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Abstract
Continues changing of gear ratio is accomplished by continuously variable transmission (CVT) gearboxes that perfectly 
matches the torque and rotational speed of engine with output conditions. Developing CVTs for better performance and 
make it more reliable is ongoing effort. Here we present new ratcheting CVT mechanism that is similar to cam based CVT 
but instead cam it has a free shaft. New CVT is totally mechanical, frictionless and self-adjustable. Its automatic feature 
makes it cost effective and reliable. Wide gear ratio is achievable easily and simple structure make it more feasible. In 
opposite to conventional belt-type or toroidal CVTs, this new CVT doesn’t use friction force, so its energy transfer effi-
ciency improved and made it durable.
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1 Introduction

Since the earlier years of automobile invention, it has 
been known that power transmission unite has crucial 
role on total performance of machine [1–5]. Gearbox is 
the heart of power transmission unite that matches the 
required torque and rotational speed of the engine with 
output conditions. Common step gearboxes just present 
some predesigned transmission ratios cold not accomplish 
desired performance. Purpose of a stepless transmission is 
achieved by CVT gearboxes which are able to change the 
transmission ratio continuously from minimum to maxi-
mum. Applying CVT let car to goes in proper speed-torque 
and engine to operates in fixed point. This functionality 
lead to optimum performance of engine and fuel economy 
[6–9] as make driving easier and more comfortable [10]. 
Moreover, applications of CVTs to wind power systems and 
mechanical press machine have been proposed [11, 12].

There are many kinds of CVTs: Spherical CVT, Hydro-
static CVT, E-CVT, Toroidal CVT, Power-split CVT, Belt CVT, 
Chain CVT, Ball-type toroidal CVT, Milner CVT, etc. The 
main mechanical variants include: friction, ratcheting, 
hydrostatic, and positive drive [13, 14]. In the conventional 

friction-based belt-type CVTs or sphere and rollers type 
CVTs [14], high forces between the pulleys and belt or 
between the sphere and rollers is necessary for operation, 
so there is significant power loss because of continues 
bending of belt [15–17].

Maximum transmissible torque is limited by slides of 
belt or rollers [18, 19]. Even toroidal CVTs that are the most 
promising CVT with high torque capacity of transmissions 
is just obtained by coupling together in a series scheme 
[11, 20]. Other novel CVT designs could be found in pub-
lications, are basically friction based [21].

As nearly all types of CVTs need a separate control 
unites, that changes the gear ratio properly, transient 
dynamics of CVT is one of the major concerns in design 
and modelling of the control unite [22–24].

Many different designs for ratcheting CVTs have been 
proposed. Between them Cam based CVT is the most cited 
one [25–27].

As seen in Fig. 1 the cam based CVT takes a rotational 
input from cam(part1), converts it to an oscillating motion 
of varying amplitude in followers(part 2), and then recti-
fies this motion through a number of one-way clutches 
(part 3 and 4) to a rotational output(part5). Cam based 
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CVT received many developments for example the one 
that proposed in [26] overcome previous problems in 
belt-type CVTs such as a limit of maximum transmission 
torque. It also has less power loss and able to change the 
transmission ratio in wider range and act as an IVT (infinite 
variable transition). By the way this cam based CVT steel 
need external controller to change transmission ratio and 
may be limited by the high-speed input that repulse the 
followers and failure the power transition.

Here we propose new CVT mechanism based on patent 
“US 9,816,593 B2” that has been patented in 2017.

As seen in Fig. 2 new CVT is so similar to cam based CVT 
but instead of cam it has a free shaft that transfer rota-
tional input to oscillatory motion in followers. Free shaft is 
free to move on rail in radial direction. This feature allows 
CVT to change transmission ratio automatically. There are 
two main difference between new idea and cam based 

CVT. First the new CVT has no cam, instead of cam it takes 
the benefit of free shaft as a power transfer unit. Second 
the cam based CVT need some springs to keep the follow-
ers in tight contact with cam, but in new CVT the followers 
are connected to free shaft in proper manner that does not 
need any spring. Also as described in next sections new 
CVT has different functionality. 

2  Novel CVT or free‑shaft CVT

Figure 2 shows the concept of new CVT mechanism with 
two followers. New CVT takes a rotational input from rails. 
Rails rotate the free-shaft around the main axis of sketch. 
Then rotational motion of free-shaft is converted to oscil-
latory motion of varying amplitude in followers. Finally, 
this oscillatory motion is rectified through a number of 
one-way clutches to a rotational output.

A complete design of new CVT with four followers is 
shown in Fig. 3. As described above the oscillation of fol-
lowers are collected in planetary gear set by help of one-
way clutches. At the output we set a spring clutch to make 
the output smoother.

In the case of driving in specific ratio (constant speed), 
the radial position of free-shaft on rail will remain 
unchanged. Radial position of free-shaft determines 
transmission ratio. In other words, one specific transmis-
sion ratio exactly related to specific radial position of free-
shaft on rail.

Changing the transmission ratio is done by changing 
the radial position of free- shaft on rail. This change is auto-
matically done by the help of centrifugal force that wants 
to push the free-shaft out.

There is a spring on rail to push free-shaft toward the 
center of sketch, as free-shaft get rotate quicker it will push 
the spring a way and move toward the perimeter.

3  Detailed description of CVT functionality

The operation of the instant transmission is based on the 
oscillation of follower that can oscillate with constant 
angular velocity but with different amplitudes. Different 
amplitudes are correspondence to different linear velocity 
of follower’s arm. This feature allows CVT to produce vari-
ous transmission ratios at output.

Rotational frequency of the free-shaft is equal to the 
rotational frequency of input. The free-shaft is free to radi-
ally move on rails from the center to perimeter. Its position 
is determining the transmission ratio. During rotation, free 
shaft experience centrifugal force and try to go toward 
the perimeter by pressing springs which mounted on rails.

Fig. 1  Cam based CVT main concept [19]

Fig. 2  New CVT concept
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Followers are set around the free shaft. Each follower’s 
arm has channel that allows free shaft to displace along 
it. Now by rotating free shaft, the followers do oscillation. 
Each follower connected to planetary gear by means of 
one-way clutch. Finally, rotation be collected in sun gear 
and sun gear is connected to output shaft through the 
spring clutch.

This CVT at least needs two followers to work properly. 
This is because of the structure of spring clutch. Because 
in every cycle of rotation, each follower is just engaged 
during the half time of cycle so in the case of just using 
one follower, the spring clutch can be turn backward dur-
ing the time that the follower is not engaged. Proper CVT 
can work with four followers. As the number of followers 
increase, the output gets uniform.

Changing the ratio of transmission is automatically 
done in this CVT. It means that the CVT mechanism could 
change it self interactively.

There is a straight relation between output rotation 
speed and oscillation amplitudes of followers. As the free 
shaft go farther radius the oscillation amplitude of fol-
lowers gets bigger so its planetary gear rotates faster and 
produce higher transmission ratio. If output is limited to 
rotate in specific velocity, it forces the followers to reduce 
its oscillation amplitude, in turn the follower forces the 
free shaft to get back to the smaller radius by the help of 
springs. So, the transmission ratio be adjusted automati-
cally based on the road conditions and there is no need 
for any other control system. This means our CVT is totally 
self-adjustable.

The spring clutch is a key component to CVT work prop-
erly. First it covers the gap between the followers that are 
in different operational phases. Second it compensates 
the output velocity fluctuations that is occurred because 
of the oscillation nature of the CVT mechanism and pro-
duce uniform output. Third in sudden transmission ratio 

changes like as sudden breaks, the spring clutch gives 
CVT enough freedom to rotate a little and get adjusted. In 
order to help CVT work better one can add another spring 
clutch in input shaft.

4  Calculation of transmission ratio

We have to notice that each follower is engaged in limited 
angle that is shown in Fig. 4. So, we present the calculation 
of transmission ratio in two sections: in first section we 
just drive the maximum ratio of transmission for the case 
of zero rail angle α = 0 then in second section we will drive 
full description of transmission ratio.

4.1  Maximum transmission ratio

This CVT can works in both directions. For both directions 
of input rotation, there is just one direction output. It has 
two different transmission ratios for two different input 
directions. As shown in Fig. 5 the transmission could occur 
in point A or in point B. These points refer to the positions 
of free shaft on rail. For one designed CVT, as one-way 
clutches are being set in determined rotational direction, 
if the input is rotating in clockwise then the free-shaft will 
push the follower’s arm in point A and if input is rotating in 
counter clockwise then the free-shaft will push follower’s 
arm in point B. We call them, mode A and mode B.

Line C shows the center of rail that is the center of input 
rotation. For different input directions, the follower is just 
engaged in one of the positions A or B.

Mode A: In this mode, free-shaft will engage the 
follower, at point A. If ω

i
 is input angular velocity, ω

o
 is 

follower’s shaft angular velocity and is considered as 
output. Free-shaft placed in distance ∆ from the center 
of input rotation (line C) and the distance between the 

Fig. 3  Four followers CVT
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center of rotating member and the center axis of fol-
lower’s shaft is  R0. Transmission ratio is:

Mode B: here the free-shaft will engage the follower, 
at point B. For B mode the same parameters were used 
and transmission ratio is:

Parameter ∆ can be changed from its minimum ∆min 
to its maximum ∆max value. In one prototype we have 

(1)
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Δ
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 R0 = 65 mm, ∆max = 35 mm and ∆min = 5 mm so the trans-
mission ratio is:

For A mode from Eq. (1):

For B mode from Eq. (2):

The range of transmission ratio for two boundary val-
ues of ∆ is:
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Fig. 4  Transversal cross section 
view that indicate follower 
engaging angle in mode B

Fig. 5  Two operational modes 
of CVT: left side shows Mode B 
and right side shows Mode A
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For A mode:

For B mode:

That indicates: T
A
< T

B
.

These results indicate that new CVT has wide transmis-
sion ratio that is larger than toroidal [11, 20] and belt [22, 
23] CVTs those can provide about 2.5 speed ratio in maxi-
mum case.

By precisely adjusting the minimum value of ∆, we can 
expand the transmission ratio to receive IVT functionality. 
For example, in the case of minimum free shaft radially 
displacement to be reduced to ∆min = 1 mm, the range 
of transmission ratio in B mode will receive T = 74.6. For 
 R0 = 65 (mm) curve of transmission ratio for both mode A 
and B are shown in Fig. 6.

4.2  Transmission ratio exact solution

In Fig. 4 parameter “α” is free to vary from zero to 2π radian 
as free shaft rotates. Follower’s angle “β” is a function of α 
as:

If −π/2 < α < π/2 this relation describes B mode. If 
π/2 < α < 3π/2 this relation describes A mode. Notice that in 
both modes β takes all values, but because of the one-way 
clutch implementation, only some angular are important 
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in every mode. For constant ∆ = 20 (mm) and  R0 = 65 (mm) 
curve of β is shown in Fig. 7.

As we know ωi = dα/dt, that “t” indicates time. And 
ωo = dβ/dt is follower angular velocity. By taking time 
derivative from the β, we receive transmission ratio full 
description formula:

This relation gives us the followers angular velocity in 
different position of free shaft. For −π/2 < α < π/2 this rela-
tion describes B mode and for π/2 < α < 3π/2 this relation 
describes A mode. Follower’s angular velocity ωo, for four 
different amounts of Δ and  R0 = 65 (mm) and ωi = 1(rpm) 
is shown in Fig. 8.

Based on the Fig. 8, for one CVT prototype with four 
followers and ∆ = 10 mm in worst condition that each 
follower be engaged between angles −π/4 < α < π/4, the 
output rotational velocity will be in the form of Fig. 9. 
Implementing spring clutch make the output smoother. 
Operation of CVT will be more reliable and stable by 
using more followers that reduces the engagement angle. 
Another way to have stable ratio is to force free-shaft to 
slides slowly on rails. This prevents sudden displacement 
of free shaft.

5  Power losses in new CVT

Main portion of power losses in new CVT is due to oscil-
latory motion of followers. As the follower get oscillate, it 
transfers the power in half of the oscillation path and then 
in the return half path, it acts as a loss component.

The power loss is related to the kinetic energy of oscil-
lator: 1∕2m�2

x
2 , here m is mass and x is the oscillator 
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Fig. 6  Maximum transmission ratio for different ∆ and  R0 = 65 (mm)

Fig. 7  Follower’s angle for ∆ = 20 (mm) and  R0 = 65 (mm) as a func-
tion of rail angle
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amplitude. One can lower the power loss by making fol-
lowers from light materials.

In this context oscillator amplitude is shown by ∆. Dif-
ferent transmission ratios are related to different ∆, so the 
power loss of CVT is not constant for all transmission ratios. 
By the way there is a trade off between high transmission 
ratio and loss. But one proper design that make minimum 
∆ as small as possible, will receive the lowest power loss.

6  Conclusion and suggestions

Against cam-based CVTs, this new CVT mechanism could 
produce uniform output and it has no high stress limita-
tion. Because in this new mechanism there is no cam and 
all followers are free to have any oscillation amplitudes. 

Also, followers are not in high stress contact. So, this CVT 
change the gear ratio uniformly in wide range without any 
limitation on torque and speed. This CVT is self-adjustable, 
stable and reliable.
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