysis) [2]. These 

methods do not provide real time information and thus 

are not sufficient for proper fault management [3]. 

Continuous in situ monitoring is important because 

maintenance costs can be between 15 and 60% of the 

total cost of the product [4].  Up to 25% of the costs of 

wind energy generation can be attributed to 

maintenance alone [5]. Because of this, knowing when 

to do maintenance will reduce costs, downtime and 

possibly make the product last longer.  

Water affects the performance of lubricants and 

machine elements. A 90% reduction in life of a journal 

bearing can be caused by the contamination of only 1% 

water in the lubricant [6]. Rolling element bearings are 

even more susceptible to damage from water and water 

content as low as 0.02% (200ppm) will negatively 

affect lifetime as well [7]. Water reduces film strength, 

causes flash vaporization and the resulting erosive wear 

and hydrolysis will cause hydrogen embrittlement. 

Water can age lubricants up to ten times faster due to 

the depletion of additives and destruction of base oils 

causing acid formation. These are a few of the reasons 

why detecting water is important as it is often the cause 

of false identification of failure [8]. 

Maintenance is often related to changing a 

lubricant with the goal of increasing the machine life. 

The simplest maintenance intervals are solely 

determined by time alone. This would be called 

preventative maintenance but predictive maintenance 

would be based on heuristics or lab tests. Typically, the 

most sophisticated maintenance intervals are 

determined by heuristic algorithms which take 

operating and/or environmental conditions into account 

but do not actually measure the properties of the 

lubricant [9, 10]. Predictive maintenance has shown to 

have significant reductions in maintenance costs at 60 

to 80% through longer machine life and reduced 

ancillary costs (such as personnel hours and lubricant 

costs) [10]. Although various algorithms exist for 

determining lubricant change intervals [11], they would 

still benefit from making laboratory based tests to 

compile enough data to produce decisions.  

Various methods exist for monitoring the 

conditions of lubricants in real time but a gap exists in 
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the knowledge relating to the in situ and real time 

grease condition monitoring of grease lubricated 

bearings. The goal of this paper is to hopefully 

understand the gap better to reduce it in the future. 

 

 

1.1. WHY DETECTION OF WATER IS 

IMPORTANT 
 

Water quickly degrades lubricants and surfaces. 

Lubricant oxidation has been shown to be strongly 

related to the content of water. The higher the water 

content, the quicker the lubricant will oxidize [12-14]. 

Water can be dissolved in the lubricant in small 

quantities without a visible difference. Water in 

lubricants is analogous to the humidity in air. Until the 

relative humidity of air is 100%, water does not 

condense and does not form visible droplets and thus is 

not visible to the human eye over short distances. This 

is the same case for lubricants. The water molecules 

are individually dispersed between the lubricant 

molecules and will not be visible until the 

concentration is either increased or the temperature is 

dropped to cause the water molecules to “condense” 

and form a water “fog” within the lubricant. This is 

now called an emulsified mixture of oil and water. It 

will then become milky in appearance [8, 13]. 

Emulsified water is much more damaging than 

dissolved water so being able to detect when water 

become emulsified would likely be a good design 

requirement for a sensor. Free standing separated water 

will be the most damaging of all [7] because it could be 

that at some point, a quantity of water could have 

completely displaced a lubricant where the lubricant is 

normally supposed to be protecting components. 

Because of the differences between the states of water 

in lubricants (dissolved, emulsified and free water), 

water content alone may not be helpful because 

different lubricants have different saturation points 

(e.g. 1% water in one grease may be completely 

emulsified yet may not be in another grease). Knowing 

the water saturation points at the desired operating 

temperatures will help determine the upper limits for 

water content [7]. These values will have to be 

determined for each type of grease. This is a topic that 

will have to be thoroughly investigated as this 

information for grease is not widely known and will 

likely be very different from grease to grease as there 

are so many varieties and variations of grease in use.   

Lubricants begin to have many problems once 

contaminated with water. Water contamination can 

cause rust and corrosion, water etching, erosion, 

vaporous cavitation, hydrogen embrittlement and of 

course a reduced hydrodynamic film thickness [8, 15]. 

Water also degrades or consumes some additives and 

causes oils to degrade faster and cause the formation of 

acids, particularly synthetics. It also depletes oxidation 

inhibitors and demulsifiers, causes the precipitation of 

some additives (which then contributes to sludge) and 

competes with polar additives for metal surfaces [15]. 

Depletion of additives can indicate a chemical failure 

of the lubricant and can be used to judge when 

replacement is necessary [14]. When water becomes 

adsorbed onto metal surfaces displacing the oil and its 

additives, it causes further exposure to harsh 

environments and even direct metal on metal contact 

[7]. This hastens the wear of the components. 

Corrosion is the electrochemical reaction of the metal 

surface due to the presence of oxygen. Corrosion can 

be caused by the increasing total acid number (TAN). 

Once the TAN is above a certain value, it can cause 

corrosion of machine components [12, 16]. The amount 

of corrosion is also dependent on materials and 

environmental or operating conditions. Water etching 

can be caused by the formation of hydrogen sulfide and 

sulfuric acid from the lubricant degradation. Erosion 

occurs when water flash vaporizes on hot metals 

causing pitting [17]. Vaporous cavitation is common in 

pure clean lubricants as well but water causes the 

lubricant to be much more susceptible to this process. 

The implosion caused by the near instantaneous 

vaporization and condensing implosion of water can 

cause micropitting [7, 17]. Hydrogen embrittlement 

occurs when extreme conditions allow for the 

separation of the fundamental atoms. The hydrogen 

atoms can absorb into the metal surfaces making it 

brittle and more susceptible to high pressure damages 

[18]. The hydrogen can also collect in cracks and in 

metal grains resulting in crack propagation and spalling 

[7].  

 

1.2. BACKGROUND OF GREASE 
 

Grease is only a general description of thickened 

oil, not thick oil [19]. It typically consists of a base oil, 

thickener and additives. The thickener can be thought 

of as a sponge which holds the oil and the additives. 

Additives can used be for a multitude of reasons from 

increasing oxidation stability to improving the extreme 

pressure performance. Grease is a semi-solid so it does 

not flow like lubricating oil does because it requires an 

external shearing force to cause displacement (as long 

as the grease is used in its normal operating 

temperature range). Most types of grease will 

essentially “melt” if used above their “drop point” 

temperature and may not return to the original 

condition. Typically, grease will be tested by 

standardized ASTM mechanical or instrumental tests to 
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establish the properties of the grease. These tests could 

include weight loss after aging, dropping point (when it 

“melts”), cone penetration (how hard it is), infrared 

spectroscopy (how oxidized it is), rheometer tests (how 

viscous it is), pin on disc tests and other friction and 

wear studies (how well it protects metals) [20]. 

Grease typically contains about 85% base oil, 10% 

thickener and 5% additives [19]. The difference in the 

thickeners will likely pose a problem for developing 

sensors as they range from metallic soaps (such as 

lithium or lithium calcium), complex thickeners (which 

are combinations of metal salts and soaps such as 

lithium complex), functional thickeners (where the 

thickener contributes to the lubricating properties, such 

as calcium sulphonate) to non-soap thickeners such as 

PTFE or clay [19]. Additives can vary as well, as they 

can include antioxidants, metal deactivators, corrosion 

inhibitors, extreme pressure and anti-wear additives 

[14]. There are two types of antioxidants: primary and 

secondary. A lubricant can contain one or both. 

Primary antioxidants are radical scavengers and 

include amines and hindered phenols. Secondary 

antioxidants eliminate hydroperoxide decomposers 

(which form non-reactive products) and include zinc 

dithiophosphates or sulphurized phenols [14]. More 

research will have to be carried out to verify which 

additives will pose any problems for developing 

sensors due to the often different mechanical, electrical 

and optical differences.  

The base oils are typically mineral or synthetic 

oils. They have similar choice criterion as normal 

lubricating oils. Viscosity, oxidation stability and other 

properties are equally as important. The difference 

between base oils is likely to be smaller than the 

difference between thickeners so this will likely 

contribute to fewer sensor design difficulties.  

Research will have to be carried out to see which 

affects the various base oils, thickeners and additives 

will have on sensor design. The oxidation of grease 

takes place on every component of the grease [14] so 

now that we know that water increases the oxidation 

rate, the oxide products of grease components may be 

interesting to investigate. 

2. EXISTING METHODS 
There are many methods that have been and are 

currently being used to monitor the condition of 

lubricants, but they are not necessarily for detecting 

water alone. As far as principles go though, there are 

only a few. The most common in situ methods are 

capacitive, inductive and sound (ultrasonic, acoustic 

etc.). These three methods will be discussed in more 

detail in this paper. They comprise the vast majority of 

tools used to monitor the condition of lubricants in 

machine elements and the water content in industrial, 

agricultural and pharmaceutical products. The most 

accurate test for measuring water content is generally 

accepted to be the Karl Fischer titration method and is 

used in oil analysis tests [15][RW.ERROR - Unable to 

find reference:46]. This method can measure below 

0.01% (100 ppm) [7]. It is an offline lab test. 

This paper is not intended to be a complete list, as 

the majority of the test methods have nothing to do 

with detecting water but the most popular methods will 

be mentioned anyways as they may be useful for future 

research. This list will attempt to relate what could be 

used to detect water or the effects of water 

contamination.  

 

2.1. CAPACITIVE METHODS 
For lubricants with lower viscosity which flow 

easily, capacitance is a simple method because the 

sensor consists of a pair of electrically conducting 

plates that are facing each other and submersed in the 

lubricant. However, with greases this method may 

prove difficult since greases typically do not flow 

easily. 

2.1.1.  Concepts 

In theory, water should be easy to detect because 

the dielectric constant (ε) of grease (or oil for that 

matter) is much lower than for water. Because of the 

non-polar nature of hydrocarbons, the dielectric 

constant is around 2 to 5 for most greases and oil based 

lubricants while the dielectric constant for water is 

about 80.6. It is well known that different materials 

have intrinsic dielectric properties so different 

lubricants will have different dielectric constants and 

will change when the lubricant and additives degrade; 

this method assumes dielectric changes are due to 

degradation [9, 21]. The increase is due to the 

increased polarizability of oxidation products and 

contaminants [22]. Most sensors for oil condition 

monitoring use the change in dielectric constant as a 

method of determining degradation [9, 21-23]. 

The dielectric constant for a mixture of two 

components is represented by the following equation 

where 𝜺𝟏 represents the water and 𝜺𝟐 is grease and d is 

the volume percentage of water:  

𝜀𝑠𝑢𝑚 = (𝑑 √𝜀1 + (1 − 𝑑) √𝜀2)2                 (1) 

The capacitance of two parallel plates of equal size 

can be described by 

            𝐶 =
𝜖𝑜𝜖𝑠𝑢𝑚𝐴

𝑑
                                  (2) 

where 𝝐𝒐is the permittivity of free space (𝟖. 𝟖𝟓𝟒 ∗

𝟏𝟎−𝟏𝟐 𝑭𝒂𝒓𝒂𝒅𝒔

𝒎
) and A is the area. 
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The resonance frequency with respect to 

inductance and capacitance is represented by  

                    𝑓𝑟 =  
1

2𝜋√𝐿𝐶
                                  (3) 

where L is the inductance in Henries and C is the 

capacitance in Farads. 

Equations 1-3 can be used with the available data 

from the sensor to calculate changes in the system. As 

the dielectric constant changes from the addition of 

water, the resonance frequency will change. According 

to the following equations, the system is only in 

resonance when the inductive and capacitive reactance 

is equal.  

                𝑋𝑐 =
1

𝜔𝐶
=  

1

2𝜋𝑓𝐶
                         (4) 

                        𝑋𝐿 = 𝜔𝐿 =  2𝜋𝑓𝐿                      (5) 

Since the inductance of the system is designed to 

remain constant, the change in the capacitance will lead 

to a different resonance frequency. When a DC signal 

is applied to the LC oscillator, the circuit will create the 

resonance frequency. A frequency counter could be 

used to monitor the frequency. Knowing that a lower 

frequency means a higher capacitance, thresholds could 

be developed for when conditions change too much.  

An even simpler method could model the system as 

an RC oscillator. This would be the same capacitive 

sensor in the previous LC circuit minus the inductor. 

The resonance frequency is given by equation (6). 

                   𝑓𝑟 =  
1

2𝜋𝑅𝐶
                (6) 

Instead of measuring the resonance frequency of 

the system, this circuit is excited by external square 

wave pulses. Designs exist describing the construction 

and functionality of these circuits for sensor design to 

measure capacitance or resistance [24, 25]. In its most 

basic form, the timer circuit is set up with a threshold 

voltage. The RC circuit is excited by a pulse. This 

pulse charges the capacitor and since it is going 

through a known resistance, the time it takes to go up 

to the threshold voltage is directly relative to the 

capacitance value. The next step is taken care of by the 

timer. It is set to wait a certain amount of time and the 

cycle is completed again. The total time between pulses 

can be set up as an output signal where it can be further 

interpreted by a microcontroller. This is a simple 

system that has been used in a vast variety of sensors 

from digital thermometers (where the resistance is 

variable instead of the capacitance), hygrometers and 

even pressure sensors (where the capacitance changes 

due to pressure). Other circuits designed for measuring 

the dielectric constant of a material will likely be a 

useful model even if the material is different than what 

is being investigated [24]. 

2.1.2.  Other uses of Capacitance 

Research has shown that capacitive methods can 

detect moving debris in flowing oil samples. The 

biggest problem is that the sensor must be very small 

and the wear debris must be very close to the surface of 

the sensor [26]. By measuring the capacitance in their 

“microfluidic device,” it was claimed that metallic 

particles between 10 and 25 μm could be detected but 

could not differentiate between ferrous and non-ferrous 

debris [26]. This is useful information because typical 

break in wear starts with particles between 1 and 20 μm 

and damaging wear can be 50 to 100 μm and up [27]. 

This method would not work for grease as it would be 

difficult to force grease to flow through what is 

essentially a capillary tube. There would also be 

problems with the sensor being plugged with debris 

over time. If a sensor such as this could be developed, 

potentially it could measure water as well but due to 

the sensor design it would be difficult if not impossible 

to use with grease due to the high viscosities and lack 

of forced lubrication in rolling element bearings.  

2.1.3.  Additional Capacitive Concepts 

The following method is not currently known to be 

in use as a principle of condition monitoring but is 

included in the capacitive section because of the direct 

relation. In addition to only measuring the capacitance, 

there is another parameter that could be considered. 

This would be the dielectric loss, or equivalent series 

resistance (ESR). Dielectric loss is what causes 

microwave ovens to generate heat in food. A capacitor 

with a dielectric material will react differently with DC 

or AC and at higher or lower frequencies. At DC, the 

dielectric has sufficient time to orient the polar 

molecules with the electric field between the plates. As 

the frequency increases, some polar molecules require 

so much time to change orientation and overcome the 

vibrations due to the existence of temperature (since 

nothing is absolute zero), heat is generated within the 

capacitor. This dissipation of energy is the dielectric 

loss [28]. In simpler words, the dielectric cannot 

polarize fast enough. As the material properties and 

conditions change, the dielectric loss will change as 

well.  

As the frequency goes up, the frequency 

dependence of the capacitance measurements goes up 

as well. Therefore, to neglect dielectric loss, capacitive 

measurements should be carried out at around 100 Hz 

or less [9]. Above this however, the change in 

dielectric loss will be likely as the properties of the 

lubricant changes.  

2.2. INDUCTIVE METHODS 
The idea is similar to capacitance but instead it 

measures the inductance of the lubricant instead of 

measuring the dielectric constant (or relative 

permittivity). The inductance is represented by the 
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magnetic permeability. This means however, it would 

be impossible to measure water as the magnetic 

permeability of water is essentially that of air and oil 

[26]. This method is used for measuring metallic wear 

particles.  

Typically, a coil of wire is used where the fluid 

lubricant is allowed to flow through it. This coil could 

be situated within the fluid system or even around a 

nonconductive pipe. The sensitivity is directly 

proportional to the size and dimensions of the coil, 

smaller coils (meaning smaller inside diameter, radius 

of turns and smaller wires) lead to higher sensitivities 

to smaller particles [27].  

The differentiation between ferrous and non-

ferrous debris might be useful information on some 

machines. Inductive sensors can make this distinction 

when measured properly [26, 29]. A ferrous particle 

will generate a positive inductive pulse and a non-

ferrous particle will generate a negative inductive 

pulse. Both ferrous and non-ferrous metals generate an 

eddy current within, but at low frequencies the eddy 

current is small which causes the effect of magnetic 

permeability to be governing. A material with a high 

magnetic permeability will have a positive inductive 

pulse due to the enhancement of the magnetic flux 

[26]. Size differentiation is also possible because the 

amplitude of the peak due to a ferrous particle is 

proportional to the mass and the amplitude due to a 

non-ferrous metal particle is proportional to the surface 

area. Du and Zhe also state that it is only possible to 

detect wear debris limited to particles 100 μm and 

larger unless a planar coil is used to increase sensitivity 

[26]. Unfortunately, this method also scales in such a 

way that debris size sensitivity is directly proportional 

to sensor size. This means that it is also prone to 

becoming obstructed with debris or sludge if the very 

small particles are required to be detected. 

2.3.  RESISTANCE/CONDUCTION 

METHODS 
Products have been patented to measure the 

resistance of lubricating oil. Simply, it is a drain plug 

with a magnet and two or more electrodes where the 

resistance between them is measured. As iron particles 

collect, the resistance will decrease [30]. Unfortunately 

this method only detects ferrous debris and will not 

likely help measure water content, unless possibly it is 

a very high percent when separated liquid water is 

present.  

The inverse of resistance is conductivity, which is 

typically given with the units of pS/m (picosiemens per 

meter). Conductivity is dependent on contamination, 

base oil and additive configuration, lubricant polarity 

and temperature. Unfortunately, the 

temperature/conductivity relationship is not linear and 

each lubricant has its own curve. Conductivity sensors 

have not shown to give useful information about 

lubricant condition. It does however have a 

significance in determining if electrostatic discharges 

will become a problem if conductivity is too low [31]. 

Another method used to analyze lubricants is 

called Linear Sweep Voltammetry (LSV). Sometimes it 

is also referred to as the RULER method (Routine 

Useful Life Evaluation Routine) and is useful to 

identify changes in lubricant quality [1]. This method 

uses a voltage sweep with a defined time to study the 

electron transfer kinetics and properties of electrolysis 

reactions [32]. These electrolysis reactions are 

proportional to the level of oxidation occurring in the 

lubricant and inversely proportional to the quantity of 

antioxidants contained [10, 14, 16, 33]. Once the 

lubricant is dissolved into a suitable electrolyte, the 

current is measured with respect to the voltage during 

the linear voltage sweep. The current will rise to a peak 

and fall to a constant value where the position of the 

peak is relative to the electron transfer rate and when 

compared to the original reference lubricant, it can tell 

you the level of antioxidants present still in the fluid 

[16].  

2.4.  SPECTROSCOPY 
Spectroscopy is a measurement method that uses 

various wavelengths of visible or non-visible light to 

determine the chemical nature of a material. The 

concepts and principles that describe how spectroscopy 

functions will be in the following sections.  

2.4.1. Concepts 

The following examples are the different methods 

available: absorption, scattering or diffraction/ 

reflection, emission, resonance or coherence, 

impedance and inelastic scattering. Infrared 

spectroscopy can be used to detect any of the following 

depending on the method used: acid number, base 

number, relative oxidation, nitration, sulfation, additive 

depletion, water, glycol and soot [33-35]. Absorption 

and reflection are likely the only methods that can be 

scaled down to the size that is needed for making small 

and low power sensors, so this is what will be 

reviewed. Emission is either by burning or 

fluorescence. Fluorescence may be interesting to 

investigate and will be discussed further in a following 

sub section of UV/Visible below. Resonance or 

coherence uses high energy radiation like x-rays and 

impedance and inelastic scattering uses methods to 

measure light wavelength changes within materials. 

Methods that require destructive testing (i.e. burning) 

or high energy radiation (x-ray resonance scattering) 

and other methods that require complicated devices 

(which are typically large bench top devices) such as 

impedance or full spectrum spectroscopy will not likely 

be feasible in small inexpensive sensors given the 
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amount of resources and space required for their 

operation. Raman spectroscopy is another typical 

method used to test lubricants but requires 

sophisticated detection methods and is unaffected by 

the presence of water. It uses the molecular vibrational 

wavelength shifts in light when a monochromatic laser 

is directed on a surface. These emitted wavelengths of 

light, or “Raman lines,” can be detected but are often 

only a small fraction of the laser source (as small as 

0.0001%) [36]. 

Spectroscopy that uses single or several bands of 

light should be relatively simple as they do not require 

diffraction gratings, beam splitters or any other number 

of typically space and energy consuming optical, 

mechanical or electrical devices. 

2.4.2.  Infrared  

The infrared spectrum provides considerable 

information about the state of a lubricant. Fourier 

Transform Infrared Spectroscopy (FTIR) is one of the 

most common methods used to detect water and 

impurities [35]. Each different lubricant sample will 

absorb infrared energy differently giving a 

“fingerprint” of information, the reasons of which will 

be later discussed. This method is also often used to 

inspect oxidation and contamination such as fuel or 

soot [12, 34]. A study was done to identify infrared 

oxidation bands in engine oils [37] but used mid and 

far infrared which may be impossible to use in small 

sensors. Unfortunately, though petroleum 

hydrocarbons are relatively well defined in the IR 

spectrum, synthetic oils and degradation products are 

not [34].  

Since water detection is the main focus of this 

paper, it is important to note that some sources say that 

the lower limit of water detection with IR spectroscopy 

for lubricants is about 0.1% (1000 ppm) [7] but the 

realistic limit is likely around 0.5% due to the 

requirement of having an identical lubricant with no 

water to create a baseline to compare to. The baseline 

must to be used to understand the extra absorbance due 

to the presence of water. Infrared spectroscopy is (as of 

yet) not a system which is integrated into a bearing or 

machine but an external device which is capable of 

taking the desired measurements of a lubricating oil. 

One example is an infrared absorption sensor by 

Kytola [38]. At the time of this writing, only a very 

limited number of products are made for the condition 

monitoring of grease. One of which is Schaeffler [39]. 

Unfortunately, it is an expensive device with limited 

functionality so it essentially prohibits the use in 

applications such as train wheel bearings where 

hundreds of them would be required. There are 

however systems for monitoring the condition of 

various lubricants such as hydraulic fluid. These 

devices typically consist of a control box with an IR 

light source and a detector to measure the absorbance 

of the fluid [40].  

There are three ranges of IR wavelengths that are 

typically defined as near, mid and far IR. Near ranges 

from 780 to 2,500 nm, mid from 2,500 to 50,000 nm 

and far 50 to 1,000μm. The most basic explanation 

from Principles of Instrumental Analysis is as follows:  

IR absorption, emission and reflection spectra for 

molecular species can be rationalized by assuming that 

all arise from various changes in energy brought about 

by transitions of molecules from one vibrational or 

rotational energy state to another” [36] 

 This means that every different molecule will have 

its own “fingerprint” in absorption peaks due the 

different bonds, atomic masses and orientations. Near 

infrared (NIR) will be of most interest because of the 

emitters available. The longest wavelength and 

relatively cheap LED emitters are around 1600 nm 

which is half way into the NIR region. Anything with a 

longer wavelength is a heat source such as a simple 

tungsten filament lamp or a sophisticated type of laser 

diode which is very expensive (sometimes called a 

quantum cascade or interband cascade laser) [41].  

Water has its own special absorption characteristics 

as can be seen in Figure 1 (data derived and verified 

from tables and charts in [42, 43]). Absorbance is 

defined as 𝐴 = −𝑙𝑜𝑔10(
𝐼

𝐼𝑜
) which is merely the 

logarithm of the ratio of remaining light intensity and 

the light source. Zero represents no absorbance and one 

represents one order of magnitude, so 10% 

transmittance. The difference between the two 

highlighted points in the plot below is approximately 

25 orders of magnitude (or 35 trillion trillion times 

higher absorbance). This means that 1450 nm would be 

a much better wavelength to test for water at. This 

wavelength is near the limit of typical LED emitters so 

this is a wise wavelength to investigate. More about 

emitters will be discussed later. 

 

Figure 1 Water absorbance spectra. A larger more detailed 
plot is provided at the end of this paper. 
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In the instrumental analysis community, the unit 

𝑐𝑚−1 may be used but it simply represents the number 

of electromagnetic waves per centimeter. That is an 

important aspect to note because it may be unfamiliar 

to people outside of the field of instrumental analysis. 

This unit is used instead of wavelength because it has a 

direct proportionality to both energy and frequency. 

The frequency is actually the molecular vibrational 

frequency of the absorption due to the resonance of the 

atoms or molecules. This is directly analogous to a 

mass/spring system which is excited by an external 

vibration. The atomic mass and bond strength will 

directly change the resonance frequency. Almost all 

molecules absorb IR light due to this reason. The only 

molecules that do not are homonuclear molecules such 

as O2, N2 or Cl2. IR light is not energetic enough to 

cause electronic transitions in the valence shells so 

these small molecular vibrations are the parameters of 

interest [36]. 

The bonds involved with most NIR absorbance 

spectra are C-H, N-H and O-H but absorptivies are low 

and limits the detection of most species at 0.1% [36]. 

Because of this, it should be possible to detect water 

due to the absorbance of O-H bonds. Quantitative 

detection of water is possible in various food, 

agricultural, petroleum and chemical industries. In 

these industries, diffuse reflection is the most common 

method but transmission is also used in some cases. 

Mid-IR is supposedly more useful for identification of 

molecular species but NIR is quite capable of giving 

accurate quantitative analyses of materials containing 

the hydrogen bonds stated above [36]. Water molecules 

should give an easy differentiation from the base oils 

and thickeners in grease. 

IR spectroscopy can also yield information about 

additive condition. Oxidation products are detectable. 

Some additives have carbonyl groups which when 

oxidized, creates carboxylic acids. Any acids will 

increase the acid number which will cause more 

corrosion. FTIR can be used to detect the presence of 

these acids [2]. 

A feasibility study was carried out in part verify 

how useful IR spectroscopy is for studying the 

degradation of synthetic lubricants [35]. They found 

that the mid infrared range was particularly useful for 

measuring the degradation of additive packages and 

ester groups. The specific additives were not stated. 

Unfortunately, mid infrared is not a possibility since all 

mid infrared emitters are essentially heat sources which 

require a considerable amount of energy. 

In addition to what was stated above, material 

choice will be important for designing our sensors. A 

material will be needed which is non-reactive with 

grease and water and will be stable and remain 

transparent to IR for a long period of time. Various 

types of glass will be sufficient. Fused silica is used in 

some spectrometers due to the wide range of 

transparency in the IR spectra and the insolubility in 

water and solvents. Some plastics may be sufficient as 

well. 

2.4.3.  UV/Visible 

Ultraviolet and visible light can provide different 

information about materials than infrared. UV-VIS 

molecular absorption is likely the most common 

quantitative analysis technique currently used for 

chemical analysis [36]. For lubricants, it can be used to 

show changes in chromophores (molecules which are 

responsible for color) and carbonyl groups (C=O 

groups) [2]. These carbonyl groups can represent the 

level of oxidation products [44]. The UV-VIS spectra 

can show characteristic peaks for chromophores as 

well: Ar-N=N-Ar (where Ar = aromatic group), C=O 

and –NO2 which are present between 165 and 280 nm. 

Oxidation and nitration (when nitrogen oxides are 

attached as a functional group, such as –NO2) [10] and 

could possibly be detected in a lubricant with UV-VIS 

spectroscopy. 

Alkene (C=C) groups can represent degradation 

and oxidation of the lubricant due to the presence of 

radicals as radicals break the double bond and steal a 

valence electron leaving an Alkane (C-C) [45]. The 

oxidation process for lubricating oils and greases is 

much the same due to the scavenging of the free 

radicals [14]. Polycyclic aromatic chromophores are 

also visible at around 400 nm and are also the result of 

aromatic and hydrocarbon degradation [46]. Four 

hundred nanometers is at the edge of our visible range, 

so if it absorbs more at that wavelength, it would tend 

to appear more yellow. This is readily apparent in most 

aged lubricants. 

 The wavelength range for UV-VIS is from 190 to 

800 nm. It also operates on a completely different 

principle than IR as the photons in UV-VIS light are of 

a higher energy. They are high enough energy to cause 

electronic excitations in the valence shells of atoms and 

molecules. The type of interaction is the same though; 

based upon absorbance. Absorbance spectra are due to 

transitions between the ground state and the other 

various possible energy states. Organic compounds are 

capable of absorbing electromagnetic radiation because 

they have valence electrons that are capable of being 

excited to a higher level.  

Most ions and complexes of elements absorb bands 

of visible light and are colored as a result. This brings 

about the idea that monitoring the color of the grease 

could tell interesting information about the oxidation 

state or contamination level just by quantitatively 

measuring the color of the grease.  
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A simple preliminary test was carried out by the 

author of this paper in Figure 2 where a grease sample 

was examined in the UV and visible spectrum and a 

small amount of water was added. 

 

Figure 2: Water added to grease. 

At 425 nm, a strong new absorption peak appeared. 

Since the scale on the vertical axis represents orders of 

magnitude, the remaining light normally passed by 

grease is blocked by approximately 97% once 

approximately ten weight percent of water was added. 

Many reagents change selectively with non-

absorbing molecules to produce a product that absorbs 

in the UV-VIS spectrum. This can be used to complete 

quantitative analysis because the molar absorptivity 

can be several orders of magnitude more than the 

species before the reaction took place [36]. It could be 

that adding a compound that changes color due to 

environmental or chemical changes would be an area 

of further research. 

UV-VIS spectroscopy is susceptible to three 

different types of deviations in the Beer’s law of 

absorptivity: real, chemical and instrument deviations. 

The following summary of these deviations is compiled 

from an Instrumental Analysis textbook: [36].  

2.4.4. Problems and Deviations in UV/Visible 

Real deviations can happen when the 

concentrations of the analyte (the chemical or 

compound of analytical interest) are of a high enough 

concentration that the absorptivity is changed due to 

solute-solvent or solute-solute interactions or hydrogen 

bonding. For this reason, dissolved water in lubricants 

may be difficult to detect accurately with spectroscopy. 

As the water condenses and water droplets form within 

the lubricant, hydrogen bonding may increase the 

absorption at certain wavelengths. High concentrations 

reduce the average distances between molecules so 

they are more able to affect the charge distribution of 

its neighbors. This could cause spectra shifts but since 

this appears to be an unstudied topic in grease, 

investigations will have to be made to see what 

happens when increasing amounts of water are added.  

Another real deviation is due to molecular 

interactions of large molecules. Since grease has fairly 

long carbon chains within, it is possible that there 

could be unforeseen or unexpected changes. 

The refractive index of grease and water is also 

likely to be different and causes yet another real 

deviation. This could actually be an interesting 

measurement “error” that could be measured. More 

research will have to be done to figure out the 

feasibility of this.  

Chemical deviations will probably be unlikely to 

change when water is added to grease. These 

deviations occur when a chemical reaction takes place 

where the molecular structure changes shape. A 

common example is a swimming pool pH tester that 

changes color based on the pH of the water.  

Instrumental deviations can be caused by light of 

more than one wavelength being present. Normally in 

UV/Visible spectrometers, a diffraction grating or other 

method is used to separate very narrow bands of light. 

If more than one wavelength of light is used, Beer’s 

law will not apply because the absorbance could be 

different for the different wavelengths. Low power 

LED emitters are typically very close to a 

monochromatic light source so once it is understood 

which absorbance spectra to investigate, LEDs may 

end up being an important source of light. There are 

other sources of instrumental deviation but aside from 

the obvious (like stray outside radiation), none of them 

appear to apply to our project because they do not 

apply to the investigated methods.   

2.4.5. Emitters 

Typical emitters for UV/Visible spectroscopy 

devices include tungsten filament, halogen, deuterium 

and hydrogen lamps. Quarts windows must be used for 

wavelengths less than 350 nm because normal glass 

absorbs below that. The lower limit for UV is about 

190 nm because quartz starts to significantly absorb 

there. Halogen lamps are capable of wavelengths from 

below 350 nm to 2500 nm but they use orders of 

magnitude more energy so they will likely not work for 

small self-powered sensors. 

Fortunately, LEDs range from 365 nm to 

approximately 1500 nm with mostly 5-10nm 

increments. All of them are very efficient in 

comparison to traditional emitters. Research has shown 

new UV LEDs that can produce wavelengths as small 

as 210 nm [47] so this may be useful for identifying 

certain lubricant aging components in grease in the 

future once they become commercially available. 
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2.4.6. Spectroscopic Probe Sensors 

Probe type photometers use fiber optics to transmit 

and receive light signals [48, 49]. This method could be 

used for reflective, transmissive, fluorescence and 

scattering spectroscopy of translucent materials for any 

spectrum that can be transmitted with fibers [49]. 

These probes have the added benefit of being able to 

integrate the measurement device while being a 

distance away from the bearing or machine to make 

access or design easier. This principle could also be 

used for infrared wavelengths as well assuming a 

suitable fiber optic material is selected. 

 

Figure 3 Configuration of fiber spectroscopic probe. Image 
taken from [49]. 

The basic configuration of a fiber spectroscopic 

probe is shown in Figure 3 where in the case of a single 

wavelength spectrometer, the configuration would be 

without a filter or spectrograph because it would no 

longer be required. Cutting the ends of fibers can direct 

light in different ways and can increase the sensitivity.  

Figure 4 depicts different designs for different 

probe configurations. The following text is taken from 

[49] which accompanied Figure 4. (a) Output of an 

optical fiber is described by opening half angle α or the 

numerical aperture; (b) and (c) oblique polishing of the 

fiber tip deflects the output beam; (d) when total 

internal reflection is achieved for a part of the light, the 

output will split into two parts, one exiting in the axial 

direction and the other in the radial direction; (e) when 

all light is totally internally reflected at the fiber end 

surface or the beveled end surface is reflectively 

coated, light leaves the fiber through the side wall; (f) a 

fiber based on a combination of a beveled and flat 

polished surface has partially deflected output beam; 

(g) a fiber optic probe that illuminates and collects 

through the same fiber has the highest collection 

efficiency; (h) a dual-fiber bundle is used for many 

spectroscopy application, and this concept can be 

easily extended to hexagonal packed fiber bundles; (i) 

a dual-fiber probe based on beveled fibers achieves a 

better collection efficiency compared to the flat tip dual 

fiber configuration, while collection and illumination 

channels are still separated; (j) fiber probes based on a 

fiber with a combination of a flat tip and a beveled 

surface have excellent collection efficiencies; and two 

probe designs for submersion (k) and measurements on 

surfaces (l). Here a central fiber (labeled a) illuminates 

the sampling volume or the surface and six surrounding 

fibers (labeled b) collect the emitted light. Collection 

and illumination channels are interchangeable. Housing 

with a thin shield (quartz, sapphire) enables a constant 

sampling distance for surface measurements. 

 

 

Figure 4 Fiber configurations and variations on cuts. Taken 
from [49]. 

More research and testing will need to be carried 

out to determine which fiber cut and configuration is 

most suitable to operate in grease while also applying 

for the given application.  

Silica fibers can transmit from 200nm up to 

2500nm making them suitable for UV to IR 

spectroscopy. This material coupled with special 

cutting of the end fibers can significantly increase the 

sensitivity of two-fiber probes (one for the light source 

and the other for the detector) due to the focusing of 

the beam from one fiber to the light sensitive area of 

the other fiber [49]. Essentially it is grinding the ends 
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of the bundled together fibers in the shape of a cone. 

Other sensors such as the evanescent field absorption 

sensor hold promise as well [50, 51]. These sensors can 

be a fiber optic cable where the fiber is a continuous 

loop or straight fiber with a section that has the 

cladding removed. The purpose of the cladding is to 

provide for a total internal reflection within the fiber to 

reduce losses by having a significantly higher 

refractive index than the fiber material itself. But once 

the cladding is removed, the properties of the fiber are 

different since the refractive index and evanescent field 

absorbance of the fluid on the surface of the uncoated 

fiber is different. If the fluid does not absorb at a 

particular wavelength, the light propagates outwards 

from the fiber and is partly lost by the time it reaches 

the detector. If the absorbance is high, the light is sent 

back into the fiber [51]. Because of this, the relation 

between test sample transmittance and signal strength 

is inversely proportional, meaning the stronger the 

sample absorbs, the stronger the received signal will 

be. The sensitivity is both proportional to length and 

bending radius but lengths as short as 1 cm have been 

reported for NIR analyses [50]. The same research also 

reported that special cladding materials can enhance 

sensitivity for specific compounds by using a special 

cladding that absorbs the desired analyte while 

reducing interference of other compounds. That 

research was about the detection of hydrocarbons in 

ground water using the near and middle infrared 

spectrums. They were able to partially exclude the 

absorption of water while detecting the presence of 

hydrocarbons. But in the case of detecting water in 

grease, the detection of water in a lubricant should be 

comparatively easy since water has much higher 

absorption than most hydrocarbons. 

2.4.7. Fluorescence  

Fluorescence spectroscopy works on the properties 

of materials that reemit light at the same or longer 

wavelengths when excited by external radiation [52].  

A feasibility study about the monitoring of the 

degradation of synthetic lubricants with fluorescence 

emission found that fluorescence would be possible to 

integrate into an in situ measurement system [35]. 

Unfortunately, it was found that though correlations 

exist between the fluorescence spectra and some 

chemical or physical conditions (aging reduced 

fluorescence), it might not be possible to find usable 

correlations. It was found that an excitation wavelength 

of 360 nm provided for the most significant 

fluorescence emission in the range between 400 and 

450 nm.  

Fluorometers exist for measuring properties of 

crude oil [53]. The manufacturer of those instruments 

states that the fluorescent properties of crude oils are 

largely due to aromatic compounds that exist in the 

complex mix of molecules. More research needs to be 

carried out to verify the viability of this method.  

2.5. ULTRASONIC METHODS 
There are several names for this method listed by 

various sources. These measurement names include but 

are not limited to: sonic impedance, sonic velocity and 

sonic scattering.  

In the simplest form, the ultrasonic sensor is an 

ultrasonic emitter and a detector some short distance 

away with the flowing lubricating oil in between. 

Changes in viscosity will change the received signal. In 

addition, if more sophisticated monitoring techniques 

are used, some wear debris can also be detected as 

particles attenuate the signal as it passes between. 

Some level of distinction can be made as to the size of 

the particles (claims are made all the way down to 3 

μm) but they have problems distinguishing the 

difference between air bubbles (small or big) and 

debris as bubbles cause scattering of the ultrasonic 

signal as well [26]. 

Some research has shown that water content could 

be measured with ultrasonic sensors [54] but it is 

usually for detecting debris flowing through a system 

[3]. In its simplest form, it could be described as an 

ultrasonic emitter and detector which were both 

submerged in liquid oil. In this case, it was actually a 

type of cooling oil for high power electronics so the 

principle may still be applicable to other oils. The 

signal is an ultrasonic pulse where the dissipation is 

measured. Unfortunately, these researchers did not 

publish the parameters they developed to detect water, 

but the differences appear to be very small and difficult 

to detect without a fast oscilloscope (2.5 

MSamples/sec). Since the investigation of this 

literature review is for a sensor with limited resources, 

analyzing a signal response in the order hundreds of 

kilohertz will probably not be possible considering 

there are easier methods out there. That added to the 

fact that maintaining a perfectly consistent amount of 

grease between two transducers and the very nonlinear 

mechanical properties of grease make this method an 

unlikely choice. Oils however would probably work if 

enough electrical and processing power were available.  

3. POSSIBLE FUTURE METHODS 

(PROPOSALS FOR RESEARCH) 
 

3.1. HUMIDITY METHODS 
Once water is present in a system, water will surely 

be present in the air cavities in the machine especially 

if it is supposed to be a closed system. Correctly placed 



14 | P a g e  

 

humidity sensors will likely tell useful information as 

well compared to water in grease sensors [7].  

Metal oxide films doped with transition metals can 

act as a humidity dependent resistor or dielectric 

material. The nanoporous film changes dielectric or 

electric properties when the relative humidity changes 

which can be measured with simple electronics [55]. In 

the case of changing dielectric properties, it would 

essentially be the same as the capacitive sensors 

previously mentioned in this paper. The dielectric 

amplification due to the presence of water is likely 

because of the polarization from the water molecule 

absorption and transfer of charges [56]. This is why 

adding a thin film on the sensor surface increases the 

capacitance due to small increases in humidity. Using 

the right materials can make the dielectric and electric 

properties strongly dependent on conditions. Research 

has shown that thin films on capacitive sensors can 

increase the capacitance by around 200x when the 

relative humidity is increased from 0% to 100% [56]. 

Polymer films are sometimes used as well for 

humidity sensors. Polyimide is an example. It is 

temperature resistant, dimensionally stable and 

resistant to most chemicals and is claimed to be 

capable of reading from 45 to 100% relative humidity 

[57]. In this case however, the capacitance does not 

change but the conductivity. Due to the stable nature of 

metal oxide ceramics, polymer film sensors may be 

less durable in the harsh operating conditions found in 

bearings.  

3.2. DIELECTRIC BREAKDOWN 
This is yet another method that is not currently 

used for real time condition monitoring but could 

potentially give useful information about the lubricant 

status. The dielectric breakdown voltage is often 

measured for materials that are required to prevent 

arcing or current flow. As many capacitors and other 

devices are filled with fluids for their insulating or 

dielectric properties, these fluids need to be measured 

because if they allow current to flow, it could cause a 

catastrophic failure of the device. Some devices exist 

that are essentially a cup with two spherical section 

electrodes facing each other with an adjustable distance 

separating them. The device simply increases the 

voltage up to the point where current is allowed to flow 

and ASTM standards exist for this test method [58]. 

The cause of this phenomena in liquids (it is 

different for gasses and solids) is due to the formation 

of a conducting path between the electrodes by 

impurities [28]. If there are no impurities in a very pure 

insulating liquid, the electric field can push free 

electrons into the molecules of the liquid hard enough 

as to cause an avalanche breakdown freeing electrons 

from their valence shells. This breakdown voltage is 

much higher than the voltage required to pass through a 

heavily contaminated fluid. In addition, the oxidation 

level of the fluid will surely lower the breakdown 

voltage due to the previously mentioned statement that 

impurities cause a conducting path.  

3.3. GIGAHERTZ SIGNAL PROPAGATION 
Water absorbs well at high frequency 

electromagnetic waves. Conveniently, 2.4 GHz (which 

is used by most wireless communication devices from 

Wi-Fi to Bluetooth) is the same frequency that is used 

by microwave ovens. Microwave ovens use this 

frequency because water absorbs especially well due to 

the high dielectric loss and generates heat. It is 

theorized that the wireless communication device could 

be used as to not only communicate, but to act as a 

sensor as well. No research has been found on this 

topic but this is definitely a topic which is worth 

mentioning for future research. This long wavelength 

(12.5 cm) can of course only be duplicated by 

propagation via an antenna.    

3.4. MICRO RESONATOR SENSOR 
A review of several onboard sensors was done by a 

group of researchers to examine the feasibility of a 

fairly new type of sensor [59]. They found that the 

impedance of a quartz resonator is dependent on 

viscosity, density, permittivity, conductivity and 

hydrophobicity but can be made more selective with 

appropriate chemical coatings. The problem is that 

though it is very small, durable and sensitive, it is 

dependent on too many factors and makes it unsuitable 

for many applications. They found many other sensors 

that work on mechanical, chemical and electrical 

principles. Another source shows a sensor that works to 

measure viscosity, but only in a pressurized system 

[60]. More research is needed to find if sensors such as 

these are desirable.  

4. CONCLUSIONS  
Almost every method described in this paper 

shows some promise for condition monitoring of water 

in grease lubricated bearings. Capacitance 

measurements may be the most accurate measurement 

method available if thin film coatings are employed on 

the humidity sensors. They are widely used in 

residential and commercial equipment as is evidenced 

by being in nearly every thermometer/hygrometer in 

many homes. Humidity measurements tie into 

capacitance as many humidity sensors are using 

capacitive sensors.  

Resistance and conductance was found not to give 

useful information [26]. 
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IR spectroscopy will likely also lead to useful 

products as well, but as was stated in 2.4.2, the 

sensitivity will likely not be any better than 0.1%. 

UV/Visible spectroscopy will not directly measure 

water content, but may give important clues into grease 

condition in the form of oxidation products. 

Fluorescence is tied into UV/Visible as it uses UV 

wavelengths to do analysis. Further research will have 

to be done to verify the usability of UV/Visible and 

fluorescence spectroscopy principles. The fiber optic 

probe will likely be a useful tool to investigate as well. 

Inductance and ultrasound/sonic impedance will 

likely not apply to grease lubricated bearings as the 

physical limitations of the sensors do not allow them to 

measure properties of grease or water content. 

Dielectric breakdown is an interesting principle but 

will also require significant research into the feasibility 

of this sensor principle. The same applies for gigahertz 

signal propagation.  

Gigahertz signal propagation and micro resonator 

sensors will need much more research to understand 

their feasibility. 

In conclusion, there are many leads to follow. The 

next step will be to research as many of the likely 

sensors as possible as more than one sensor will 

probably give more useful information than any single 

one will.  

 

5. PLOTS 
 

 

Figure 5: Spectral absorbance of water. Data derived from [42, 43]. More detailed plot of Figure 1. This figure was included in the 
Spectroscopy Concepts section 2.4.1 to help explain why using a longer wavelength IR emitter helps improve sensitivity due to the 
increased absorbance of water. 
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