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A B S T R A C T   

Traction in lubricated rolling and sliding contacts plays an important role in the performance of several machine 
elements. Many of such elements are subject to spin motion, which can affect their performance. Recent studies 
have also highlighted the effects of the contact scale on the traction behaviour. Nevertheless, their combined 
effect was not investigated to date. The present study, therefore, analyses the effect of both on the traction in 
heavily-loaded lubricated contacts. To this end, a novel semi-analytical traction prediction model was developed 
considering spin motion. The results show that increasing the contact size and/or spinning speed leads to a 
reduction in traction coefficient and contact efficiency due to thermal effects. These conclusions have important 
practical applications designing machine elements.   

1. Introduction 

The traction coefficient under elastohydrodynamic lubrication (EHL) 
conditions plays an important role in the operation of several machine 
elements. Therefore, understanding the variables that impact traction is 
essential to accurately predict machine performance [1]. It is well 
established that the traction coefficient is influenced by many factors 
such as lubricant properties, rolling and sliding speeds, contact pressure, 
and temperature [2]. On the one hand, the rolling speed generates a 
fluid film that separates the two components in contact, which is 
determined by the lubricant properties at the inlet of the contact [3]. On 
the other hand, the sliding speed causes shearing of the lubricant, which 
is governed by the rheological properties of the lubricant in the Hertzian 
contact region. Contact pressure in this region also increases the vis
cosity of the lubricant [3]. Moreover, the shearing of the lubricant 
generates heat, leading to a rise in temperature in the contact interface 
[4]. This temperature increase can, in turn, decrease the viscosity of the 
lubricant and thus influence the traction behaviour of the contact point. 

Many machine elements, such as angular contact ball bearings or 
toroidal continuously variable transmissions, are subject to spin motion 
which can significantly affect their performance [5–8]. Spin motion is 
defined as a circular sliding motion rotating around an axis normal to 
the contact interface. The point at which there is no sliding between the 
components in contact is known as the spin pole [9]. Spin induces local 
shear thinning in the lubricant and raises the contact temperature, 

which typically lowers the traction coefficient. This reduction in traction 
is particularly significant in low longitudinal sliding conditions [10]. 
Nevertheless, the additional sliding motion affects the contact condi
tions, resulting in increased power losses. 

Recent studies have also highlighted the effects of the scale of the 
contact interface on the traction coefficient [11–14]. Experimental in
vestigations have revealed that larger contact interfaces exhibit lower 
traction coefficient values under comparable working conditions 
(pressure, speed, and temperature) [12]. An isothermal analysis 
revealed differences in traction, however, these differences were lower 
than those obtained experimentally. Therefore, the authors attributed 
the reduction in traction to an increase in the contact temperature, 
which led to a subsequent reduction in the lubricant viscosity. 

With the aim of predicting the traction coefficient, several lubricated 
traction prediction models have been proposed, which are mainly based 
on calculating the shear stresses of the lubricant film [15]. These models 
can be empirical, analytical or numerical. Empirical traction prediction 
models are based on traction measurements. Using a tribometer to 
measure many traction curves in multiple working conditions, these 
models determine the traction coefficient in each working condition via 
regression [16]. Numerical traction prediction models, on the other 
hand, consider the physical phenomena occurring inside the contact 
region. These have undergone significant improvements in recent years, 
in particular solving Reynold’s flow equation together with load, en
ergy, and elasticity balance equations. However, numerical methods can 
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be subject to some convergence issues and incur considerable compu
tational costs [17–20]. Finally, simple and time efficient analytical 
traction prediction models have proven suitable for machine elements 
with multiple EHL working conditions. These models provide accurate 
traction results for engineering purposes [21–23]. However, for the sake 
of simplicity, this kind of models usually locate the spin pole position 
independently from real kinematic behaviour [24] giving rise to 
non-feasible solutions, rheological models do not account for high 
pressure viscosimetry [25] and the thermal calculation usually considers 
a constant, contact size independent, friction coefficient in the contact 
area [2]. 

Although the traction coefficient is influenced by both spin and 
contact size, their combined effect has not been investigated to date. The 
present study, therefore, analyses the effect of both parameters on the 
effective traction coefficient in heavily-loaded lubricated contacts. To 
this end, a semi-analytical traction prediction model has been devel
oped, which takes into consideration the interrelation between local 
contact kinematics with spin, lubricant rheology, and contact tempera
ture. The model is validated with published experimental traction 
measurements and then used to determine the traction coefficient for 
multiple spinning and contact sizes under comparable working condi
tions (lubricant, speed, pressure, and temperature). Finally, the contact 
efficiencies are also determined. 

2. Traction in heavily-loaded lubricated contacts with spin 

2.1. Generalized traction prediction model 

Under high normal load conditions, the EHL pressure distribution on 
lubricated rolling point contacts resembles that of smooth dry contact 
and the film thickness shape within the contact region approximates to a 
constant value [26]. In such conditions, the EHL lubrication problem can 
be stated with the Ertel-Grubin approach [4]. This method is employed 
in the semi-analytical traction prediction model developed in this study. 

Fig. 1 illustrates a lubricated elliptical contact interface in which the 
semi-minor axis is oriented to the rolling velocity component and 

aligned with the x-axis. The position of the spin pole is included to 
generalize the model to arbitrary contact conditions. Point O refers to 
the geometric origin of the contact ellipse while point P indicates the 
spin pole position. 

Film thickness distribution inside the contact region is considered 
constant and equal to the central film thickness value hc, and is calcu
lated using the equation proposed by Chittenden et al. [27]. The pres
sure distribution p(x,y), contact area AH, and gap outside the interface h 
(x,y), follow the Hertzian solution for general elliptical contacts, as 
presented by Moes [28]. For an arbitrary contact point Q inside the 
interface, local fluid traction τ(x,y) depends on local fluid pressure pf = p 
(x,y), film thickness hc, and kinematic conditions. 

Kinematic dispositions considering spin were defined by Loewenthal 
[9]. Spinning speed is usually quantified by the spin to roll ratio Sp, 
which is a dimensionless parameter as shown in Eq. 1. 

Sp =
ωs⋅

̅̅̅̅̅̅̅
a⋅b

√

ue
(1)  

where ωs is the spinning speed; a and b the semimajor and semiminor 
axis of the contact interface, respectively; and ue the entrainment speed, 
defined as the mean rolling speed of the bodies in contact ue = (ub +

ud)/2. 
Finally, from rigid body kinematics, and using vector composition, 

the spin pole position PO and local sliding speed distribution vs(x, y) can 
be computed. The former is determined from the overall sliding speed 
calculated at the centre of the contact O, while the latter also considers 
the distance from the centre of the contact to the evaluated point Q on 
the contact interface. Using standard notation shown in Fig. 1, the 
sliding speed vs is defined as the difference between the rolling speeds of 
the bodies in contact, and thus its value in the centre of the interface is 
vs = ub − ud = ωby⋅rbx − ωd⋅rd. Similarly, the spinning speed ωs is the 
sum of the rotational speed in z-axis of both components in contact ω→s =

ω→bz + ω→d. Matching the latter to the distance to the spin pole one yields 
Eq. 2 and finally the sliding speed distribution is obtained from Eq. 3. 
Thus, following Loewenthal [9] and contrary to other works in scientific 

Fig. 1. Main parameters of the point contact.  
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literature [2], [24], [25], it can be proved that the spin pole position is 
not independent from longitudinal sliding. 

ω→s × PO̅→ = v→s(0, 0)→
⃒
⃒
⃒PO̅→

⃒
⃒
⃒ =

v→s(0, 0)
ω→s

(2)  

v→s(x, y) = ω→s × PQ̅→ = ω→s ×
(

PO̅→+ OQ̅→
)

(3)  

2.2. Isothermal traction calculation 

In the EHL regime, friction is caused by shearing of the fluid film 
confined in the contact interface. Hence, friction force can be calculated 
by integrating the shear stress across the contact area. The non- 
Newtonian shear stress τ in the lubricant is a function of the strain 
rate γ̇, which depends on the sliding speed vs(x, y) and the non- 
Newtonian viscosity ηG(p,θ, γ̇). Furthermore, if the limiting shear 
stress coefficient Λ is considered, fluid pressure p(x,y) affects the 
maximum traction attainable [29]. Therefore, local fluid behaviour is 
limited by the relationship between shear rate and pressure distribu
tions. As the rheology of the lubricant is modelled by means of the 
Carreau non-Newtonian equation [30], the general mathematical 
formulation for traction prediction in a isothermal EHL contact is shown 
in Eq. 4. 

μx =
1
Fn

∫∫

AH

τx⋅dAH

=
1
Fn

∫ b

− b

∫ a

− a
min

⎛

⎝γ̇⋅ηL⋅

[

1 +

(
ηL⋅γ̇

G

)2
]n− 1

2

,Λ⋅p

⎞

⎠⋅cosφ⋅dx⋅dy (4)  

where ηL is the low shear rate viscosity under constant temperature and 
local pressure calculated with the improved Yasutomi model [31], [32]; 
n and G are the Carreau’s exponent and shear modulus, respectively; and 
Fn is the applied normal load. Since local sliding vectors vs(x,y) are no 
longer aligned with the rolling motion, the shear strain has two com
ponents, γ̇x and γ̇y, which are aligned with the principal axes. These two 
terms must be considered when computing generalized viscosity with 
the Carreau expression and shear stresses in Eq. 4, where the absolute 
value of the local shear rate is γ̇2 = γ̇2

x + γ̇2
y . Nevertheless, it is important 

to highlight that the φ angle in Fig. 1 denotes the direction of the local 
sliding vector, and should thus be considered in calculating the traction 
reaction in the main rolling direction. Since the shear stress across the 
film was assumed constant, the Couette flow shear strain rate may be 
considered as γ̇x(x, y) = ∂ux/∂z ≈ vs,x(x, y)/hc. Fig. 2 depicts the 

relationship between sliding speed (shear strain rate) and shear stress 
distributions, with respect to the spin pole position. 

2.3. Contact temperature determination 

In Eq. 4, film thickness and viscosity are evaluated at constant inlet 
(θin) and contact temperatures (θc), both equal to the oil bath temper
ature θ0. When computing oil film thickness, Chittenden’s equation [27] 
can be updated to include thermal effects [23], shear thinning [15], 
and/or spinning effects [33]. However, the reduction of the central oil 
film thickness is negligible in spinning contacts, as recent experimental 
evidence has shown [33], [34]. Nonetheless, local shear stress distri
bution affects contact temperatures and therefore the traction coeffi
cient is modified by spin. To overcome this, the rise in lubricant 
temperature within the contact is calculated by combining the energy 
equation in the lubricant film central plane with the point heat source 
integration method by Carslaw and Jaeger [35]. For any point Q in the 
contact region, the temperature of the film is calculated assuming that 
the heat is only conducted in the z-direction, and convection from the oil 
is neglected. Applying heat balance to the contact interface, the mid film 
temperature distribution can thus be expressed as: 

Θf(x, y, z) = Θb,1 +

∫∫

AH

α⋅q̇⋅
[
Rfl,1 +Rf

]
dAH

= Θb,2 +

∫∫

AH

(1 − α)⋅q̇⋅
[
Rfl,2 +Rf

]
dAH (5)  

where θb is a constant value representing the bulk temperature of the 
solid; α is the heat partitioning coefficient; q̇ is the heat source of arbi
trary shape due to the local fluid shear distribution calculated as 
q̇(x, y) = τ(x, y)⋅vs(x, y); and Rfl and Rf are the thermal resistances for 
flash temperature rise and fluid heating, respectively. The former is 
computed from the analytical solution for quasi-steady state surface 
temperature distribution due to a moving heat source q̇(x, y) in a semi- 
infinite homogeneous medium. The latter can be derived by applying 
the energy equation and Fourier’s law to a given lubricant differential 
area. Both solutions are presented in Eq. 6 (flash temperature rise) and 7 
(fluid heating): 

Rfl,i(x, y) =
1

2⋅π⋅Ki⋅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
x2 + y2

√ exp
(

−
ue

2⋅χi
⋅
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅

x2 + y2
√

− x
))

(6)  

Rf(z) =
1

2⋅Koil
⋅
(

hc

2
− z

)

(7) 

Fig. 2. a) Sliding speed distribution on the contact interface for SRR > 0%, b) shear stress distribution in the x-direction, and c) shear stress distribution in the 
y-direction. 
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where Ki is the thermal conductivity of the solid and χi the thermal 
diffusivity. Although a constant and equal heat partitioning of α = 0.5 
has been assumed in the interfaces due to both components being made 
of the same material, a range of heat partitioning between 0.4 and 0.6 
has been considered. The traction results showed a 10% difference and 
the maximum deviation in traction do not exceed 0.007. Therefore, the 
bulk temperature of the solids is equal to that of the oil bath θ0, and is 
thus simplified. In such conditions the fluid temperature distribution in 
the mid plane can be computed as a space convolution between q̇(x′, y′)
and R(x − x′, y − y′), which can be solved by FFT methods [36] after 
discretization on a uniform grid [37]. 

2.4. Contact power loss and efficiency 

While traction is determined by the sliding components in the x-di
rection γ̇x, the term in the transverse direction (y-direction) still con
tributes to energy dissipation. Therefore, those interfaces subjected to an 
additional spin motion cause power loss, as expressed in Eq. 8. All 
sliding vectors generate power losses regardless of the vector direction, 
and hence the φ angle and the sliding component sign are not considered 
the equation. 

Ploss =

∫∫

AH

|vs|⋅|τx|⋅dAH

=

∫ b

− b

∫ a

− a
|vs|⋅

⃒
⃒
⃒
⃒
⃒
⃒
min

⎛

⎝γ̇⋅ηL⋅

[

1 +

(
ηL⋅γ̇

G

)2
]n− 1

2

,Λ⋅p

⎞

⎠

⃒
⃒
⃒
⃒
⃒
⃒
⋅dx⋅dy (8) 

From this definition, the contact efficiency can be readily deter
mined, which is an indicator of the amount of power dissipated due to 
spinning speed with respect to useable tractive power: Pin = Tin⋅ωin and 
Pout = Fn⋅μx⋅uout. 

Two sources of power loss can be distinguished in contacts with these 
kinds of kinematics: spin and longitudinal sliding losses. Longitudinal 
sliding losses increase in line with the slide to roll ratio (SRR), while 
spinning losses are predominant in low SRR conditions. Eq. 9 (longitu
dinal sliding) and Eq. 10 (spinning) determine the efficiency of these loss 
sources. The product between both efficiencies determines the global 
contact efficiency Ef = EfSRR⋅Ef spin = 1 − (Ploss/Pin). 

EfSRR =
Ft⋅uout

Ft⋅uin
(9)  

Efspin = 1 −
Ploss − Ploss,SRR

Pin
(10)  

2.5. Calculation procedure 

Fig. 3 sets out the procedure to determine the variables governing 
traction, which are as follows:  

1. Determine input variables of the model considering the mechanical 
properties, geometries, disposition, and speed of the components, 
together with the supply temperature and the rheological properties 
of the lubricant.  

2. Determine contact interface size and contact pressure distribution by 
means of the Hertzian contact model.  

3. Calculate sliding speed distribution for imposed longitudinal sliding 
conditions.  

4. Determine film thickness and shear strain rate distribution. 
5. Calculate viscosity distribution in the contact region based on pres

sure, temperature, and kinematics.  
6. Determine shear stresses and integration of shear stresses to calculate 

traction load.  
7. Calculate changes in temperature distribution due to shearing of the 

lubricant fluid film.  

8. Repeat operations 5, 6, and 7, updating the contact temperature 
distribution until stabilized (ΔΘ(x, y)max ≤ 1◦C).  

9. Determine contact efficiency based on power losses and output 
power. 

3. Case study 

Three case studies were defined to analyse the impact of contact 
interface size on the traction coefficient of rolling, sliding, and spinning 
contacts under comparable conditions. For that purpose, the component 
disposition shown in Fig. 4 was considered, which is a generalization of 
the spinning contact types by Loewenthal [9]. 

Fig. 4 clearly shows that the rolling speed of the disc in the centre of 
the contact interface is ud = ωd⋅rd, while the speed of the ball depends on 
the tilting angle, with ub = ωb⋅rb⋅cos(β). Thus, the overall rolling and 
sliding speeds can be calculated as ue = ub +ud/2 and vs = ub − ud, 
respectively, and the dimensionless longitudinal sliding (known as slide 
to roll ratio) is defined as SRR = vs/ue. However, the local fluid condi
tion is affected by spinning motion, as the rotational speed of the disc 
and the ball are not equal. Therefore, the spinning speed is given by Eq. 
11: 

ω→s = ω→d + ω→b⋅sin(β) (11)  

where ωb and ωd are the rotational speed of the ball and the disc, 
respectively, and β is the tilting angle of the rotation axis of the ball. 

Fig. 3. Semi-analytical traction prediction model.  
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To determine the traction coefficient under different contact scale 
and spinning speed conditions, the entrainment speed, contact pressure, 
and supply temperature of the lubricant were maintained constant by 
changing the normal load and disposition of the components. Three test 
cases were studied, as described below. The testing conditions are 
detailed in Table 1.  

• Case 1 was designed to determine the accuracy of the model. To this 
end, the model results were compared to experimental rolling and 
sliding traction measurements with spin published in the literature 
[18]. The no spin condition (β = 0◦) was measured for a different 
contact scale condition (rb = 12.5 mm). 

• Case 2 aimed to identify the behaviour of variables governing trac
tion by changing both spinning speed and interface size, and observe 
the effect on the traction coefficient. Tests were carried out under 
equal spin to roll ratio, maintaining an equal relationship between 
the spinning speed and the Hertzian contact radius.  

• Case 3 was performed at a fixed spinning speed under all conditions. 
The only variable changed was the contact interface size. 

The properties of the materials used in the analysis are shown in  
Table 2. Both the ball and disc were made of AISI 52100 (100Cr6) 
through hardened steel, and the lubricant was Shell T9 [38]. 

4. Results and discussion 

4.1. Comparison of model and experimental results 

The correlation between the results obtained from the traction pre

diction model and published data [18] is illustrated in Fig. 5. The figure 
clearly shows that the model accurately reflects the general trends of the 
experimental traction coefficient data. The maximum difference in 
traction coefficient does not exceed 0.014, while the average difference 
is only 0.005.  

• Increasing the spin (β angle) results in a reduction in traction across 
all slide to roll ratio conditions.  

• Differences in traction between the three spinning speed conditions 
are greater under low longitudinal sliding conditions, since spin 
motion has a more significant impact at this working range.  

• Under high longitudinal sliding conditions, the results of the traction 
coefficient converge on the same value regardless of the spinning 
speed condition. This is particularly evident in the SRR = − 45% 
condition for both experimental and numerical results. It has to be 
remarked that the β = 0◦ condition does not converge to the same 
traction value for high longitudinal sliding conditions since the 
experimental results from the literature were carried out under a 
different scale condition (rb = 12.5 mm). As a result, variations in 
thermal behaviour are expected, leading to differences in the ob
tained results. These findings align with similar observations in the 
literature, where it has been demonstrated that interfaces with 
smaller sizes exhibit higher traction coefficients due to lower thermal 
heating [12]. 

• Under positive longitudinal sliding conditions, the traction coeffi
cient values do not completely converge in high sliding conditions as 
happens for the negative sliding condition (e.g., 88◦ and 88.5◦). This 

Fig. 4. A ball on disc disposition in which spinning motion may be controlled 
by the β angle. 

Table 1 
The modelled working conditions for each case study.  

Parameter 1 2 3 

ue 2 m/s 2 m/s 2 m/s 
rb [12.5 mm* , 

80 mm] 
40 mm 20 mm 

rd 50 mm 50 mm 50 mm 
β [0◦, 86◦, 88◦, 88.5◦] 84◦ [84◦, 87◦, 88.5◦] 
Fn 1500 N [155.3, 621, 

2484.2] N 
[155.3, 621, 
2484.2] N 

pH 0.845 GPa 1 GPa 1 GPa 
a 0.92 mm [0.27, 0.54, 1.09] 

mm 
[0.27, 0.54, 1.09] 
mm 

Θ0 30 ◦C 30 ◦C 30 ◦C 
SRR [− 45–45%] [0–50%] [0–50%] 
ωs(SRRx,0 =

0%)

[0, 397, 755, 991] 
rad/s 

[991, 495, 248] 
rad/s 

991 rad/s 

*the 12.5 mm ball was considered only for the no spin condition (β = 0 ◦)  

Table 2 
Solid and lubricant properties.  

Steel AISI 52100[39,40]   

Elasticity modulus E 210 GPa 
Poisson’s ratio ν 0.3 
Density ρ 7800 kg/m3 

Thermal conductivity K 21 W/mK 
Specific heat c 460 J/kgK 
Shell T9[38,41]   
Viscosity (θ = 40 ◦C) η0 0.008 Pa⋅s 
Density (θ = 40 ◦C) ρ0 872 kg/m3 

LSS coefficient Λ 0.083 
Thermal conductivity Koil 0.1114 W/mK 
Temperature at glass transition Θg0 -83.2 ◦C 
Viscosity at glass transition ηg 1⋅1012 Pa⋅s 
Yasutomi parameters A1 188.86 ◦C  

A2 0.719 GPa− 1  

b1 8.2 GPa− 1  

b2 -0.5278  
C1 16.09  
C2 17.38 ◦C 

Shear modulus G 7 MPa 
Power law exponent n 0.35  

Fig. 5. Comparison between model and published results.  
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is a result of the variation of the spin speed as a function of longi
tudinal sliding, which occurs due to the adjustment of the speed of 
the components to maintain a constant input speed across different 
longitudinal sliding speeds. Therefore, the spin pole position at 
positive and negative longitudinal sliding conditions cannot be 
directly compared. The spin pole locations are shown subsequently 
for both longitudinal sliding directions, which highlights the differ
ences in traction under positive and negative longitudinal sliding 
conditions. 

Fig. 6 depicts the sliding speed distribution for the three spinning 
conditions at SRR = − 45% and SRR = 45%.  

• In negative longitudinal sliding conditions, the spin pole P moves in 
the positive y-direction, while in positive longitudinal sliding, it 
moves in the negative y-direction. The differences in spin pole dis
tance between positive and negative longitudinal sliding conditions 
occur because the rotational speed of the disc and ball are adjusted to 
maintain a constant entrainment speed when the longitudinal sliding 
speed is changed. As a result, the spinning speed is no longer constant 
as a function of longitudinal sliding.  

• The spinning speed is greater under positive longitudinal sliding 
conditions because the speed of the ball is accelerated, bringing the 

spin pole closer to the contact centre. Since the spin pole remains 
inside the Hertzian contact region for the SRR = 45% the traction 
coefficient values do not converge in an equal value. 

The obtained traction trends are in accordance with the observations 
of Ehret et al. [10]. They found that the traction coefficient is affected 
when the spin pole is inside the Hertzian contact region. This, together 
with the spin pole positions shown in Fig. 6, can explain why the traction 
coefficients converge at SRR = − 45%, while at SRR = 45% the traction 
coefficients remain different. The spin pole of the β = 88.5◦ condition is 
still inside the Hertzian contact region, and thus the obtained traction 
coefficient is lower than the traction coefficient of the other two 
conditions. 

4.2. Equal spin to roll ratio 

The isothermal and thermally corrected traction curves calculated 
under equal spin to roll ratio conditions are shown in Fig. 7. For that 
purpose, both spin speed and contact interface size were changed in each 
condition, maintaining an equal relationship between the three condi
tions. The isothermal curves show similar trends under the three con
ditions, which indicates that the spin to roll ratio completely 
characterizes the contact behaviour. In contrast, the thermally corrected 

Fig. 6. Sliding speed distribution on the contact surfaces for SRR = − 45% (top) and SRR = 45% (bottom) when a) β = 86◦, b) β = 88◦ and c) β = 88.5◦.  
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traction results present a lower traction coefficient as the contact scale 
increases. These differences are more considerable in high longitudinal 
sliding conditions. In addition, the thermally corrected traction shows 
that the maximum traction coefficient decreases as the contact interface 
size increases. 

Fig. 8 illustrates kinematic parameters (spin speed, spin to roll ratio, 
spin pole position, and dimensionless spin pole position (P/a)) as a 
function of longitudinal sliding.  

• The spinning speed increases together with longitudinal sliding for 
the three contact radius conditions. The variation in spin speed re
sults from the changes in the rotational speed of the disc and the ball, 
i.e., maintaining the entrainment speed constant while longitudinal 
sliding changes has an effect on the spinning speed. Nevertheless, the 
variation in the spinning speed is proportional to the contact radius 
as a function of longitudinal sliding in the three conditions.  

• The spin to roll ratio is equal for the three conditions analysed, since 
the large interface has low spinning speed and vice versa. The vari
ation in spin to roll ratio with respect to longitudinal sliding is also 

equal in the three scale conditions, which means that the traction 
results in isothermal conditions are comparable. 

• As the spin speed varies across the three scale conditions, the posi
tion of the spin pole differs depending on the longitudinal sliding, as 
determined by Eq. 2. In the smaller-sized interface, the distance 
between the spin pole and the centre of the contact is smaller 
compared to the larger interface. Consequently, when the spin pole 
resides on the boundary of the contact interface, the longitudinal 
sliding is equivalent in all three scale conditions. Hence, the 
dimensionless spin pole position remains consistent across all three 
conditions (Fig. 8d). 

Fig. 9 plots the sliding speed, isothermal shear stress, temperature 
rise, and thermally corrected shear stress in the rolling direction on the 
contact interface when SRR equals 10%. The sliding speed distribution 
indicates that the position of the spin pole is equal in the three scale 
conditions. This corresponds with Fig. 8d, in which the relationship 
between the spin pole position and the interface radius is equal. 
Therefore, it can be seen that since the relationship between the 

Fig. 7. Traction coefficient for equal spin to roll ratio conditions in a) isothermal and b) thermal conditions.  

Fig. 8. a) Spinning speed, b) spin to roll ratio, c) spin pole position, and d) relationship between spin pole and interface size as a function of longitudinal sliding for 
three contact interface conditions under equal spin to roll ratio conditions. 
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Fig. 9. (From top to bottom) Surface sliding speed distribution, isothermal shear stresses in the rolling direction, temperature rise distribution and thermal shear 
stress under equal spin to roll ratio conditions for SRR = 10% and a) rb = 20 mm, b) rb = 40 mm, and c) rb = 80 mm. 
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spinning speed and contact interface radius is equal, the sliding speed 
values across the contact interface are equal, i.e., vs(x/a, y/a)R20 =

vs(x/a, y/a)R40 = vs(x/a, y/a)R80. As the sliding speed distribution is 
equal across the contact interface, the viscosity distribution would also 
be similar in the three scale conditions. Therefore, the isothermal shear 
stresses are equal in the three scale conditions as can be seen in the 
second row of Fig. 9. 

The third row of Fig. 9 depicts the temperature rise distribution on 
the mid plane generated by the shearing of the lubricant. The figure 
clearly shows that the temperature distribution coincides with the 
sliding speed distribution. On the one hand, the temperature at the 
outlet increases as a result of the rolling direction of the components in 
contact. On the other hand, the temperature rise in the negative y-region 
is smaller than in the positive y-region. This behaviour is a result of the 
spin motion. Since there is no heat generation in the spin pole position 
(no sliding speed) the temperature increase near this region is lower. 

The corrected temperature distribution decreases the viscosity of the 
lubricant, and thus changes in shear stresses are expected. The bottom 
row of Fig. 9 presents the thermally corrected shear stress distribution in 
the rolling direction. It can be observed that the shear stresses of the 
large interface are lower than those of the small interface. Hence, the 
traction coefficient of the large interface can be expected to be lower 
than the low scale, as also reported in Fig. 7b. 

This case study reveals that the spin to roll ratio completely char
acterizes the kinematic behaviour of the spinning circular contacts. 
Nevertheless, the traction coefficient is influenced by the scale effect, 
since the interface size affects the thermal behaviour of the contact. 
Similar traction behaviour was stated in the literature for traction trends 
without considering spin speed in the contact [12–14], where lower 
traction coefficient was achieved for large size contacts, mainly due to 
thermal effects. 

4.3. Equal spinning speed 

The traction curves for the equal spinning speed and variable contact 
interface size conditions are plotted in Fig. 10. The β angle was adapted 
to achieve the same spinning speed in the three scale conditions. In this 
case, the isothermal analysis presented differences in traction between 
the three scale conditions, which reveals that the source of these dif
ferences is not only the thermal behaviour. Nevertheless, differences in 
the traction coefficient increased in the thermally corrected traction 
curves, which shows that the larger the contact interface the lower the 
traction coefficient. 

The main kinematic parameters as a function of longitudinal sliding 
are reported in Fig. 11. The spinning speed is equal in the three scale 
conditions, therefore, the spin to roll ratio is no longer equal since the 

contact size has changed. In addition, since the spinning speed is equal, 
the position of the spin pole as a function of longitudinal sliding is equal 
for the analysed three conditions. Hence, the spin pole is inside the 
Hertzian contact region for different longitudinal sliding range at each 
scale, as shown in Fig. 11c (the greater the interface size the spin pole is 
inside for a wider range). As a result, the dimensionless spin pole posi
tion is no longer equal for the three scale conditions. 

Fig. 12 depicts the sliding speed distribution on the contact interface 
for SRR = 10%. The figure clearly shows that the spin pole position 
changes in proportion to the interface size, which corresponds to 
Fig. 11c, in which the spin pole position was shown to be equal in the 
three conditions. Hence, since the spinning speed is equal, the sliding 
speed values at the contact boundaries are different, because the speed 
of the large size interface is higher. In this case, the sliding speed dis
tribution is related as vs(x, y)R20 = vs(x, y)R40 = vs(x, y)R80. Moreover, as 
the spin pole is closer to the contact interface centre for the large scale 
condition, more sliding appears in the opposite direction to rolling, and 
thus, traction is affected. 

The second row of Fig. 12 shows the isothermal shear stress distri
bution on the contact interface. As expected, more shear stresses can be 
observed in the negative x-direction of the largest interface, and thus less 
traction can be expected after the integration. This is in agreement with 
the results depicted in Fig. 10, where the large size interface is the one 
with the lowest traction coefficient. 

The distribution of temperature rise on the contact interfaces is re
ported in the third row of Fig. 12. As expected, the rise in temperature is 
greater on the large interface than the small one, which leads to a larger 
decrease in viscosity, and thus traction. Since the spin pole is closer to 
the centre of the contact interface in the largest contact size, the tem
perature distribution changes accordingly. This is evidenced by a low 
temperature rise near the spin pole, which can be attributed to the 
absence of sliding at that particular point. On the other hand, it also 
indicates that an increase in temperature corresponds to an increase in 
the size of the contact interface. 

The bottom row of Fig. 12 shows the distribution of thermally cor
rected shear stress distribution in the rolling direction for the three scale 
conditions. The findings indicated a greater decrease of the shear 
stresses on the largest contact interface, consequently resulting in a 
substantially greater decrease in the traction coefficient. 

Shear stresses in the positive direction lead to an increase in the 
traction coefficient, while shear stresses in the negative direction result 
in a decrease. It can thus be concluded that in the integration process, 
the shear stresses in the positive direction are cancelled by the shear 
stresses in the negative, which has a resultant effect on the traction 
coefficient. Nevertheless, all these shear stresses generate energy dissi
pation, which increases the contact power loss, thereby decreasing the 

Fig. 10. Traction coefficient for equal spinning speed conditions in a) isothermal and b) thermal conditions.  
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efficiency. 

4.4. Contact efficiency results 

The contact efficiencies were also studied so as to determine the 
optimum working condition of each contact condition. Although trac
tion is affected by the scale effect, contact efficiency is solely dependent 
upon spin to roll ratio as shown in Fig. 13a. The figure illustrates the 
dramatic increase in efficiency as a function of longitudinal sliding until 
an optimum point is reached. From that condition forward, the effi
ciency decreases gradually while SRR increases. This trend is deter
mined by two sources of power loss—spin and longitudinal sliding. Each 
of these sources of loss affect different regions as stated in Eq. 9 and Eq. 
10. Spinning efficiency, on the one hand, increases rapidly with longi
tudinal sliding reaching 100% at SRR = 15%. This corresponds to the 
condition when the spin pole is positioned within the boundaries of the 
Hertzian contact region (Fig. 13b). On the other hand, increasing lon
gitudinal sliding leads to a gradual decrease in longitudinal sliding ef
ficiency (Fig. 13c). 

While Ehret et al. [10] mentioned that spin affects when the spin pole 
is inside the Hertzian contact region, it has been found that the 
maximum contact efficiency occurs when the spin pole remains within 
the contact region under the analysed conditions. It should be noted that 
he overall efficiency decreases significantly when the spin pole reaches 
the contact boundaries, resulting in higher longitudinal sliding losses 
compared to when it is within the Hertzian contact region as shown in 
Fig. 13a. 

In the case of equal spinning speed, the contact efficiency as a 
function of longitudinal sliding is plotted in Fig. 14a. The figure shows 
that the efficiency of the large size interface is considerably lower than 
the other two scale conditions. In addition, the maximum efficiency 
condition occurs under higher longitudinal sliding conditions for the 
large interface. Fig. 14b illustrates that the spinning efficiency is 
different for each scale condition, and is affected by the spin pole po
sition. Since the spin pole is inside the Hertzian contact region in a wider 
range of longitudinal sliding for the large interface, the spinning effi
ciency is lower than the other two scale conditions. Nevertheless, since 
the longitudinal sliding is equal for all the scale conditions, its efficiency 
is equal for all three, as represented in Fig. 14c. These results indicate 

that to maximize efficiency under equal spinning speed conditions, it is 
preferable to use low scale contact interfaces. Newall et al. [20] and 
Verbelen et al. [42] also identified a decrease in efficiency, noting that 
higher conformity ratios on the contact (corresponding to a higher 
equivalent radius) led to lower efficiencies. However, these studies did 
not specifically correlate the efficiency decrease with the spin motion or 
spin pole position. 

5. Conclusions 

A simplified semi-analytical traction prediction model has been 
presented, which analyses the impact of spinning motion on the traction 
coefficient, while also considering the influence of interface size. The 
results demonstrate that the model adequately represents the spin 
induced traction trends with a maximum and mean difference in traction 
coefficient that do not exceed 0.014 and 0.005 respectively. Although 
the simplified nature of the model led to some differences between 
simulated and experimental results, the model has proved effective in 
obtaining rapid insights into traction not achievable by complex nu
merical models. Furthermore, contact efficiency was also analysed to 
determine how the contacts behave as a function of longitudinal sliding. 
The results of this study can contribute to the enhanced design of 
mechanisms which include rolling, longitudinal sliding, and spinning 
contacts. The main conclusions are as follows:  

• The traction coefficient is affected by both spinning motion and 
interface size. The presented study has reported that the spin to roll 
ratio provides a comprehensive description of the kinematic condi
tions, as the longitudinal sliding where the spin pole is located within 
the contact boundaries remains consistent across all conditions. 
However, it has been observed that decreasing the contact interface 
size mitigates the impact of spin motion. At equal spinning speed 
conditions, low sized interfaces show less sliding across the contact 
interface, therefore, less shear thinning of the lubricant and thermal 
effects of the fluid occur. Consequently, optimizing the traction co
efficient and contact efficiency may be achieved through the utili
zation of smaller interfaces.  

• The spin to roll ratio properly represents the kinematic behaviour of 
the contact interface, and thus, traction under an equal spin to roll 

Fig. 11. a) Spinning speed, b) spin to roll ratio, c) spin pole position, and d) dimensionless spin pole position as a function of longitudinal sliding for equal spinning 
speed conditions. 
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Fig. 12. (From top to bottom) Surface sliding speed distribution, isothermal shear stresses in the rolling direction, temperature rise distribution and thermal shear 
stress under equal spinning speed conditions for SRR = 10% and a) rb = 20 mm, b) rb = 40 mm, and c) rb = 80 mm. 
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ratio is similar for different scale conditions under isothermal con
ditions. However, differences were found in the thermally corrected 
traction curve, since the interface size affects thermal behaviour. 
Large scale interfaces lead to a greater rise in temperature than small 
scale interfaces. As a result, the decrease in traction is greater for 
large interfaces. 

• In equal spinning speed conditions, differences were observed be
tween the contact sizes under isothermal conditions. Firstly, more 
shear thinning occurred in large scale interfaces due to the increased 
sliding speed on the surface. Secondly, these large interfaces re
ported higher shear stresses in the negative direction on the surface, 
since the spin pole is closer to the contact centre relative to the 
surface radius. However, it should be noted that the shear stresses 

below the spin pole act in the negative direction and do not 
contribute to enhancing traction.  

• The integration of shear stresses in the rolling direction generates 
traction. Nevertheless, shear stresses in the negative direction cancel 
shear stresses in the positive, which leads to increased power losses. 
In addition, the shear stresses in the y-direction (transverse to roll
ing) do not generate traction load, but rather increase the energy 
dissipation, and hence power losses and efficiency. Larger interface 
sizes result in increased sliding in the negative or transverse direction 
to rolling, leading to higher energy dissipation. Consequently, both 
traction and contact efficiency are lowered as the contact interface 
size increases. 

Spin speed and contact interface size are independently controlled in 

Fig. 13. Contact efficiency for equal spin to roll ratio as a function of longitudinal sliding: a) global efficiency b) spinning efficiency and c) longitudinal 
sliding efficiency. 

Fig. 14. Contact efficiency for equal spinning speed as a function of longitudinal sliding: a) global efficiency b) spinning efficiency and c) longitudinal 
sliding efficiency. 
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the design of mechanisms such as toroidal continuously variable trans
missions. While these parameters may vary during operation, they do so 
in a predetermined manner, and their operation is not actively 
controlled. The results presented in this paper would indicate that 
smaller surface sizes may be preferable in such mechanisms. In this way, 
transferable torque (traction) and efficiency of the transmission would 
be considerably improved. 

In applications where working in low longitudinal sliding conditions 
is preferred, Fig. 14a demonstrates that smaller interfaces can result in a 
three-fold increase in efficiency. However, in applications where high 
longitudinal sliding is likely to occur, though, the scale has minimal 
impact on efficiency, as all contact sizes experience equal longitudinal 
sliding losses. Consequently, compromising other design aspects to 
reduce the contact radius may not be worthwhile, as it does not provide 
any efficiency benefit. 
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