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Abstract 
This work focuses on the use of the TOPSIS (technique for order of preference by 
similarity to ideal solution) multi-criteria evaluation methodology to assess the 
performance of greases intended for the main bearings of wind turbines. The goal
was to design a testing system that enables a comprehensive evaluation of grease
performance across key functional areas. The methodology evaluated four 
performance aspects: lubricating film formation, oil separation (grease bleeding),
wear protection and frictional behaviour. Each test was designed with respect to 
the operating conditions of the main bearings and was experimentally validated. 
The results revealed differences in grease performance across the tests and
confirmed the influence of varying test conditions. The collected data were
analysed using the TOPSIS multi-criteria decision-making method, which enabled 
the integration of individual test results into a single comparative indicator. The
method proved capable of comparing greases while maintaining result stability
under varying weightings and input data. The final methodology provides a
detailed framework for experimental testing and comprehensive performance 
evaluation of greases, offering a robust tool for their mutual comparison. 

 
1. Introduction 

Greases are semi-solid mixtures composed of 
base oil, thickener and additives, commonly used 
to lubricate bearings and other mechanical 
components. Their primary function is to separate 
contact surfaces, reduce friction and extend 
bearing life. Advantages include ease of 
application, sealing capability and corrosion 
protection. However, a key drawback is their 
limited service life, as grease degrades due to 
mechanical stress and thermal effects, which can 
lead to lubricant starvation. Therefore, regular 
relubrication is necessary, as defined by 
manufacturer-specified intervals [1]. 

When applying grease to the main bearing of a 
wind turbine, specific operating conditions must be 
considered – notably very low rotational speeds 
(10 – 15 rpm), irregular bearing motion, frequent 

start-stop cycles, wind turbulence and drivetrain 
dynamics [2]. To manage these conditions and 
compensate for misalignment, spherical or tapered 
roller bearings are typically used. Due to their line-
contact geometry, these elements can withstand 
contact pressures up to 1.6 GPa under substantial 
loading conditions. [3]. The diameter of main 
bearings in wind turbines typically ranges from 300 
to 600 mm in smaller machines (1 – 2 MW), while 
in modern large turbines (3 – 10+ MW) it commonly 
reaches 1,000 – 2,000 mm or more [2]. This work 
focuses on bearings with a diameter of 
approximately 500 mm, where at shaft speeds of 
10 – 15 rpm the resulting contact velocity is about 
0.25 – 0.5 m/s. 

Grease lubrication in such bearings operates 
primarily in the elastohydrodynamic lubrication 
(EHL) regime. In EHL conditions, surfaces deform 
elastically, and the lubricant viscosity increases with 
pressure, allowing surface separation even at low 
speeds. Film thickness is influenced by viscosity, 
speed, load and by the geometry of contact 
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surfaces, their modulus of elasticity and lubricant 
piezo-viscous (pressure-viscosity) coefficient. The 
film thickness can be estimated using analytical 
models such as the Hamrock-Dowson equations [4]. 
At low speeds, thickener particles may enter the 
contact zone, temporarily increasing film thickness 
[5-7], although this effect cannot be predicted by 
standard equations. Thus, film formation depends 
not only on the base oil but also on the internal 
grease structure and its mechanical behaviour 
under low-speed conditions [8]. 

Due to low rotational speeds and frequent starts 
and stops, lubrication often occurs in the boundary 
regime, where the grease must not only form a film 
but also protect against wear. In this regime, 
additives play a crucial role. During operation, they 
may form protective boundary films on the 
surfaces, reducing friction and wear. Although 
extreme pressure (EP) and anti-wear (AW) additives 
are commonly used for low-speed, high-load 
applications, their influence on grease life remains 
poorly understood [9]. Many EP additives tend to 
bond with the polar thickener (e.g. metal soaps) 
rather than the metal surface, which may hinder 
their effectiveness. However, under very slow-
motion conditions, the thickener structure may act 
as a carrier for the additives into the contact zone. 
Therefore, the performance of additives depends 
not only on their chemistry but also on the specific 
formulation of the grease and its response to 
mechanical and thermal ageing [10]. 

Grease degrades both mechanically and 
thermally. Mechanical shear disrupts the thickener 
structure, increasing oil separation and reducing 
film stability [8,11]. Thermal degradation leads to 
oxidation, although this is less critical in wind 
turbine main bearings, where temperatures rarely 
exceed 70 °C. Thus, mechanical degradation is 
considered the dominant failure mode [12]. 

Another important factor is friction, which in 
grease-lubricated bearings is determined not only 
by base oil viscosity but also by the interaction 
between the oil and the thickener. Studies show 
that greases often exhibit higher coefficients of 
friction than their base oils due to structural 
resistance in the contact zone [13]. At low sliding 
speeds, the thickener plays a key role in film 
formation, where its mechanical entrapment and 
deposition within the contact contribute 
significantly to the lubrication mechanism, even in 
rolling-sliding conditions [14]. In boundary and 
mixed lubrication regimes, wear is most critical, 
particularly during startup and shutdown when the 
lubricant film is not yet fully formed [15]. 

To evaluate grease performance across the 
mentioned properties, multiple tests are required. 
These tests differ in scale, units and optimisation 
goals, making single-parameter evaluation 
insufficient. To address this complexity, the TOPSIS 
method (technique for order of preference by 
similarity to ideal solution) provides a robust 
framework for ranking alternatives based on their 
geometric distance from an ideal and an anti-ideal 
solution [16,17]. It allows the simultaneous 
consideration of both beneficial and non-beneficial 
attributes without the need for complex pairwise 
comparisons or subjective scoring [18]. Thanks to 
its mathematical simplicity, transparency and 
proven applicability in tribological research, TOPSIS 
has become a widely accepted tool for evaluating 
lubricant performance under multi-criteria 
conditions [18-20]. 

The aim of this study is to perform a series of 
laboratory tests on commercially available greases 
designed for use in wind turbines. For comparison, 
one grease without a specific application focus was 
also tested. The results were subsequently 
evaluated using the TOPSIS method, enabling a 
comprehensive comparison of the tested greases. 
Based on this analysis, the most suitable grease 
was identified. 
 
2. Experimental methods and materials 

Four key performance properties of the 
greases: film thickness, oil separation (grease 
bleeding), wear resistance and friction, were 
evaluated through tribological testing. The tests 
were conducted under controlled laboratory 
conditions simulating the operating environment 
of wind turbine main bearings, including elevated 
temperature, moderate contact pressure and 
combined rolling/sliding motion. 
 
2.1 Grease samples 

Six commercially available greases were 
selected to provide a representative range of base 
oil viscosities, base oil types and thickener systems. 
Detailed properties of the tested samples are 
presented in Table 1. Samples G2 and G3 have the 
same composition but are from different 
manufacturers. 
 
2.2 Film thickness measurement 

The formation of the lubricating film was 
investigated using a ball-on-disc tribometer 
employing colourimetric interferometry, enabling 
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high-resolution film thickness measurements under 
EHL conditions. The device is briefly described here, 
and a detailed description is provided elsewhere 
[21]. The test specimens consisted of an AISI 52100 
steel ball with a 25.4 mm diameter and a glass disc 
coated with a semi-transparent chromium layer to 
facilitate the precise detection of interference 
fringes generated by reflected white light. The load 
in the contact was applied by pressing the disc 
against the ball. To maintain fully flooded 
conditions, a grease wiper was attached to the 
underside to return the lubricant into the track. The 
configuration is shown in Figure 1. Measurements 
were performed at two nominal contact pressures 
(0.6 and 1.0 GPa) and two temperatures (25 and 
50 °C), representing moderate and severe 
operating conditions typical of wind turbine main 
bearings. Entrainment speeds of 100, 200, 300, 400 
and 500 mm/s were applied, with 300 mm/s 
selected as representative of typical operating 
conditions in wind turbine main bearings [22]. Discs 
made of optically smooth BK7 glass and sapphire 
were used, and all measurements were conducted 
under fully flooded lubrication conditions. Tests of 
samples under specific conditions were performed 
three times, and the results were averaged. 

Table 1. Tested samples 

Grease 
sample 

Base oil 
kinematic 

viscosity at 
40 °C, mm2/s 

Base oil 
type 

Thickener 
type Additive

G1 681 synthetic lithium 
complex 

EP and 
AW 

G2 460 synthetic lithium 
complex 

EP and 
AW 

G3 460 synthetic lithium 
complex 

EP and 
AW 

G4 320 synthetic lithium EP and 
AW 

G5 130 mineral lithium 
complex 

EP and 
AW 

G6 130 mineral lithium no 
additives

 
2.3 Oil separation under static conditions 

Oil separation was evaluated using a static 
separation method in accordance with DIN 51817, 
a standard procedure for assessing the oil 
retention capability of greases. A fixed amount of 
grease (30 g) was applied to a fine stainless-steel 
mesh placed over a collection vessel, and a 
 

 
Figure 1. A schematic of the EHD rig used for film 

thickness measurement 

constant load of 100 g was applied. The load was 
applied using dead weights, and the volume of oil 
released was measured. The set-up was exposed 
to 80 °C in a laboratory oven for 120 hours to 
simulate elevated thermal conditions typical of 
bearing environments. These test parameters were 
selected as mid-range values of the DIN 51817 
standard to ensure both representativeness and 
sufficient severity. Fresh and mechanically 
degraded grease were compared. 

Degradation was induced using a laboratory 
shear device constructed according to a previously 
published study [23], which subjected 30 g of 
grease to continuous shear for 24 hours, 
simulating thickener breakdown under prolonged 
mechanical stress in slow-speed bearings. The 
grease was subjected to shear stress in a 2 mm 
gap, with the internal drum rotating at 50 rpm. A 
more detailed description of the ageing process is 
provided by Zhou et al. [23]. 

After testing, the separated oil was weighed and 
expressed as a percentage of the original grease 
mass. The degradation-induced change in bleeding 
was quantified using the following relation: 

 d f

d
%Δ =  10– 0m m

m
 
 
 

, (1) 

where md is the mass of oil separated from the 
degraded sample and mf is the mass separated 
from the fresh sample.  

This value was later used as one of the decision 
criteria in the multi-criteria evaluation. 
 
2.4 Wear measurement 

The anti-wear performance of the lubricating 
greases was assessed using a ball-on-plate 
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configuration on a Bruker UMT TriboLab 
tribometer. The configuration is shown in Figure 2. 
The test employed reciprocating sliding with a 
4 mm stroke under an applied normal load. A 
7 mm diameter AISI 52100 steel ball served as the 
upper specimen, sliding against a flat AISI 52100 
steel plate with a roughness of 0.1 μm to replicate 
conditions representative of mixed and boundary 
lubrication regimes. Wear scars formed on the 
plates were subsequently characterised using 3D 
optical profilometry to quantify material loss and 
surface damage. 

 
Figure 2. A schematic of the ball-on-plate rig used for 

wear measurement 

The tests were conducted at a nominal contact 
pressure of 1.6 GPa to induce severe operating 
conditions. Two temperature settings were 
employed: ambient (room temperature) and 
elevated (80 °C). The low-temperature test duration 
was 3 minutes, while the high-temperature test was 
extended to 60 minutes to promote measurable 
wear scar formation. The average sliding speed 
was 0.25 m/s, and the total sliding distance 
covered during a single test was 570 m. Each test 
was repeated three times to ensure repeatability. 

A controlled volume of lubricant (5 μl) was 
applied to the contact zone using a precision 
pipette. The wear volume, defined as the net 
material loss, was calculated and extrapolated over 
the entire stroke length. This value served as the 
primary quantitative metric for evaluating the 
grease's surface protection capability under 
adverse conditions. In the multi-criteria analysis, 
wear was treated as a cost criterion, with lower 
values indicating superior performance. 
 
2.5 Friction measurement 

The frictional behaviour of greases was 
investigated using a mini traction machine 
operating in a ball-on-disc configuration. The 
configuration is shown in Figure 3. This set-up 

allows independent control of ball and disc 
rotation, enabling precise definition of 
entrainment speed and slide-to-roll ratio (SRR). 
The objective was to characterise the transition 
from mixed to EHD lubrication regimes and assess 
the ability of the greases to maintain low friction 
under variable contact conditions. As a contact 
pair, a 19.05 mm ball was used with a disc (both 
made of AISI 52100 steel). 

 
Figure 3. A schematic of the ball-on-disc rig used for 

friction measurement 

Friction tests were conducted at a nominal 
Hertzian contact pressure of 1.0 GPa and a 
constant disc speed of 300 mm/s. The SRR varied 
in steps of 0, 2, 5 and 10 % to simulate increasing 
sliding intensity. Measurements were performed 
at two temperatures (25 and 50 °C) and with a 
20 μl grease quantity. Before testing, all contact 
surfaces were cleaned with acetone and subjected 
to a 60-minute run-in procedure proposed by 
Galas et al. [24] to ensure repeatable contact 
geometry. 

After cleaning, a defined volume of grease was 
applied to the contact zone in either a single- or 
double-droplet configuration. The coefficient of 
friction was measured continuously over 60-
second intervals at each SRR level. Each test 
condition was repeated three times to assess 
repeatability, and average values were calculated. 
For TOPSIS evaluation, results at SRR = 2 % and SRR 
= 5 % at 50 °C were selected to represent typical 
operating conditions. Friction was treated as a cost 
criterion, where lower values indicate better 
energy efficiency and reliability. 
 
2.6 TOPSIS method 

To evaluate the overall performance of the 
grease across multiple tests, the TOPSIS was 
applied. This method allows for direct comparison 
of different results by ranking alternatives based 
on their distance from ideal and negative 
solutions. The application of the method is shown 
in Figure 4. 
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Figure 4. Schematic representation of the TOPSIS 

method 

The following procedure was performed to 
evaluate the results of the tests on six greases. 

Step 1: Decision matrix 

 = [ ]ijD x , (2) 

where xij represents the performance value of 
alternative i (grease sample) with respect to 
criterion j. 

Two experimental variants, denoted as A and B, 
were defined to simulate representative and 
modified operating conditions of the main bearings 
of wind turbines. Variant A reflects typical thermal 
and mechanical loads, while variant B introduces 
altered measured parameters. The complete 
overview of both variants is summarised in Table 2. 

Step 2: Normalised decision matrix 

 
2

1

= ij
ij

m
iji

x
r

x
=

, (3) 

where rij is the normalised value of element xij for 
criterion j and m is the number of alternatives. 

Step 3: Assign weights for each measured 
grease criterion. In the TOPSIS method, assigning 
appropriate weights wj to individual criteria is a key 
step that directly affects the final ranking of 
alternatives. In this study, four different weighting 
strategies (W1 – W4) were applied to examine how 

prioritisation of different grease performance 
aspects influences the evaluation outcome. 

Table 2. Summary of selected experimental 
conditions for both input datasets 

Experiment Variant A Variant B 

Film 
thickness 

Hertzian stress 1 GPa 
speed 300 mm/s 

temperature 50 °C 

Hertzian stress 1 GPa 
speed 300 mm/s 

temperature 25 °C
Bleeding 
change 

30 g of grease on the mesh 
separation after 120 h at 80 °C 

Wear 

Hertzian stress 1.6 GPa 
stroke 4 mm 

frequency 10 Hz 
temperature 80 °C 

Friction 

Hertzian stress 1 GPa 
speed 300 mm/s 

temperature 25 °C 
20 µl grease 

SRR 2 % 

Hertzian stress 1 GPa 
speed 300 mm/s 

temperature 25 °C
20 µl grease 

SRR 5 % 
 

W1 applied literature-based weighting. Based 
on recommendations from the literature [25], film 
thickness and grease bleeding stability are 
prioritised as critical properties for grease function 
under boundary conditions. Wear and friction are 
slightly lower, but still of relevant importance. 

W2 applied performance-based weighting. This 
variant emphasises performance in demanding 
mixed lubrication regimes. Friction and wear are 
considered dominant, while film thickness and 
bleeding are treated as secondary properties that 
support contact separation. 

W3 applied equal weighting. All four criteria are 
treated with equal importance, allowing unbiased 
comparison without prioritisation. This approach is 
often used as a neutral baseline. 

W4 applied data variability-based weighting. 
This variant is derived from the stability of the 
experimental results. Criteria with lower standard 
deviations across all samples are assigned higher 
weights, under the assumption that more stable 
measurements provide more reliable input for 
decision-making. 

To compute these weights, the inverse standard 
deviation approach was applied as follows: 

 2
1

–
1

= ( )
n

j ij ji
rσ r

n = , (4) 

 
1=k
j

v
σ

, (5) 
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1

= k
jk

m
kk

vw
v

=
, (6) 

where σj is the standard deviation of criterion j, vk 
is the unnormalised inverse variability and wk is the 
normalised weight for criterion j. 

The weights computed for all four variants are 
summarised in Table 3. 

Table 3. Different applied weights 

Weight Film 
thickness 

Bleeding 
change Wear Friction 

W1, % 35 25 20 20 
W2, % 25 20 30 25 
W3, % 25 25 25 25 
W4, % 22 14 13 51 

 
Step 4: Weighted normalised matrix 

  =ij ij jv r w , (7) 

where vij is the weighted normalised value, rij is the 
normalised value from Step 2 and wj is the 
assigned weight for criterion j. 

Step 5: Determination of ideal and negative 
solutions 

 + += { }jA v , (8) 

 – –= { }jA v , (9) 

where vj+ is the best value for each criterion and vj– 
is the worst value for each criterion. 

For the benefit criterion: 

 +   =max( )j ijv v ; –   =min( )j ijv v . (10) 

For the cost criterion: 

 +   =min( )j ijv v ; –   =max( )j ijv v . (11) 

Step 6: Determination of distance from ideal 
and negative solutions 

 + + 2
1

–= ( )
m

i ij jj
S v v

= , (12) 

 2
1

– ––= ( )
m

i ij jj
S v v

= , (13) 

where Si+ is the Euclidean distance of alternative i 
from the ideal solution and Si– is the distance from 
the negative ideal solution. 

Step 7: Relative closeness to the ideal solution 

 
–

+ –=
+
i

i
i i

SC
S S

, (14) 

where Ci is the relative closeness of alternative i to 
the ideal solution. The alternative with the highest 
Ci is considered the best. 
 
3. Results and discussion 
 
3.1 Film thickness measurement 

Figure 5 presents representative interferograms 
obtained at a rolling speed of 300 mm/s, contact 
pressure of 1 GPa and a temperature of 50 °C. In 
the case of samples G5 and G6, the thickener was 
more readily entrained into the contact zone, 
whereas for samples G1 – G4, the lubricating film 
predominantly consisted of base oil. The different 
colours of the areas correspond to different film 
thicknesses, as indicated in the legend. These 
visual patterns provide qualitative insight into the 
behaviour of grease in rolling contacts. 

 
Figure 5. Interferograms of point contact at 

300 mm/s, 50 °C and 1 GPa 

Figure 6 highlights the differences in 
measurement results among the individual 
samples. At higher speeds, such as 300 mm/s, 
samples G1 – G4 exhibited good repeatability, 
whereas samples G5 and G6 showed greater 
variability, which can be attributed to the 
thickener entering the contact zone. 
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Figure 7 illustrates the variations in average film 
thickness noticed at a rolling speed of 300 mm/s 
under different operating conditions. Although G1 
contained the base oil with the highest viscosity, it 
did not achieve the greatest film thickness, 
suggesting that formulation synergy plays a more 
significant role. This notice is consistent with the 
findings of Gonçalves et al. [26] and Morales-
Espejel et al. [27], who highlighted the critical 
influence of oil-thickener interactions on film 
stability under EHD conditions. For the multi-
criteria evaluation, film thickness measured at 
1.0 GPa and 50 °C was selected as a representative 
parameter and considered a benefit criterion. 
These values were chosen based on the normal 
operating conditions of the selected bearings. 
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3.2 Measurement of changes in bleeding 

properties 

To assess the relative change in bleeding rate, 
the bleeding behaviour of fresh and mechanically 
degraded lubricant samples was compared, as 
shown in Figure 8. The results reveal notable 
differences in leakage stability among the tested 
lubricants. The slightest variation was noticed for 
G1 and G4, suggesting a high degree of structural 
integrity. In contrast, G5 exhibited the most 
pronounced increase in bleeding following 
mechanical degradation, indicating poor mechanical 
stability. Samples G2, G3 and G6 showed only 
minor changes. 

These findings suggest that post-degradation 
stability is governed not only by base oil viscosity 
but also by the compatibility between the 
thickener network and the base oil. As highlighted 
by Lugt et. al. [28], maintaining structural integrity 
is essential for long-term oil retention. The robust 
performance of G1 and G4 reflects a well-balanced 

formulation capable of controlling bleeding even 
after exposure to shear. On the other hand, the 
marked instability of G5 points to a reduced oil-
binding capacity under mechanical stress, which 
could compromise lubricant function during 
extended service intervals. 
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3.3 Wear measurement 

The tested lubricants were subjected to long-
term wear testing with artificial heating to 80 °C. 
Figure 9 presents selected 3D surface profile 
images of wear scars obtained after testing, 
illustrating typical surface damage patterns 
associated with different lubricant compositions. 

 

 
Figure 9. Example of steel plate wear with G1 and G6 

grease 

G6

G1
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The corresponding steel plate worn volumes 
are summarised in Figure 10. Most lubricants 
exhibited excellent anti-wear performance, 
confirming the effectiveness of surface-protective 
additives. The lowest worn volumes were recorded 
for greases G2 and G5, indicating highly effective 
surface protection. In contrast, grease G6, which 
lacks EP additives, showed the highest wear. 
Although grease G4 contains additives, it exhibited 
relatively high wear due to its limited ability to 
form a stable lubricating film and the lower 
penetration capability of its thickener into the 
contact zone. These findings are consistent with 
previous studies by Peng et al. [25], who reported 
increased wear in the absence of protective 
additives and highlighted the role of thickener 
composition. Therefore, the wear test results at 
80 °C were directly incorporated into the multi-
criteria analysis. 
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3.4 Friction measurement 

Figures 11 and 12 present the coefficients of 
friction for all tested greases with SRR = 2 % and 
SRR = 5 %, respectively. These conditions were 
selected for further evaluation as they represent 
typical mixed lubrication regimes encountered 
in rolling bearings. The results clearly 
demonstrate that greases G1, G2 and G3 
exhibited the lowest friction under both 
conditions. In contrast, grease G5 showed the 
highest friction at 5 % slip, suggesting traction-
like behaviour. These findings confirm the 
significant influence of lubricant composition on 
frictional performance, consistent with previous 
studies by Wang and Wu [13]. Greases 
formulated with synthetic base oils and lithium 
complex thickeners (e.g. G1 and G3) consistently 
achieved lower friction levels, indicating a 
favourable structural balance. 
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3.5 Multi-criteria evaluation of results 

Step 1: Decision matrix. Each grease variant was 
assigned a numerical value for each criterion, 
forming the initial decision matrix, as shown in 
Table 4. The criteria were classified into benefit or 
cost types based on their desired direction of 
optimisation. 

Benefit criterion: Film thickness (larger-is-
better), as thicker films improve surface 
separation, especially at extremely low speeds 
typical for wind turbine bearings [1,3]. 

Cost criterion: Bleeding change, wear and 
friction (smaller-is-better), as higher values are 
typically associated with structural instability, 
surface damage and increased coefficient of 
friction under mixed lubrication conditions 
common in wind turbine bearings [3,29,30]. 

This classification was necessary for subsequent 
steps in the TOPSIS method, especially when 
determining ideal and negative reference solutions. 

Step 2: Normalised decision matrix. Values in 
the decision matrix were normalised using vector 
normalisation according to Equation (3). This step 
ensures comparability between criteria with 
different physical units. The values are shown in 
Table 5. 
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Table 4. Measured data in variant A 

Grease 
sample 

Film thick-
ness, nm 

Bleeding 
change, % 

Wear, 
µm3 Friction

G1 419 0.34 957,100 0.052 
G2 580 11.24 544,100 0.052 
G3 431 8.11 1,069,000 0.050 
G4 343 0.61 4,521,000 0.069 
G5 187 21.85 696,000 0.079 
G6 113 7.55 8,762,000 0.071 

 
Table 5. Normalised data of variant A 

Grease 
sample 

Film thick-
ness, nm 

Bleeding 
change, % Wear Friction

G1 0.451 0.013 0.097 0.333 
G2 0.625 0.417 0.055 0.331 
G3 0.464 0.301 0.108 0.324 
G4 0.369 0.023 0.430 0.449 
G5 0.201 0.810 0.070 0.512 
G6 0.122 0.280 0.887 0.458 

 
Step 3: Weighted normalised matrix. The 

weighted normalised matrix was computed by 
multiplying the normalised values from Step 2 by 
the weights assigned in Step 3, following 
Equation (7). This corresponds to the stage in 
Figure 4 and integrates both the performance 
and the importance of each criterion. Table 6 
shows the results for the weighting strategy W1. 
The same procedure was repeated for W2, W3 
and W4, but only W1 is presented due to space 
constraints. 

Table 6. Weighted normalised data of variant A 

Grease 
sample 

Film 
thickness 

Bleeding 
change Wear Friction

G1 0.158 0.003 0.019 0.067 
G2 0.217 0.104 0.011 0.066 
G3 0.162 0.075 0.022 0.065 
G4 0.129 0.006 0.086 0.089 
G5 0.070 0.203 0.014 0.103 
G6 0.043 0.070 0.177 0.092 

 
Step 4: Determination of ideal and negative 

solutions. The ideal (A+) and negative ideal (A–) 
solutions were determined based on the 
classification of each criterion, using Equations (8) 
to (11). Table 7 summarises the selected reference 
values. 

Table 7. Ideal and negative solution values for variant A 

Solution Film 
thickness

Bleeding 
change Wear Friction

A+ 0.217 0.003 0.019 0.065 
A– 0.043 0.203 0.177 0.092 

 
Step 5: Determination of distance from ideal 

and negative solutions. The Euclidean distance of 
each sample from the ideal and negative ideal 
solution was calculated using Equations (12) and 
(13). These distances quantify how closely each 
sample approaches the best or worst performance. 
The results are shown in Table 8. 

Table 8. Ideal and negative solution values for variant A 

Grease sample Si+ Si– 
G1 0.061 0.282 
G2 0.101 0.264 
G3 0.092 0.237 
G4 0.119 0.234 
G5 0.251 0.166 
G6 0.253 0.133 

 
Step 6: Relative closeness to the ideal solution. 

The final ranking was determined by calculating 
the relative closeness Ci of each sample to the ideal 
solution using Equation (14). This index combines 
both distances from Step 6 and reflects the overall 
performance. Results are shown in Figure 13. 
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Figure 13. Relative closeness for variant A 

The performance scores Ci, summarised in 
Figure 13, reveal that grease G1 achieved the 
highest closeness to the ideal solution, suggesting 
its favourable overall balance across all evaluated 
criteria under the W1 weighting strategy. Greases 
G2 and G3 followed closely, confirming their 
consistent performance in film thickness and 
friction. On the contrary, greases G5 and G6 
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received the lowest scores, reflecting their limited 
stability in bleeding and low film thickness. These 
results align with previous conclusions from 
individual tests and confirm the robustness of the 
TOPSIS framework for integrated grease 
evaluation. 
 
3.6 Sensitivity analysis of weighing strategies 

To assess how different weighting strategies 
affect the final ranking of greases, four strategies 
were compared: literature-based weights (W1), 
performance-based weights (W2), equal weights 
(W3) and data variability-based weights (W4). Each 
was applied to the same normalised matrix (Table 
5) and processed using the TOPSIS method. Figure 
14 compares the resulting Ci values, illustrating 
how prioritisation influences final performance 
scores. 
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Figure 14. Relative closeness for different weights for 

variant A 

Changes in the weighting strategy led to visible 
changes in the Ci performance index, particularly 
for mid-ranking greases. Grease G1 consistently 
achieved the highest score, reflecting stable 
performance in all weighting variants. On the 
contrary, grease G6 showed the most significant 
drop under W2, driven by poor wear and friction 
results, which were more prioritised. Equal 
weighting (W3) reduced these extremes, while 
data variability-based weighting (W4) highlighted 
greases with consistent experimental results. 
These trends confirm that inappropriate 
prioritisation can distort rankings, especially when 
test variability is high. As noted by Wang et al. [16] 
and Lee and Chang [17], weighting strategies that 
account for data stability improve reliability and 
confidence in decisions. Thus, the TOPSIS method 
proved sensitive to weighting inputs but capable of 
clearly distinguishing robust formulations when 
suitable strategies are applied. 

3.7 Sensitivity analysis of data change 

To evaluate the robustness and practical 
reliability of the proposed TOPSIS-based 
framework, the multi-criteria ranking was repeated 
using an alternative input dataset collected under 
different testing conditions (data from variant B). 
These conditions, previously detailed in Table 2, 
were selected to reflect plausible deviations from 
standard parameters, such as reduced 
temperature or modified heating protocols. By 
applying the same evaluation procedure and 
maintaining the original weighting strategy (W1), 
this analysis aimed to assess how sensitive the final 
grease rankings are to changes in the input of 
performance data. 

The same evaluation procedure as in Section 
3.5 was applied to dataset B (Table 9), using the 
W1 weighting strategy. The results shown in Figure 
15 indicate that while the overall ranking remained 
relatively consistent, several greases exhibited 
significant changes in their Ci performance scores 
under the modified test conditions. In particular, 
greases G1 and G4 showed a significant increase in 
value, primarily due to greater film thickness 
formation at room temperature. The other greases 
maintained relatively stable positions, indicating 
better resistance to changes in test parameters. 

Table 9. Measured data in variant B 

Grease 
sample

Film thick-
ness, nm

Bleeding 
change, % 

Wear, 
µm3 Friction

G1 745 0.34 957,100 0.065 
G2 856 11.24 544,100 0.065 
G3 807 8.11 1,069,000 0.063 
G4 707 0.61 4,521,000 0.097 
G5 259 21.85 696,000 0.096 
G6 235 7.55 8,762,000 0.086 
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Figure 15. Relative closeness for variant A and variant B 
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These results indicate that the TOPSIS method 
successfully distinguishes greases with stable 
tribological behaviour from those more susceptible 
to operational changes. This aligns with the 
findings of Millek [31], who emphasised the 
influence of input conditions on performance 
variability and the need for robust evaluation 
schemes under realistic boundary conditions. 
 
4. Conclusion 

This study presents a tribological testing 
procedure combined with multi-criteria decision-
making using the TOPSIS method for the 
systematic evaluation of the performance of 
greases used in the main bearings of wind 
turbines. It was noticed that multi-criteria 
evaluation can be effectively used to assess 
greases across several tests under different 
conditions and thus determine their suitability for 
a specific application. 

It was confirmed that the thickness of the 
lubricating film is influenced not only by the 
viscosity of the base oil but also by the effect of 
the thickener. The interaction between these two 
components significantly affects changes in film 
thickness under varying temperature and pressure 
conditions. 

The interaction between the thickener and base 
oil directly influences the grease's bleeding 
characteristics and mechanical stability. Moreover, 
it affects the thickener's ability to penetrate the 
contact zone, thereby reducing friction and wear. 

The TOPSIS method demonstrated sensitivity to 
weighting inputs. However, minor adjustments to 
criterion weights did not alter the ranking of 
samples. Weighting strategies that account for 
data stability enhance the reliability of the results. 

Changes in input test conditions had only a 
limited impact on the overall evaluation, 
confirming the ability of the TOPSIS method to 
identify greases with stable performance reliably. 

The TOPSIS method enabled consistent 
evaluation of all tested parameters and clearly 
distinguished greases with superior performance 
across multiple tests. The applied evaluation 
approach correctly identified grease G6, which was 
not intended for the specified application, as the 
least suitable option. 

This framework provides a reliable basis for the 
systematic evaluation of grease performance, 
taking into account multiple tribological 
properties. However, the tests were performed 

under laboratory conditions using simplified 
tribometers. Although these tests captured the 
basic performance characteristics of greases, 
further development of the methodology should 
include testing with real bearings under operating 
conditions. 
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