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Abstract

Improvement in efficiency and durability is
necessary for developing a traction drive
continuously variable transmission (t-CVT).  The
traction coefficient at the power transmitting
contacts of the t-CVT, which is the dominant
factor in efficiency and durability, must be
predicted with a high degree of accuracy and
must be controlled in the design of a compact and
efficient t-CVT.  This report presents a new
method of predicting the traction coefficient with
sufficient accuracy.  

In the prediction, a rheological model of the
fluid film is simplified by separating a contact
ellipse into three characteristic regimes in which

only one of the elastic, plastic, or viscous effect is
dominant in each regime.  This simplification
makes it possible to obtain shear stress more
easily than is possible with a direct numerical
solution of a visco-elasto-plastic equation.  A
technique has also been developed to presume
rheological properties from experimental traction
curves with spin motion included, which is a
condition corresponding to t-CVT contact.

With this method, the maximum traction
coefficient can be predicted within 10% accuracy,
which makes the optimum control of the normal
force of the power transmitting contact of a t-
CVT possible.

Keywords Traction drive, Toroidal-CVT, Traction coefficient, Rheology, Spin loss, 
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1.  Introduction

Two types of continuously variable transmission
(CVT), the push-belt type and the traction drive
type, are currently being used.  The traction drive
CVT (t-CVT) is a power transmitting mechanism
that uses the shear force between the rolling-sliding
surfaces of rotating components.1) The advantages
of the t-CVT when compared with the belt type CVT
are less noise, greater response, and greater
conformity with the front-engine rear-drive layout.
Before traction drive can be developed as a leading
type of CVT incorporating these advantages,
efficiency and durability at the power transmitting
contacts must be improved.  Because the traction
coefficient µ, which is the traction force divided by
the normal force at the power transmitting contacts,
is the dominant factor in efficiency and durability,
the accurate prediction and control of µ is important
for the design of compact and efficient t-CVTs.2)

Traction is the sum of shear stress in a lubricant
film between two rolling elements resulting from the
rheological behavior of a fluid under high pressure
and high shear.3-8) In actuality, the power
transmitting contacts of a t-CVT inevitably include
spin motion for realizing a continuous variation of
speed.  In this study, a new technique has been
developed to determine the rheological properties of
the fluid in which measured traction curves
including spin motion are used in place of the
traction curves of the 2- or 4-roller tester with no
spin motion that was usually used in previous
works.6-8) A predictive model of µ with sufficient
accuracy is constructed using the obtained
rheological properties.  The prediction makes
possible the development of a controlling system of
normal force at the power transmitting contacts.

2.  Traction drive system

2. 1  Principle of traction drive
Traction drive transmits power by the shear force

of a lubricant film9) with a traction fluid in an elasto-
hydrodynamic state, at a few GPa of pressure and a
thickness of several hundreds of nm, between two
rotating components, as shown in Fig. 1.  The
viscosity of the traction fluid increases with
increasing pressure.  The pressure at which viscosity

begins to increase rapidly is called the glass
transition pressure, the point at which the traction
fluid changes into a hyaloid.10) Generally, two
rotating components are mutually and strongly
pressed in order to exceed the glass transition
pressure.  The traction coefficient µ is then defined
as the ratio of normal force Fc to traction force Ft,
as shown in Eq. (1).

•  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  • (1)

Compressive force (or clamping force) necessary
at the power transmission contact, Fcd, is expressed
as 

•  •  •  •  •  •  •  •  •  •  •  •  •  • (2)

where T is the transmission torque and Rd is the
radius of rotation on the drive roller.

2. 2  Power transmission systems using traction
drive

Although a variety of traction drive mechanisms
have been designed up to now, traction drive in this
study is distinguished by the presence of spin in the
power transmitting contacts which influences
efficiency.  Spin is a rotational slip element of the
power transmitting contacts that is determined by a
geometrical relation of the input and output rotating
components.  Spin becomes lost work if power is not
transmitted and, as lost work, is converted to heat.
Generally, it is difficult to avoid spin in the t-CVTs
that can continuously change the speed ratio of the
input and output rotating components.  The relation
between the shape of the rotating components and
the presence of spin is shown in Table 1 for the
contact of two rotating components.  In the case
where the rotational axes of two rotating
components and the tangential line of the power
transmitting contacts are parallel or intersect at one
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point, spin is not caused because the velocity
distribution in the contact of two rotating
components corresponds.  In the case where this
situation does not exist, spin is caused according to
the difference of the velocity distribution.

As an example of a traction drive mechanism
without spin, the planetary roller is well known as a
Type I mechanism and is in commercial use for
industrial, copy, and other types of machines.11-13) A
Type II example is a taper roller applied to each of a
sun roller, pinion roller, and ring.  For example, if
the ring is fixed, pushing the sun roller to the right
causes the normal force for traction drive between
two of the three rotating components due to the
wedge effect.14, 15) Moreover, a CVT in which a
single disk is arranged transversely between two
planetary rollers has been proposed.16) An example
of a traction drive mechanism with spin in current
use is the Type III t-CVT.17) This mechanism is
explained in detail in Sect. 2. 3.  The ring cone type

CVT18) used in industrial machines is also a type III
example.  A double cone type CVT that clamps a
ring between two cones and moves the ring in the
direction of cone rotation axis has been proposed as
a Type IV mechanism.19)

2. 3  Toroidal CVT (half/full) and its
characteristics

The toroidal CVT available in cars today is one of
the traction drive mechanisms described in Sect. 2. 2.
The toroidal CVT was proposed by Charles W. Hunt
in the 1870s.  It had no practical applications
because at that time it was a dry friction
transmission, although attempts were made to use it
as a vehicle transmission until about the 1920s.
Thereafter, traction drive toroidal CVTs were
developed and marketed for such uses as research in
laboratories, bearings, oil, and cars.  In 1999, Nissan
and NSK were the first to mass-produce a toroidal
CVT for automobiles.17)

The toroidal CVT has two forms, half toroidal and
full toroidal,19) determined by geometrical features.
Figure 2 shows an example of each.  In a full
toroidal CVT, tilting axis of the roller between the
input and output disks for changing transmission
ratio is on the line on which the two contact points
between the input and output disks and the roller are
connected.  Since the action force from the disk to
the roller that is provided by the clamping force
becomes the opposite direction and the same amount
of force, the thrust force does not act on the bearing
required to rotate the direction of power
transmission in the roller.  However, spin loss occurs
at both the input and output contact because the
tangent of the contact points might not intersect on
the intersection of the rotating axes of the roller and
the disk.  Specifically, the velocity distribution in the
contact ellipse on the disk is always different from
that on the roller. 

By contrast, the thrust force from clamping acts on
the bearing required to rotate the direction of power
transmission in the roller in a half toroidal CVT,
because the tilting axis of the roller placed between
the input and output disks for changing transmission
ratio is not on the line on which the two contact
points between the input and output disks and the
roller are connected.  The result is increased bearing
loss.  However, the spin loss at power transmission
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contact is small because there is a state without spin
in which tangents of the two contact points intersect
on the axes of the input and output disks.
Furthermore, the intersection is always in the
vicinity of the axes of input and output disks even
though the roller tilts in the direction that the
transmission ratio changes.  This spin loss increases
and decreases according to the design values of the
half cone angle and the cavity radius and other
factors of the disk. 

An example of the demand clamping force for
traction drive is shown in Fig. 3.  The clamping
force of a full toroidal CVT is greater than that of a
half toroidal CVT on the reduction side.

3.  Analysis and prediction of traction characteristics

3. 1  Overview of the rheology model and analysis
Traction force at a power transmitting contact is an

integration of shear stress occurring due to resistance
of the lubricant film at each point inside the contact
ellipse.  Evans et al.4) proposed a generalized
rheological map that shows a viscoelastic regime at
lower pressures and an elasto-plastic regime at
higher pressures.  Ohno et al.5) showed that the
boundary of the viscoelastic and plastic regimes is
determined by the product of the viscosity-pressure
index α and pressure p.

Based on these results, the rheological model has
been adopted as shown schematically in Fig. 4.  At
each point inside a contact ellipse, shear stress (τx,τy)
appears due to the visco-elasto-plastic behavior of
the fluid film, which has equivalent values of shear
elasticity G, viscosity η, and limiting shear stress τL.  

In previous studies,6-8) measured traction curves by

2- or 4-roller machines with no spin or skew motion
were used to determine properties G, η and τL.
However,  power transmitting contacts in a t-CVT
inevitably include spin motion.  In this study,
therefore, we present a new technique that presumes
these properties from traction data that includes spin
motion.  We also propose a simplified rheological
model that enables the calculation of shear stress
without the difficulties involved in solving
differential equations numerically.  Precise methods
for these are explained in the following sections.

3. 2  Simplified rheological model and calculation
of traction coefficient µ

To calculate shear stress (τx,τy) at each point in the
contact ellipse, we propose the simplified model
shown in Fig. 5.  The contact ellipse is separated
into three regimes in which only one of the
properties, elasticity (G), plastic slip (τL), or viscous
shear (η) is dominant.  The dominant property is
indicated by <>. 

(I) No-slip regime with only elastic deformation <G>
(II) Plastic slip regime with limiting shear stress τL

under high local pressure (αp 25) <τL>
(III) Eyring viscosity regime under low local 

pressure (αp <25)  <η>
The boundary between regimes (II) and (III) is

determined as αp =25 according to results by Ohno.5)

(τx,τy) satisfies the following basic equations,

•  •  •  •  •  •  •  •  •  • (3a)

33

R&D Review of Toyota CRDL  Vol. 40  No. 3

a-

-b

x

y

s

Disk

Roller
Contact ellipse

Relative velocity
(x,y) 

Spin

L(Plastic Slip) 

G

b

-a x

y

S
s

x
U ( ) 

Spin

L(Plastic slip) 

GG

Shear stress 

Rolling direction

U1

U2

τ

ω

yτ

τ

η

∆

x,τ( ) 

Fig. 4 Contact ellipse.

Ratio
0.5 1 1.5 2

C
la

m
pi

ng
 fo

rc
e[

N
]

100000

75000

50000

25000
Input torque 350Nm

Full toroidal

Half toroidal

Fig. 3 Demand clamping force.



•  •  •  •  •  •  •  •  •  • (3b)

•  •  •  •  •  •  •  •  • (4)

where
. Regime (II) Plastic: F( τe )= 0   •  •  •  •  •  •  •  • (5a)
. Regime (III) Viscous:

•  •  •  •  •  •  •  •  •  •  •  • (5b)

•  •  •  •  •  •  •  • (6)

(τx,τy): x and y component of shear stress
G: Equivalent shear elasticity
U: Mean rolling velocity = 1/2(U1+U2)
S: Slide roll ratio  =2(U1−U2) /(U1+U2)
ωs: Spin angular velocity
h: EHL film thickness21)

Boundary condition:

•  •  •  •  •  •  • (7)

Solutions of (3a) to (7) with the above assump-
tions yield (τx,τy) in each regime in dimensionless
forms as follows:

. Dimensionless parameters:

•  • (8)

(I) No-Slip Regime:

•  •  •  •  •  •  •  • (9a)

•  •  •  •  •  •  •  •  •  • (9b)

where •  •  •  •  •  •  •  •  •  • (9c)

(II) Plastic slip regime (αp 25):

•  •  •  • (10a)

•  •  •  • (10b)

where •  •  •  •  •  •  •  • (10c)

(III) Viscous slip regime (αp <25)
Only a numerical solution is available.
The traction coefficient is obtained from TX as

follows:

•  •  •  • (11)

where W: Normal force = (3/2)πabPmax. 
Next, the actual values of the equivalent

rheological properties G, η, and τL are determined.
G and η are assumed as follows:

(1) Elasticity G
G = (Gf −1 + Gs−1)−1

•  •  •  •  •  •  •  •  •  •  •  • (12)
where

Gf-= (2π 30)τL : fluid film component of G
GS = 0.56Eh / : rolling element component of G

Estimation of each value leads to
G GS = 0.56Eh / •  •  •  •  •  •  •  •  •  •  •  • (13)

(2) Viscosity η: Eyring's model with Barus'
pressure viscosity relation is used.5)

•  •  •  •  •  •  •  •  •  •  •  •  • (14)

η = η0 exp(αp) •  •  •  •  •  •  •  •  •  •  •  •  • (15)
where τ0 : Eyring stress     γ : Shear rate
η0 : Viscosity at standard pressure
α : Viscosity-pressure index by Barus

η0 and α are ordinarily given as empirical equations.
τ0 is presumed from experimental data, as mentioned
later. 

3. 2  Estimation of rheological properties
In contrast with previous studies6-8) that use

traction data by 2- or 4-roller testers with no spin or

ab

ab
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skew motion, τ0 and τL are successfully presumed in
this study from traction data that includes spin
motion.  

The test apparatus and conditions are shown in
Fig. 6 and Table 2.  A test contact point is formed
between a disk and a roller with axes perpendicular
from each other and connected in a power
circulation loop.  The slide-roll ratio at the test
contact is set by a CVT in the power circulation
loop.  Torque on the roller axis is measured to obtain
the traction force.  Spin rate is varied under the same
mean rolling speed by changing the radial position
of the test contact on the disk.  

Figure 7 shows an example of measured traction
curves.  The gradient of the traction curves of the
same mean rolling velocities varies with the spin
rate at a lower slide-roll ratio.

Limiting shear stress τL is presumed from these
data as follows.  Assuming that the whole contact
ellipse reaches plastic flow regime (II), Eqs. (10)
and (11) yield 

•  •  •  •  •  •  •  •  •  • (16a)

•  •  •  •  •  •  •  •  •  •  •  • (16b)

where β is defined as the "generalized slide-roll
ratio"

•  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  • (17)

Equations (16a) and (16b) show that the
"generalized" traction curves depend merely on β
and the aspect ratio of the contact ellipse κ =a/b.
The distribution of the relative velocity, ∆U(x, y), is
similar at the same value of β.  For example, ∆U(x,
y) distributes as triangular on the transverse axis x=0
at β =1 (shown in Fig. 8).  Accordingly, the
"generalized" traction curves of different spin rates
are necessarily the same as those shown in Fig. 8
except at a higher slide-roll ratio, where the effect of
temperature rise by frictional heating is dominant.   

From Eq. (16), m (=τL / p) is expressed using the
representative traction coefficient µ* at β=1.  

•  •  •  •  •  •  •  •  •  •  •  •  •  •  • (18a)
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•  •  •  • (18b)

C is only a function of κ=b/a.
The obtained m by (18a) is plotted versus α as

shown in Fig. 9 ( : mean Hertzian pressure).  m
tends to increase with an increase of α at α <25,
while it is almost constant at α >25, which agrees
well with the results by Ohno5).  Hence, only data in
α >25, presumed to be in the elasto-plastic zone,
are valid in obtaining m from Eq. (16a).  Figure 10
shows these data plotted versus oil film temperature
Tf, which is presumed from the measured roller
surface temperature just after the test contact, and
temperature rise due to frictional heating estimated
as follows:  

•  •  •  •  • (19)

where 
λ, λL : Heat conductivity of surface material and  

fluid

p

p
pp

p

ρ, c : Density and specific heat of surface material
hc : EHL central oil film thickness21)

(Power loss): Total power loss in a contact ellipse
Estimated m tends to decrease slightly with the

rise of Tf, which almost agrees with the results by
Evans et al.4) The empirical equation of m is also
shown in Fig. 10.

Eyring stress τ0 can also be presumed empirically
from the data at α <25 in Fig. 9.  Equation (14)
derives

•  •  •  •  •  •  •  •  • (20)

•  •  •  •  •  •  • (21)

The traction coefficient is expressed as

•  •  •  •  •  • (22a)

p
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where 

•  •  •  •  • (22b)

τ0 and µ* satisfy the following relation:   

•  •  •  •  •  • (23)

The numerical solution of Eq. (23) yields τ0.  The
empirical relation between τ0 and Tf is shown in
Fig. 11.  Estimated τ0 tends to increase slightly with
the rise of temperature Tf, which also agrees with
Evans et al.4) This agreement of the results suggests
the reliability of the present methodology. 

3. 4  Calculation of traction and its verification
Traction coefficient µ is predicted using the

present methodology at each operating condition of
t-CVT.  The contact ellipse radii and pressure
distribution are calculated by Hertzian theory from
the variator specification, transmission ratio, input
torque, and revolution.2) Since rheological
properties change with the fluid film temperature Tf,
determined by frictional heating by power loss,
iteration is necessary for calculating µ and Tf

simultaneously.  The algorithm is shown schematically
in Fig. 12.

Figure 13 shows a representative prediction of
traction curves.  Figure 14 compares the predicted
maximum traction coefficient µmax with the

measured values.  The accuracy is within 10% in
most operating conditions of a t-CVT.  This study is
the first to achieve this level of accuracy for such
broad conditions as pressure up to 3 GPa and
velocity up to 20m/s.

3. 5  Application of µmax prediction to normal force 
control

The demand clamping force for traction drive
(state of µmax) changes according to structure,
rotating speed, temperature of the oil film, input
torque, and other factors as described in Sect. 3. 4.
For example, the demand clamping force of the
toroidal CVT shown in Fig. 3 changes according to
the speed ratio.  Consequently, control of the
clamping force depending on speed ratio prevents
excessive clamping force and gross slipping due to
insufficient clamping force.  It is also possible that
controlling the clamping force raises the transmission
efficiency and extends the life of the disk and roller. 
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Figure 15 shows an example of an oil pressure
control system for clamping.  The safety factor SF is
set based on µmax calculated with the algorithm in
Chapt. 3 with respect to a rapid torque change, and
parameter changes of the hydraulic apparatus and
target traction coefficient µr=µmax/SF are calculated.
In addition, the demand clamping force is calculated
based on µr and the estimated input torque.  The oil
pressure required to generate the demand clamping
force is calculated, and the control signal is input to
the oil pressure control valve.

4.  Summary

A predictive method for traction coefficient µ at
the power transmitting contacts of a toroidal CVT
has been developed.  The method has the following
advantages:

(1) Simplified rheological model that separates a 
contact ellipse into three regimes, elastic, plastic 
and viscous, to make calculation of shear stress 
easier.

(2) A technique for presuming rheological properties
from traction curves that include spin motion.

With this method, the maximum traction
coefficient can be predicted within 10% accuracy,
making optimum control of the normal force of the
power transmitting contact of a t-CVT possible.

Recently, there has been work on developing a
molecular simulation of the traction fluid.23) The
simulation is expected to clarify rheological
behavior of the fluid at the nanoscale level and to

result in the near future in a new predictive method
of macroscopic rheological behavior.
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