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I. INTRODUCTION

Tapered Roller bearings (TRBs) are extensively used in aerospace, automotive, and manufacturing. These bearings are
deliberated to provide high precision, reduced friction and enhanced stability against high load and speed that make them vital
components in modern machinery and equipments [1-4] . Friction torque (FT) is a key parameter in TRBs as it directly influences
bearing performance and plays a significant role in the operational characteristics. It affects both energy consumption and the rise in
bearing temperature (BT) [5]. Accurate predicting friction torque become more important as it permit designer to calculating friction
power loss and heat generation in bearing [6]. Friction torque in TRBs affected by many parameters, among all it mainly generates due
to rolling between rollers & raceways and sliding frictions among roller larger ends & inner raceway rib. On the other hand the friction
between cage & rollers and viscous drag are small as compared to rolling and sliding and can be neglected [7-9]. Many researchers
have developed theoretical model to verify the friction torque with experimental data under different parameters.

Witte established an equation that able to predict the bearing operating torque under pure thrust, pure radial and combined trust
and radial loads [10], [11]. Zhou et al. presented analytical torque model for TRBs and found good compliance with measured torques
with torque test rig which runs with different lubricants and operating conditions such as two different oil, load and speed[8]. Bercea et
al. suggested an analytical model to identify torque power loss in TRBs. This study presented that the power loss in the inner ring is
more than the outer ring [12]. Matsuyama developed simplified formula for predicting friction torque at roller raceways due to viscous
resistance for TRBs, subsequently verified with the experimental testing for the pure frictional torque for inner raceway rib. This study
was later on extended for the fully flooded condition across a broad range of operating conditions for TRBs [13], [14]. Houpert
compared the ball bearing torque with the TRBs for best selection according to the bearing application [15]. Black et al. evaluated rapid
unigue comparison method to measure running frictional torque TRBs with bearing of similar function [16]. Tiago et al. reported
accurate monitoring method to measure friction torque and bearing temperature of TRBs up to 7000 N axial load and 6000 rpm
rotational speed. Inner raceway rib is an important feature of the TRBs that resist the friction and support the bearing specially under
high axial load [17]. M. Zander et al. presented wide comparison for calculation method results for friction in roller bearings and shows
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that the contact based methods have many possibilities to predict friction accurately [18]. Karna derived an analytical expression to
estimate the friction torque and found good agreement with the experimental work that carried out on newly developed test rig with
detached rib under axial load up to 4000 pounds and 1600 rpm [19]. Jamison et al. observed that the contact between rib and roller is
crucial to carry axial load and control bearing screwing further illustrated that maintaining adequate lubrication and accurate geometry
can improve performance of the TRBs [20]. Witte and Harold quantifies friction torque sources in TRBs focusing on contact between
rib and roller performance. Study explores the different operating conditions with input shaft speed 2400 rpm and apply bearing preload
to input , output and axle shaft with 0.051 mm, 0.051 mm and 0.101 mm respectively along with rib and roller contact geometry and
resulting friction torque [11]. Ahira et al. formulated revised equation to calculate the friction torque based on experimental data and
theoretical calculation with external load up to 20 KN and speed 5000 rpm using EHL conditions for approximately 200 TRBs from
bore size 17 mm to 200 mm [7]. Matsuyama et al. obtained simple formula for viscous rolling frictional torque in roller raceway
contacts in TRBs using speed, material, load etc dimensionless parameters with rotational speed up to 3000 rpm and axial load upto 4
Kn [14]. T Cousseau et al. described experimental method to measure friction torque and bearing temperature for rolling bearing for
axial load and rotational speed 7000N and 6000 rpm respectively using four ball Machine [17]. Y Liu et al. developed a model to
analyze the effect of defects for friction torque on roller — raceways under varying loads, speed and operating temperature in TRBs
using non linear spring model to statics model [21]. S Wirsching et al. identified that EHL based roller face and rib contact plays
significant role for bearing power loss and presented numerical optimization technique using evolutionary algorithm for geometric
parameters based on sampled DOE [22]. L Liu et al. reported new friction torque calculation model to identified the effect of raceway
convexities in TRBs. Here the model is found considering inner and outer raceway surface roughness and convexity under the condition
of EHL [23]. P. L. Wu et al. presented a detailed review on measurements of friction torque for different rolling bearings with
explaining theoretical calculation models and experiments setups [24]. . M.

Klebanov et al. elaborated a model to calculate wear rate due to friction torque between rib and roller contact considering
spherical shape of roller end and three different shape of ribs like conical, convex and concave considered [25]. M. Manjunath et al.
evaluated that at lower speed friction torque due to sliding friction between roller end and rib becomes superior when subjected to axial
load with varying speeds and oil temperatures. Study presented cause of rolling resistance and thermal shear factor in TRBs by various
experiments using a modular test setup[9]. P. Wingertszahn et al. identified that the friction torque between rollers end and inner
raceway rib and also roller cage pockets are significant. The study suggested Parametric Multibody Simulation (PMS) model which is
capable to predict friction torque and its kinematics in TRBs and validate by conducting large number of experiments [26]. S Lee et al.
investigated TRBs friction torque considering roller geometries along with material uncertainties under axial load. Experimental results
compared with the theoretical calculations and correlation analysis suggests that rib angle and half angle of outer raceway had
considerable effect on friction torque [27]. X. Zhou et al. marked that maximum temperature in the DTRB arise between the roller end
and the inner raceway rib owing to frictional heat among rollers and raceway and sliding friction between roller end and inner raceway
rib specially at high axial load. The tests under pure axial load were conducted considering axial load up to 6 kN and shaft speed from
500 to 4000 rpm [28]. However previous study have identified friction torque within TRBs considering various approaches and verified
these by experiments, no one have particularly addressed the effect of high pure axial load, bearing shaft speed and inner raceway rib
convexity a geometrical parameter on friction torque in TRBs. These parameters are particularly became vital for those TRBs which are
assembled in the heavy-duty vehicles’ wheel hub and effects considerably when vehicles turn [29]. When the vehicles with heavy load
are in turn, the vehicles’ front wheel hub bearings experiences a high axial load and that cause rapid friction torque between the roller
larger end and the rib and leads high bearing temperature. To enhance the TRBs life and reduce power loss in such conditions it is
important to reduce the friction torque and manage bearing temperature by precisely estimating the effects of baring load, shaft speed,
and rib convexity.

Il. EXPERIMENTAL PROCEDURE

The experimental setup used in the present study is shown in Figure 1. It consists of five main units: (1) a drive unit, powered
by an AC induction motor, which runs the bearing shaft at speeds of up to 1200 rpm; (2) a grease-lubricated bearing test unit, also
called the bearing hub, which contains the test bearing along with a support bearing; (3) a coupling unit, which connects the drive unit
to the bearing hub using two couplings and a torque sensor with a measuring capacity of up to 500 Nm; (4) a hydraulic load unit, which
consists of a hydraulic cylinder controlled by an adjustable hydraulic flow control valve to vary the axial load on the test bearing up to
10,000 kgf; and (5) a SCADA (Supervisory Control and Data Acquisition) control unit, which collects data measured by torque,
temperature, speed, and load sensors attached to the test rig.

Temperature
Bearing Hub Semsor

Hydraulic Cylnder

—
Figure 1: Experimental setup.
Source: Authors, (2024)
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Three identical TRBs, with geometries as shown in Figure 2 and specifications as shown in Table 1. were selected for the
experiments. These bearings had three different inner raceway rib convexities, approximately 0 um, 3 um, and 6 pm, measured using a
TALYSURF surface roughness tester, to analyze their effect on the responses.
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Figure 2: Tapered Roller Bearing.
Source: Authors, (2025).

Table 1: Specification of Test TRBs.

Nominal Outer diameter, mm 150
Nominal inner diameter, mm 90
Nominal inner ring width, mm 45
Nominal outer ring width, mm 35
Number of roller 23
Material SAE52100

Source: Authors, (2025).

Several preliminary experiments were conducted before the final tests to determine the appropriate factor levels needed to
achieve the desired objectives. During this pilot phase, the axial load was adjusted between 1,000 kgf and 8,000 kgf, the rib convexity
varied from 0 to 9 p, and the bearing speed was tested within a range of 100 to 800 rpm, in accordance with bearing specifications and
intended applications. These trials explored different combinations of axial load, rib convexity, and bearing speed. Friction torque was
continuously monitored using SCADA, with the highest recorded value being used for analysis and bearing temperature was measured
by bearing temperature sensor attached with the tested TRB. The results and observations from the pilot experiments indicated that
when the axial load exceeded 6,000 kgf and the bearing speed exceeded 600 rpm; the bearing temperature rose rapidly above 120°C,
surpassing the permissible temperature range for sealed bearings as per standard guidelines. Additionally, heat generation during the
tests led to discoloration on the contact surfaces of the raceway and rib. In this study, it is important to include Hertzian contact stress
obtained at the roller end and inner raceway rib as high axial loads lead to increased contact stress, which raises the bearing
temperature. The Hertzian contact stress can be calculated according to the applied contact types [30], here for TRBs it is applied as
point contact [11] [19]. In present study contact stresses at different rib convexities and axial load combinations calculated using
MESYS AG contact stress calculation software. Results ensured that up to 6 contact stress at any axial load does not exceed 2400
MPa and it is safe as per the standards [31]. Furthermore, it was observed that when the rib convexity exceeded 6y, the contact stress
increased beyond 4,000 MPa that exceeding the permissible limits defined by bearing standards. Based on these findings, the present
study focuses on three key factors, Rib Convexity (A), Axial Load (B), and Operating Speed (C) and each evaluated at three levels.
Table 2 presents design factors and their three levels with coded and actual values.

Table 2: Factors and their selected levels.

Level Unit
Factors Code X] 0 1
Rib Convexity A 0 3 6 3l
Axial Load B 2000 4000 6000 kgf
Bearing Speed C 400 500 600 rpm

Source: Authors, (2025).
I1l. RESPONSE SURFACE METHODOLOGY (RSM)

Design of Experiments (DOE) refers to the methods used to design and analyze experiments effectively, with a minimum
number of runs, while also evaluating the effective interactions between operating parameters [32], [33]. Among various DOE methods,
Factorial, Response Surface, and Taguchi are the most widely used and preferred by researchers. Response Surface Methodology
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(RSM) is one of the most common DOE techniques, particularly applied in sectors such as production process development, new
product design, and process multi objective optimization [34], [35]. It helps researchers conduct experiments effectively, control and
analyze multiple factors simultaneously, minimize resource consumption, and structure research data for easier analysis [36]-[40]. The
first step in RSM s to identify the relationship between the dependent variable (y) and the independent variables (x;). A standard
second-order RSM model can be represented by Eq. (1).

y=Bo+ Bixs + Boxp + ot BroXiXp + BrzxyXz + ot 811)(12 + Bzzxz2 + o €Y)

The expression contains both first-degree and second-degree terms, which refine the maximum and minimum values of the
response variable. The symbols fo, i, and B;; represent constants. The experimental values are adjusted using the polynomial regression
model, as described by the above equation, to calculate the goodness of fit [33]. Response Surface Methodology (RSM) designs are
further classified into two categories: 1) Central Composite Design and 2) Box-Behnken Design. In the Box-Behnken design, three-
level factors (-1, 0, 1) are typically used to fit second-order models for the response. This experimental design combines 2k factorials
with an incomplete block design, resulting in designs that are generally more effective when the number of runs is large
[32][40][41][42]. The present study employs the Box-Behnken design. Table 3 presents the coded Box-Behnken design matrix along
with the obtained responses.

Table 3: Box Behnken design with coded factors with responses.

Run Order A B C Friction Torque (Nm) Bearing Temperature (°C)
1 -1 -1 0 14 72
2 1 -1 0 10 73
3 -1 1 0 17 86
4 1 1 0 12 85
5 -1 0 -1 13 74
6 1 0 -1 8 74
7 -1 0 1 16 87
8 1 0 1 13 87
9 0 -1 -1 8 55
10 0 1 -1 10 64
11 0 -1 1 11 65
12 0 1 1 15 79
13 0 0 0 12 78
14 0 0 0 12 74
15 0 0 0 12 76

Source: Authors, (2025).
IV. RESULTS AND DISCUSSION
IV.1 RESPONSE SURFACE REGRESSION (RSR) MODEL

Table 4 represents the RSR model for friction torque and bearing temperature, obtained through the RSM method using
MINITAB 19. These response models signify the effect of independent variables on responses by establishing a correlation between
them.

Table 4: Response surface regression model for responses.

Responses Correlation
=-12.63 - 2.292 Rib Convexity - 0.000187 Axial Load + 0.0925
Eriction speed + O_.1528 Rib Convexity*Rib Convexity - 0.000000 Axi_al
Torque Load*Axial Load - 0.000088 speed*speed - 0.000042 Rib
Convexity*Axial Load + 0.001667 Rib Convexity*speed +
0.000002 Axial Load*speed
= -80.6 - 5.58 Rib Convexity + 0.01194 Axial Load + 0.4763
Bearing speed + O_.9861 Rib Convexity*Rib Convexity - 0.000001 Axigl
Temperature Load*Axial Load - 0.000437 speed*speed - 0.000083 Rib
Convexity*Axial Load - 0.00000 Rib Convexity*speed +
0.000006 Axial Load*speed

Source: Authors, (2025).
IV.2 ANALYSIS OF VARIANCE (ANOVA)

ANOVA is a robust statistical method often used in mechanical experiments where multiple factors are tested simultaneously to
assess their effect on the response variable. In this study, ANOVA is applied to evaluate the influence of various independent
variables—axial load, speed, and rib convexity—on the response variables, friction torque and bearing temperature, as well as to assess
the adequacy of the analytical model. The model includes interaction terms up to two-way interactions to improve its predictive
accuracy. The ANOVA results for both responses are shown in Table 5. These table display the degrees of freedom (DF), sum of
squares (SS), and p-values.

For friction torque, the model explains 99.74% of the variation, with an adjusted R-square of 99.27% and a predicted R-square
of 95.85%, indicating strong reliability and applicability to the independent variables. The p-values for factors A, B, and C are less than
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0.05, indicating that they have a strong influence on friction torque. However, the interaction terms AB, AC, and BC, as well as the
second-order terms BB and CC, are not significant, as their p-values are higher than 0.05, indicating their impact on friction torque is
negligible.

For bearing temperature, the model has an even higher R-square of 99.21%, with an adjusted R-square of 97.79% and a
predicted R-square of 96.75%, demonstrating excellent fit and predictive accuracy. Factors B and C are highly significant, as their p
values are less than 0.05, and strongly influencing bearing temperature. However, the terms with p values greater than 0.05 are not
significant and do not affect the response. Overall, the results show that both models are well-fitted and explain most of the variation in
their respective response variables.

Table 5: Analysis of Variance

Source Friction Torque Bearing Temperature
DF SS  |P-Value SS P-Value
Model 9 ]96.1500| 0.000 | 1161.68 0.000
Linear 3 |83.2500| 0.000 | 625.25 0.000
A 1 [36.1250| 0.000 0.00 1.000
B 1 |15.1250| 0.000 | 300.13 0.000
C 1 [32.0000| 0.000 | 325.13 0.000
Square 3 |10.6500| 0.000 | 529.18 0.000
A*A 1 |6.9808 | 0.000 | 290.83 0.000
B*B 1 |0.0577 | 0.332 | 127.44 0.000
C*C 1 |28269 | 0.001 | 70.67 0.002
2-Way Interaction 3 2.2500 | 0.006 7.25 0.369
A*B 1 |0.2500 | 0.076 1.00 0.495
A*C 1 1.0000 | 0.007 0.00 1.000
B*C 1 1.0000 | 0.007 6.25 0.125
Error 5 0.2500 9.25
Total 14 |96.4000 1170.93
R-square 99.74% 99.21%
R-square (adj) 99.27% 97.79%
R-square (pred) 95.85% 96.75%

Source: Authors, (2025).
IV.3 COMPARISON OF EXPERIMENTAL RESULTS WITH RSM MODEL

Table 6 presents a comparison of the experimental results for the response variables friction torque and bearing temperature with
the predicted results from the developed RSM regression model, along with the percentage error. The results show that the maximum
percentage error for friction torque and bearing temperature is 2.08% and 2.7%, respectively, which is within 5%. This indicates that
both models adequately fit the experimental results. Figure 3 provides a graphical comparison, illustrating how well the model
predictions align with the experimental results.

Table 6: Comparison of experimental results with RSM regression model fits along percentage errors.

RUN Experimental Results RSM Model Percentage Error
FT BT FT BT FT BT
1 14 72 | 13.750 | 72.375 | 1.79 0.52
2 10 73 | 10.000 | 73.375 | 0.00 0.51
3 17 86 | 17.000 | 85.625 | 0.00 0.44
4 12 85 | 12.250 | 84.625 | 2.08 0.44
5 13 74 | 13.125 | 74.125 | 0.96 0.17
6 8 74 7.875 | 74.125 | 1.56 0.17
7 16 87 | 16.125 | 86.875 | 0.78 0.14
8 13 87 | 12.875 | 86.875 | 0.96 0.14
9 8 55 8.125 | 54.500 | 1.56 0.91
10 10 64 9.875 | 64.250 | 1.25 0.39
11 11 65 | 11.125 | 64.750 | 1.14 0.38
12 15 79 | 14.875 | 79.500 | 0.83 0.63
13 12 78 | 12.000 | 76.000 | 0.00 2.56
14 12 74 | 12.000 | 76.000 | 0.00 2.70
15 12 76 | 12.000 | 76.000 | 0.00 0.00

Source: Authors, (2025).
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Figure 3: Experimental results vs. regression model graphs.
Source: Authors, (2025).

IV.4 INTERACTION EFFECTS BETWEEN INPUT AND OUTPUT PARAMETERS

The main effect plots for friction torque and Bearing Temperature are as shown in Figure 4 a) and b) respectively produced using
MINITAB 19. It shows the effect of an independent variable on responses. Figure 4 shows that friction torque and bearing temperature
increases as the axial load and bearing shaft speed increases. However, friction torque minimized at 6 convexity while bearing
temperature minimized at 3 convexity because of contact stress between the rib and roller ends.
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Figure 4: Main Effect Plots.
Source: Authors, (2025).
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To analyze the interaction effect of rib convexity, axial load, and bearing shaft speed on the response variables friction torque
and bearing temperature, contour plots and surface plots are presented in Figure 5 and Figure 6. Figure 5(a) and (b) show the contour
plots for friction torque, indicating that friction torque increases as axial load increases from 2000 kgf to 6000 kgf and speed increases
from 400 rpm to 600 rpm, while it decreases as rib convexity increases from 0 um to 6 pum. The dark-colored regions indicate higher
friction torque, whereas the lightest green shade represents friction torque values below 10 Nm. Figure 5 (c) and (d) present the contour
plots for bearing temperature. These plots show that bearing temperature remains minimal at 3 um rib convexity and increases with an
increase in axial load and speed.
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Figure 5: Contour Plots.
Source: Authors, (2025).
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Figure 6: Surface Plots.
Source: Authors, (2025).

To visualize and analyze the effects of independent factors on response variables, Figure 6 presents the surface plots. These plots
help identify maximum and minimum response values and determine the optimal combination of factor levels for optimization. Figure
6 (a) and (b) show the surface plots for friction torque, which tends to increase when rib convexity is at 0 um, with axial load increasing
from 2000 kgf to 6000 kgf and speed up to 600 rpm. However, friction torque can be minimized with an appropriate combination of rib
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convexity and axial load, as shown in the figure. Similarly, Figure 6 (c) and (d) illustrate that bearing temperature remains minimal
when rib convexity is set at 3 um, with speed maintained at 400 rpm.

IV.3 PARAMETRIC OPTIMIZATION AND CONFIRMATION OF EXPERIMENTS

According to the RSM analysis results shown in Figure 7, the optimal response solutions for friction torque and bearing
temperature are obtained when the parameter combination is 3.2 um rib convexity, 2000 kgf axial load, and 400 rpm bearing shaft
speed. Under these conditions, the predicted friction torque and bearing temperature are 7.96 Nm and 54.57 °C, respectively. To ensure
a comprehensive analysis, two additional optimal parameter combinations obtained from the RSM were included, and confirmation
experiments were conducted for these groups. Table 7 presents a comparison between the predicted and experimental results, along
with the percentage deviation for all groups, which remains within 5%. Therefore, it can be concluded that the proposed statistical
model accurately predicts the output responses.
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Figure 7: RSM Optimum solution.
Source: Authors, (2025).

Table 7: Optimal parameters combinations under RSM and the Deviation.

RSM Optimum Solutions | A (L) B (kgf) C (rpm) FT (Nm) | BT (°C)
Predicted 7.96 54.57
1 3.2 2000 400 Experimental 8 56
Deviation % 0.45 2.54
Predicted 8.86 65.84
2 4.3 6000 400 Experimental 9 68
Deviation % 1.60 3.18
Predicted 10.82 59.53
3 0.6 2000 400 Experimental 11 62
Deviation % 1.64 3.99

Source: Authors, (2025).
V. CONCLUSIONS

The present experimental study investigates the impact of operating parameters, such as high axial load and bearing speed, along
with the geometrical parameter—inner race rib convexity—on friction torque and bearing temperature in tapered roller bearings
(TRBs). Additionally, response surface methodology (RSM) serves as an effective statistical tool to identify the effects of these
parameters on responses and optimize them for the best outcomes, ultimately minimizing overall power loss and heat generation in
TRBs. According to the RSM regression model, the optimal parametric combination was found at a rib convexity of 3.21 um, an axial
load of 2000 kgf, and a bearing speed of 400 rpm, which predicted optimal responses of 7.96 Nm friction torque and 54.57 °C bearing
temperature. These predicted results, along with two additional parametric combinations, were validated through confirmation tests,
showing deviations within 5%. This confirms that the developed model aligns well with the experimental results and is appropriate for
accurate predictions.
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