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The multi-body dynamic simulation reveals a certain 
degree of volatility in the output speed of DAR-CVT, 
but the speed fluctuation is within the allowable 
range. Finally, a prototype is developed to prove the 
feasibility of the DAR-CVT.
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1 Introduction

From the early days of the automobile, it has been 
known that the power transmission parts play an 
essential role in the overall performance of the 
machine [1–5]. The continuously variable trans-
mission (CVT) is considered to be one of the most 
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versatile automobile equipment, which is widely used 
in the power transmission of the manufacturing sys-
tems, transportation systems and automobiles. The 
CVT is a mechanical transmission consisting of three 
parts: the variable transmission mechanism, speed 
control mechanism and pressure device or output 
mechanism. In the case of constant input speed, it 
can achieve the continuous change of the output shaft 
speed in a certain range to meet the need for various 
operating conditions [6].

There are many types of CVTs: hydro-mechanical 
CVT [1], spherical CVT [2], adaptive gear variator 
CVT [4], belt CVT [7, 8], chain CVT [9, 10], toroidal 
CVT [11], ball type CVT [12], pulse type CVT [13], 
cone to cone type CVT [14] and wheel type CVT 
[15]. The main mechanical variants include friction, 
hydrostatic, and positive drive. High clamping forces 
between the pulleys and belt in the conventional fric-
tion-based belt CVT results in power loss and wear. 
Using the spherical CVT will change the way of 
the force, but it will receive a high torque limit. The 
new adaptive gear variator CVT can achieve a com-
pact structure, but its variable speed range is limited 
because there is no additional speed control system. 
Even the most promising CVT, the toroidal CVT 
with high torque transmission capacity, can only be 
obtained by coupling together in a series scheme [16]. 
The cone to cone type CVT is simple in structure and 
has the characteristics of a high-speed ratio. However, 
the torque transmission is greatly limited due to the 
point contact. Moreover, with the increase of trans-
mission torque, the service life of the output shaft 
bearing will be reduced. Although each type of CVT 
has its own particular set of advantages and disadvan-
tages, they can still be used in power transmission. 
Among these types of CVT, the belt CVT is the most 
common type used in power transmission.

At present, the most widely used is steel belt CVT 
(Fig.  1a), which adopts the friction transmission 
between steel belt and movable steel pulley. Because 
the friction coefficient between steel and steel is low, 
the tension device and speed control mechanism of 
steel belt CVT are generally controlled by hydrau-
lic. As shown in Fig.  1a, in conventional belt CVT, 
one half of each movable pulley can be moved axi-
ally under hydraulic control to alter operating radii 
of the belt and this adjusts the transmission ratio 
[7]. The clamping forces produced by the hydraulic 
control make the steel belt CVT not only improve 

the transmission torque, but also increase the energy 
consumption of hydraulic drive, reduce the overall 
transmission efficiency of the transmission. In addi-
tion, the clamping forces also aggravate the wear of 
the belt and pulley [17].

In order to overcome these drawbacks, this paper 
presents a novel type of discrete adjustable radius 
continuously variable transmission based on the belt 
CVT, and it is abbreviated as DAR-CVT for the rest 
of the paper. The DAR-CVT consists of the trans-
mission mechanism, speed changing actuator, and 
tensioning system. The most important parts of the 
transmission mechanism are the discrete adjustable 
radius pulley (abbreviated as DAR-pulley) and cone, 
as shown in Fig. 1b. The DAR-pulley is made up of 
a number of equally sized pulley segments, which 
constitute a complete pulley. The pulley segments 
can slide on the cone. The transmission radius of 
the driving and driven pulleys is changed by adjust-
ing the axial displacement of a pair of same sized and 
oppositely displaced cones. Unlike the conventional 
pulley, DAR-CVT can adjust the driving and driven 
pulley radius directly. There are no clamping forces 
during the adjustment that will extend the belt life. 
Furthermore, in this study, the rubber multi-wedge 
belt is used to transmit power in DAR-CVT. The line 
contact friction transmission is thus changed to the 
surface contact transmission, which can increase the 
transmission performance.

In this study, we mainly focus on the feasibility 
of variable transmission mechanism of DAR-CVT. 
Firstly, the structure and the operating principle of 
the DAR-CVT are described in detail, and theo-
retical transmission ratio model of the DAR-CVT is 

movable 
pulley movable 

cone

DAR-pulley

(a) (b)

movable 
pulley movable 

cone

DAR-pulley
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Fig. 1  The essential parts of the CVT: a The conventional 
V-belt CVT; b The DAR-CVT



1157Meccanica (2022) 57:1155–1171 

1 3
Vol.: (0123456789)

derived. According to the designed range of ratio, 
the main structural parameters of the DAR-CVT are 
obtained and the 3-D model is established. Then, the 
theoretical model of critical friction force and speed 
fluctuation are carried out to evaluate its transmission 
performance. Furthermore, the relationship between 
output speed and the speed fluctuation are discussed 
in different conditions. Finally, in order to verify the 
feasibility of the structural design of the novel CVT, a 
prototype is developed for testing.

2  Design of the novel DAR‑CVT

2.1  Configuration and operating principle of 
DAR-CVT

As shown in Fig.  2, the discrete adjustable radius 
continuously variable transmission (DAR-CVT) sche-
matic is presented. The DAR-CVT consists of the 
transmission mechanism, speed changing actuator, 
and tensioning system. The transmission mechanism 
is made up of driving cone 1, driving pulley 17, input 
shaft 2, output shaft 4, fixed disk 5, support pole 6, 
driven pulley 11, driven cone 7 and rubber multi-
wedge belt 12. The speed changing actuator is com-
posed of speed control motor 3, U-type shaft sleeve 
8, speed changing pole 9 and drive screw 10. The 

tensioning system is mainly composed of tensioning 
wheel 13 and torsion spring 14. In tensioning system, 
different tensile forces can be obtained by manually 
changing the stiffness of the torsion spring. The fixed 
disk 5 and the cones 7 are equal in size. The driving 
and driven cones are mounted on the input shaft and 
the output shaft with splines, and they can slide along 
the axial direction. Each DAR-pulley is composed 
of discrete pulley segments 11 and 17, as shown in 
Fig.  2a. Take the driven module as an example, the 
driven module assembly section view along the shaft 
axis is shown in Fig. 2b, there is a specific T-groove 
18 along the direction of the generatrix of the cone, 
which forms a sliding connection with each pulley 
segment. And the support pole 6 connects each pulley 
segment 17 with the fixed disk 5 through a hinge con-
nection 16, thereby constraining the same end surface 
of the pulley segment to always remain in the same 
plane during the diameter adjustment process to form 
a variable diameter discrete pulley. The structure of 
the driving cone 1 and the driven cone 7 is almost the 
same, except that there is a specific avoidance groove 
15 at the large end of the driven cone 1, which can 
avoid the interference between the support pole 6 and 
the driven cone 1 during the shifting process.

According to the configuration of DAR-CVT, 
the operating principle can be described as follows: 
as shown in Fig.  2, in the steady state, the driving 
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Fig. 2  The schematic of DAR-CVT: a The assembly diagram 
of DAR-CVT; b Assembly section view of the driven module. 
1. Driving cone 2. Input shaft 3. Speed control motor 4. Output 
shaft 5. Fixed disk 6. Support pole 7. Driven cone 8. U-type 

shaft sleeve 9. Speed changing pole 10. Drive screw 11. Driven 
pulley 12. Rubber multi-wedge belt 13. Tensioning wheel 14. 
Torsion spring 15. Specific avoidance grooves 16. Hinge con-
nection 17. Driving pulley 18. Specific T-grooves
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pulley 17 drives the driven pulley 11 through the rub-
ber multi-wedge belt 12. When the transmission ratio 
needs to be changed, the speed control motor 3 will 
rotate a certain angle and the speed changing pole 
9 will move left or right with the drive screw 10. If 
the speed changing pole 9 moves to the left, driven 
by the U-type shaft sleeve 8, the driving cone 1 and 
driven cone 7 will also move to the left along their 
respective spline axes. At the same time, the diameter 
of the driving pulley 17 begins to increase, and the 
diameter of the driven pulley 11 begins to decrease. 
As a result, the transmission ratio will increase. If the 
speed changing pole 9 moves to the right, the trans-
mission ratio will decrease.

It is not difficult to find that through the above 
description that the most important parts of the trans-
mission mechanism of the DAR-CVT are the DAR-
pulley and the cone. Therefore, in this study, we 
mainly focus on the study of DAR-pulleys and cones, 
which play an essential role in the transmission per-
formance of the DAR-CVT.

2.2  The modeling of theoretical transmission ratio

According to Fig. 3, assuming that the driven pulley 
is placed in the same direction as the driving pul-
ley, when the speed changing pole moves to the right 
limit, the radius of the driven pulley will reach its 
maximum R2 (the driven pulley is the black solid line 
in Fig. 3) and the radius of driving pulley will reach 
its minimum R1 simultaneously (the driving pulley is 
the blue dashed line in Fig. 3). Here, R1 denotes the 
theoretical radius of driving pulley, and R2 denotes 
the theoretical radius of driven pulley. Since the 
adjustable radius pulley is composed of a complete 

pulley with radius r1 , which is evenly divided into 
n pulley segments, under this condition, R1 = r1 , 
R2 = r1 + b , and the maximum transmission ratio can 
be express by the following equation:

where b denotes the adjust distance and 
b = (L − B) ⋅ tan � , L denotes the distance between 
the bottom and the top of the cone, B denotes the 
width of adjustable radius pulley, θ is the cone angle 
of the cone, the details are described in Fig. 3.

On the contrary, when the speed changing pole 
moves to the right limit, the radius R2 of the driven 
pulley will reach its minimum and the radius R1 of 
the driving pulley reach its maximum simultaneously. 
The minimum transmission ratio can be written as:

Suppose the distance from the left to the right 
limit of the speed changing pole is s, the transmission 
ratio of the DAR-CVT, with the speed changing pole 
located at any position around the left and right limit, 
can be obtained:

where s ∈ [0, L − B].

2.3  The constraint conditions of main parameters of 
DAR-CVT

In this study, in order to verify the feasibility of 
the proposed novel type CVT, we assume that the 
transmission ratio of the DAR-CVT changes from 
0.5 to 2, and the maximum design output torque 
TO = 300 Nm as the calculation constraints of each 
part. It is noted that the minimum radius r1 of the pul-
ley and the radius rc of the top circle of the cone must 
match rc + Δ = r1 , where Δ is the maximum width of 
the pulley segments, as shown in Fig. 3, the value of 
the Δ is a constant. When the pulley segments move 
to the top end of the cone, all the pulley segments 
should add up to a complete pulley with radius r1. 
The parameters L, θ, B should follow the theoretical 
transmission ratio formula:

(1)imax =
R2

R1

=
r1 + b

r1

(2)imin =
R2

R1

=
r1

r1 + b

(3)i =
R2

R1
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r1 + b − s ⋅ tan �

r1 + s ⋅ tan �
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Fig. 3  The schematic of changing pulley diameter
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where s ∈ [0, L − B].
Additionally, when s = (L − B)∕2 , rd and Lp 

should satisfy the geometric constraint condition 
where the pole must be parallel to the shaft, which 
ensures that the end face of the driving pulley and 
the driven pulley is in the same plane. In order to 
ensure the symmetry of the pulley, an even num-
ber of pulley segments n should be selected. In this 
study, on the premise that the designed cone stiff-
ness is met, the feasibility of the proposed DAR-
CVT is studied with the maximum of 12 pulley seg-
ments as an example. Based on mechanical design 
principles, constraint model of Eq.  (4) and other 
conditions, the basic parameters of the DAR-CVT 
are displayed in Table 1.

In order to verify the feasibility of the structural 
sketch, a three-dimensional model of DAR-CVT is 
established based on the above parameters and illus-
trated in Fig. 4. In order to demonstrate the feasibil-
ity of the DAR-CVT assembly and contact condi-
tion, a computational simulation of the transmission 
process is carried out by the motion module of the 
3D modeling software [18]. It is observed from the 
computational simulation that there is no assem-
bly interference between the parts, and an accurate 
speed ratio can be achieved. The theoretical and 
dynamics analysis is carried out in the following 
section according to the model.

(4)0.5 ≤ r1 + b − s ⋅ tan �

r1 + s ⋅ tan �
≤ 2

3  The theoretical analysis of DAR‑CVT

3.1  The force analysis and modeling of DAR-pulley

In this section, we will analyze the structural shape 
of the DAR-pulley. The DAR-pulley is composed 
of a number of pulley segments, which constitute a 
complete pulley with an initial radiusr1 . As shown 
in Fig. 5, each pulley segment can move along the 
radial direction relative to the rotation center O1 at 
the same time. The distance from the center  O3 of 
the pulley segment to the rotation center  O1 is b, and 
R1 = r1 + b is the theoretical radius of the DAR-pul-
ley. If b = 0 , the radius of the discrete pulley reaches 
the minimum, and R1 = r1 , like the blue dashed line 
in Fig. 5; ifb > 0 , the contours of the DAR-pulley in 
a cycle will consist of two parts, which are the arc 
segment Z1Z2 and the space between two adjacent 
pulley segmentsZ2Z3 , like the black solid line in 
Fig. 5. It is observed that the cycle angle of the pul-
ley ∠Z1O1Z3 = 2�∕n , which depends on the number 
of the DAR-pulley segments. Therefore, we can find Table 1  Basic parameters of the DAR-CVT

Name Symbol Value Unit

The number of pulley segments n 12 –
The radius of spline shaft rs 16 mm
The radius of fixed disk rd 77.7 mm
The minimum radius of pulley r1 55 mm
The angle of cone θ 18 °
The top circle radius of cone rc 33 mm
The length of cone L 195 mm
The width of the pulley B 31 mm
The length of the pole Lp 168 mm
The distance between two shaft a 320 mm
Transmission ratio range i 2 ~ 0.5 –
Maximum design output torque �

�
300 N·m

Pulley 
segments

Fig. 4  The 3D model of the DAR-CVT

p

R 1

Z1 r1 R

O3b

O1

Z2

Z3

Fig. 5  The structure diagram of the discrete adjustable radius 
pulley
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that the actual value of the radius R of the DAR-
pulley is also cyclically variable.

In a continuously variable transmission, the criti-
cal friction force is one of the important indicators 
for evaluating transmission performance. Therefore, 
it is necessary to analyze the critical friction force 
of DAR-pulley. In the state of the critical slip in the 
DAR-CVT, the Euler equation is used to analyze 
the critical tension of the pulley at different diam-
eters. The radial movement of the pulley segments 
changes the transmission radius of the discrete pul-
ley, and the contact between the belt and the pulley 
is changed from continuous to discrete. As shown 
in Fig. 6, a micro section of the arc belt length ds is 
taken from point C to D of the contact part between 
the pulley segment and the belt. The arc angle with 
respect to the arc center  O3 of the pulley segment is 
dα, and the arc angle with respect to the center  O1 
of the variable diameter pulley is dθ. The tension in 
the belt at D is F and at C is F + dF . Furthermore, 
the dN and fdN represent the positive pressure and 
friction in this section from the pulley segment on 
the belt in the normal and tangential directions, 
respectively, and f is the friction coefficient of the 
belt with the pulley. It is worth noting that the 
segment is also subjected to a supporting force  Fs 
and gravity  Fg, equal to each other and opposite in 
direction, to make the entire system in a balanced 
state. The density and longitudinal sectional area 
are ρ and A , respectively.

Assuming that the rotation is steady and the 
angular velocity is ω1, in the high-speed operation, 
the centrifugal force needs to be considered [19]. 

Therefore, the centrifugal force dq of the micro sec-
tion can be calculated by the following equation:

where vo3 represents the line speed at point C relative 
to the center of the circle  O3, as shown in Fig. 7, and 
d(m) denotes the mass of the micro arc segment ds.

The symbol vo1 represents the line speed at point C 
relative to the rotation center  O1, the following equation 
can be obtained:

where cos� =
r2 + R2−b2

2rR
 . When b is constant, the rela-

tionship between R and θ is

where cos� =
b2−br⋅cos(p−(p∕n))

b
√
b2+r2−2br⋅cos(p−(p∕n))

 and n represents 
the numbers of pulley segments and the range of θ is 
0 − 2� , where � represents the angle of the arc of the 
one half pulley segment with respect to the center  O1, 
which is shown in Fig. 6.

As shown in Fig. 7, considering the balance of force 
in the tangential and normal direction on the micro arc 
segment:

Since the arc belt length ds in Fig.  6 is a small 
amount, according to the arc length formula, the fol-
lowing equation can be obtained:

(5)dq =
d(m)v2

o3

r
=

�d(s)Av2
o3

r
=

�d(r�)Av2
o3

r

= �Av2
o3
d�

(6)vo3 ≈ v01 cos � = �1R ⋅ cos �

(7)R2 − 2bR ⋅ cos (� − �) + b2 − r2 = 0

(8)

⎧⎪⎨⎪⎩

dN + dq = F sin
�

d�

2

�
+ (F + dF) sin

�
d�

2

�

fdN + F cos
�

d�

2

�
= (F + dF) cos

�
d�

2

�

Rr
dα
γ

dθ

θO3

b

F+dF
F1

D
C

F

F2

O1ω1

φ

dN
dq

Fg

Fs

Fig. 6  The force analysis of belt and pulley
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Fig. 7  The relationship between vo1 and v03
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Substituting Eq. (9) into Eq. (8) gives:

According to Fig.  6, when d� is a small angle, 
cos

(
R

2r
d�

)
≈ 1 and sin

(
R

2r
d�

)
≈

R

2r
d� . Thus Eq. (10) 

reduces to

Therefore, combining Eq. (5), (9) and (11) can get 
the following relationship:

To simplify the calculation, the fluctuations of the 
line speed vo3 and the radius R are ignored. Assume 
the constant vo3 as the average value of vo3 and the 
constant R as the average value of R, the formula for 
vo3 and R can be expressed as:

To verify the feasibility of the Eq.  (13), the 
numerical simulation has been implemented with 
the following design parameters: the density of 
belt � = 1500 kg/m3, the longitudinal sectional 

(9)Rd� ≈ rd�

(10)

⎧
⎪⎨⎪⎩

dN + dq = F ⋅ sin
�

R

2r
d�

�
+ (F + dF) sin

�
R

2r
d�

�

fdN + F ⋅ cos
�

R

2r
d�

�
= (F + dF) cos

�
R

2r
d�

�

(11)
{

dN + dq =
R

r
Fd�

fdN = dF

(12)
f

r
Rd� =

1

F − �Av2
o3

dF

(13)

{
vo3 =

vo3min+vo3max

2

R =
Rmin+Rmax

2

area A = 200 ⋅ e−6m2 , the initial belt tensile force 
F0 = 200N , the number of pulley segments n = 12 , 
the angular velocity of pulley ω = 105 rad/s. Accord-
ing to Eqs. (8), (9), and (10), we can see that there 
is a specific function relation between R and θ for 
an adjusted distance b, which is a constant. Because 
each pulley segment is an asymmetrical part, we take 
half of the pulley segments as the object of study, the 
range of θ 0-φ.

As shown in Fig.  8a, the corresponding relation-
ship between R and θ for different values b from 
0.01  mm to 53.5  mm, we can draw the conclusions 
that: (I) Each constant value of adjusting distance 
b corresponds to a relationship between R and θ. 
When θ is a constant value, the value of the theoreti-
cal radius R increases as the value of b increases. (II) 
When the value of b is the constant, the value of the 
R also increases as the value of θ increases. And the 
larger the b value, the greater the rate of change of R 
with θ.

It is not difficult to find that the value of θ has lit-
tle effect on R for each curve from Fig. 8a. In order 
to reflect the fluctuation of the R value under differ-
ent values b, the influence coefficient of the radius 
S1 =

|| Rmax − Rmin
|| S1 = || Rmax−Rmin

|| is introduced, 
where Rmax and Rmin represent the maximum and 
minimum R along with θ at a specific value b, respec-
tively. The coefficient of the influence of θ on the R 
under different values b is depicted in Fig. 8b. As the 
b increases, the influence coefficient S1 also increases, 
but the maximum value of S1 is less than 1  mm. It 
is verified that the use of R in Eq.  (13) instead of R 
is acceptable. As shown in Fig.  9a and b, it is veri-
fied by the same method that substituting vo3 for vo3 

Fig. 8  Influence of dif-
ferent b values on the 
theoretical radius of 
pulley segment: a The 
relationship between the 
theoretical radius R and 
its corresponding angle θ 
with different values b; b 
The influence coefficient 
S1 = |Rmax − Rmin| with 
different values b 



1162 Meccanica (2022) 57:1155–1171

1 3
Vol:. (1234567890)

in Eq. (13) is acceptable, the maximum value of S2 is 
less than 0.06 mm, where the influence coefficient of 
the line speed S2 = |vo3max−vo3min|.

Therefore, we can substitute Eqs. (7), (13) into 
Eq. (12), by considering the arc angle range (0 ~ 2φ) 
and the force range  (F1-F2) of this pulley segment, the 
following integrating equation can be obtained:

Integrating both sides of Eq.  (14) for the entire 
wrap angle 2� of the single pulley segment, we can 
get the forces F1 and F2 as follows:

In practice, the number of pulley segments in con-
tact with the belt is usually more than one. As shown 
in Fig. 10, we can find that the wrap angle �wi of the 
belt relative to the pulley determines the number of 
pulley segments included. In order to determine the 
number of the pulley segments with full contact k, it 
is necessary to determine the wrap angle �wi of the 
driving and driven pulley.

According to the conventional pulley angle calcu-
lation formula [20], the wrap angle of the driving and 
driven pulley can be obtained:

where �w1 and �w2 represent the wrap angle of the 
smaller pulley and the larger pulley, respectively, and 

(14)

2�

∫
0

f

r
Rd� =

F2

∫
F1

1

F − �Av
2

o3

dF

(15)
F2 − �Av

2

o3

F1 − �Av
2

o3

= e
fv⋅R

r
⋅(2�)

(16)

{
�w1 ≈ 180◦ −

(
d2 − d1

)
57.5◦

a

�w2 ≈ 180◦ +
(
d2 − d1

)
57.5◦

a

d1 and d2 denote the diameter of the smaller pulley 
and the larger pulley. The center distance between the 
two pulleys is a.

In Fig. 10, the theoretical wrap angle �wi (i = 1 or 
2) of the DAR-pulley with the belt is composed of k’s 
periodic angle σ and the partial wrap angle �′ . And 
�wi can be written as:

According to Eq. (17), the effective wrap angle of 
pulley segments can be expressed as:

where 2φ represents the entire warp angle of one pul-
ley segment.

The value of �
′

wi
 is in two cases, (1) if 

(k − 1)𝜎 + 2𝜑 ≤ 𝛼wi < k𝜎 , the value of �′ will be 
equal to 0, and the value of �′

wi
 will be equal to k ⋅ 2� , 

then k = �
�

wi

2�
 . (2) If k𝜎 ≤ 𝛼wi < k𝜎 + 2𝜑 , the value of 

(17)�wi = k� + ��

(18)�
�

wi
= k ⋅ 2� + ��

Fig. 9  Influence of dif-
ferent b values on the line 
speed of pulley segment: a 
The relationship between 
the line speed vo3 and its 
corresponding angle θ 
with different values b; b 
The influence coefficient 
S2 = | vo3max − vo3min| with 
different values b 

F k
+2

F3

F1

O1

σ'
σ

2φ

Fig. 10  The schematic of wrap angle
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�
′

wi
 will be equal to k ⋅ 2� + �� , then k = �

�

wi
−��

2�
 . There-

fore, the following formulas can be obtained algebrai-
cally from Eq. (15),

and

Assuming that the total length of the belt remains 
constant and the belt is assumed to be a linear body, 
the following can be obtained:

where F0 is the initial belt tensile force. The critical 
effective force Fec of the pulley that can be transmit-
ted by the extensible belt is

As the structure of the driving and driven pulleys 
is the same, the transmission performance of only the 
driving pulley will be analyzed. The critical friction 
is calculated according to Eqs. (19), (20) and (21) 
with the assumption in Eq.  (13). The critical fric-
tional force Fec of the DAR-pulley and ordinary pul-
ley at different values of b and F0 are analyzed and 
shown in Fig. 11.

According to Fig. 11, we can see that the critical 
frictional force of the DAR-pulley and the ordinary 
pulley at the minimum diameter is the same for each 
given value F0 , which complies with the characteris-
tics of the variable pulley. When the diameter of the 
pulley is gradually increased, the critical frictional 
force of the ordinary pulley also increases, but the 
critical frictional force of DAR-pulley is almost kept 
constant. This is because the effective wrap angle 

F2 − �Av
2

o3

F1 − �Av
2

o3

= e
fvR

r
(2�)

F3 − �Av
2

o3

F2 − �Av
2

o3

= e
fvR

r
(2�)

Fk+1 − �Av
2

o3

Fk − �Av
2

o3

= e
fvR

r
(2�)

(19)
Fk+2 − �Av

2

o3

Fk+1 − �Av
2

o3

= e
fvR

r
(2�)

(20)Fk+2 + F1 = 2F0

(21)Fec = Fk+2 − F1

�w of the ordinary pulley is larger when diameter 
increases. At the same initial belt tensile force F0 , 
the critical friction Fec increases as the effective wrap 
angle increases. However, for DAR-pulley, the effec-
tive wrap angle �′

w
 is smaller than the wrap angle �w 

of the ordinary pulley in the same diameter, because 
the DAR-pulley has non-contact area when transmis-
sion ratio changes, which will reduce the effective 
wrap angle �′

w
.

In addition, the initial belt tensile force F0 deter-
mines the magnitude of the critical frictional force, 
and the critical friction Fec increases with the increase 
of F0 . As shown in Fig. 11, when the initial belt tensile 
force F0 = 1200N , the critical friction Fec = 2395N , 
the radius of the driving pulley is 110 mm. Therefore, 
the transmission torque can be reached 263.45N ⋅m . 
To some extent, by appropriately adjusting the initial 
belt tension F0 the DAR-CVT will have high torque 
transmission capability.

3.2  The speed fluctuation analysis and modeling of 
DAR-pulley

As shown in Fig. 12, the pulley segments on the driv-
ing pulley  O1 and the driven pulley  O2 are the same. 
However, the relationship between the size of b and 
b’ will determine the values of theoretical radius R1 
and R2 of the two DAR-pulleys. Taking the DAR-pul-
ley on the left in Fig. 12 as an example, in a periodic 
angle σ, the pulley contour is actually divided into arc 
segment AB and straight segment BC. Therefore, the 

The adjust distance b (mm)
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The ordinary pulley
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Fig. 11  The relationship between the critical friction and the 
radius of the pulley
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whole contour is an irregular shape composed of sev-
eral arc segments and straight segments. At the same 
time, the distance of straight segment BC is changed 
with the value of b. In the transmission process, the 
rubber multi-wedge belt is alternately meshed with 
the arc segment and the straight segment of the con-
tour of the driving and driven pulleys, resulting in 
speed fluctuation.

As shown in Fig. 12, the points N and M are the 
midpoint of the arc segment AB and straight seg-
ment BC, respectively.  O1N is the maximum value 
of the actual radius,  O1M is the minimum value of 
the actual radius in a cycle. Therefore, the following 
equation can be obtained:

where � =
s−2f

2
 , periodic angle � =

2�

n
.

According to the Eq.  (7), the  O1B can be derived 
as:

where cos� =
b2−brcos(p−(p/n))

b

√
b2 + r2−2brcos(p−(p/n))

 and n represents 

the numbers of pulley segments.
In a period σ, the degree of irregularity of the 

variable diameter pulley is expressed by the absolute 
value ε of the difference between the maximum value 
and the minimum value of the actual radius. Accord-
ing to the Eqs. (22) and (23), the degree of irregular-
ity can be obtained as follows:

(22)
{

O1N = b + r

O1M = O1B ⋅ cos �

(23)O1B = b ⋅ cos� +

√
r2 − b2

(
1 − (cos�)2

)

(24)

� =
|||||
b + r −

(
b ⋅ cos� +

√
r2 − b2

(
1 − (cos�)2

))
⋅ cos �

|||||

According to Eq. (24), since both the driving pul-
ley and the driven pulley are irregular pulleys and the 
degree of pulley irregularity varies with the value of 
b, and the greater the value of b, the more obvious 
the irregularity of the pulley. The angular velocity of 
the driven pulley is also periodically changing even if 
the angular velocity of the driving pulley is constant, 
as determined by the characteristics of the irregu-
lar contour of the DAR-pulley. Data compiled from 
industrial experience and laboratory experiments 
reveal that periodic speed fluctuation is generally the 
source of machine failure. Therefore, this section will 
analyze the periodic speed fluctuation of the continu-
ously variable transmission, and obtain the non-uni-
form coefficient of velocity at different transmission 
speed, which is used to measure the degree of fluctua-
tion of machine speed. The basic design parameters 
of the DAR-CVT in Table 1 are used as an example to 
build a 3D model.

According to Eqs. (22), (23) and (24), the number 
of pulley segments will also affect the irregularity 
of the DAR-pulley and thus the speed fluctuations. 
As shown in Fig. 12, the fewer pulley segments, the 
more irregular the pulley. On the contrary, the more 
the number of pulley segments, the DAR-pulley is 
closer to a circle. However, it is necessary to consider 
the rigidity of the cone that cooperates with the pul-
ley segments in the design. More pulley segments 
will result in more specific T-grooves on the cone, 
which will reduce the rigidity of the cone. Therefore, 
this study mainly analyzes the relationship between 
speed fluctuation and b under a constant number of 
pulley segments (n = 12). In other words, the relation-
ship between speed fluctuation and output speed is 
analyzed.

As shown in Fig. 13, when the transmission ratio 
reaches the maximum, the adjusting distance b of 
driven pulley  O1 will reach the maximum value, 
which is a constant. Therefore, the relationship 
between R and ∠AO1E in ΔO1O3E can be obtained 
according to Eq. (7):

where ∠AO1E is 0 − 2�.
According to the Eqs. (22), (23) and the character-

istics of the right triangle, the relationship between 
 O1F and ∠BO1F ΔO1MF can be obtained as follows,

(25)R2 − 2bR cos
(
� − ∠AO1E

)
+ b2 − r2 = 0

R1

b
O1 a

R2

O2

b'

A B
C

O3

N
M

σ

π/n
φ

τ

r

Fig. 12  The schematic of two pulley drives
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where ∠BO1F is 0 − 2� . Let D = O1F.
It is observed that the radius of the driving pullet 

is r, the input speed can be regarded as n2 . Therefore, 
the line speed of the driving pulley can be expressed 
as

Assuming that the multi-wedge belt will not elas-
tically deform during the rotation, the line speed of 
driven pulley is consistent with driving pulley. There-
fore, the following equation can be obtained:

According to the Eqs. (25)–(28), the speed at any 
position of the arc segment ÂB and straight segment 
BC can be obtained as follows,

Based on Eq.  (29), the theoretical output speed 
corresponding to different input speeds can be ana-
lyzed. Under the maximum transmission ratio (i = 2), 
the input speed is from 100 to 2000, and the step is 
100. As shown in Fig. 14, it can be observed that the 
theoretical output speed is a periodic wave curve. 
This is because without considering the elastic defor-
mation of the multi-wedge belt, when the transmis-
sion ratio is maximum, the driving pulley is a com-
plete belt wheel, the line speed of the driven pulley is 
the same as that of the driving pulley, and its radius 
is changing regularly. Therefore, the output speed and 
its speed fluctuation at this time can be obtained.

(26)O1F =
O1M

cos
(
� − ∠BO1F

)

(27)v2 = 2�n2r

(28)v1 = v2

(29)
{

n
ÂB

=
v1

R

nBC =
v1

D

However, when the driving pulley is in a dis-
crete state, the angular speed of the driving pul-
ley is constant. The line speed of the driving pulley 
also changes due to the change in radius. Moreover, 
because the radius of the driven pulley also changes, 
there will be superposition or cancellation, so it is dif-
ficult to derive the calculation formula of the output 
speed. Therefore, we need to further study the novel 
DAR-CVT with the help of multi-body dynamics 
software.

In order to evaluate the degree of non-uniformity 
of the speed change of the novel DAR-CVT when the 
mechanical stability, the coefficient of speed fluctua-
tion is introduced. And the ratio of the maximum var-
iation ( �max − �min ) of the angular velocity and the 
average angular velocity � is described. This ratio is 
denoted by δ [21]:

where the average angular velocity � =
�max+�min

2
.

A smaller value of δ indicates a more stable oper-
ation of the machine. Due to the different nature of 
the machinery work, the requirements on the speed 
fluctuations are not the same. Table 2 lists the permis-
sible non-uniformity values [δ] for several mechani-
cal operations. The actual non-uniformity δ of the 
mechanical operation is less than or equal to its per-
missible value [δ] in order to ensure the normal oper-
ation of the machine, which is � ≤ [�].

(30)� =
�max − �min

�
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Fig. 13  The schematic of maximum transmission ratio
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According to Fig.  14 and Eq.  (30), when the 
transmission ratio is 2, the coefficient of speed 
fluctuation δ can be calculated in the ideal state, 
δ = 0.0198. It can be observed that the coefficient 
of speed fluctuation is only related to the change 
of the pulley radius and the value is constant with 
the change of the output speed. However, in the 
actual operation process, due to the influence of 
the resistance of novel DAR-CVT, such as the fric-
tion resistance between the belt and the pulley, the 
friction between the pulley segment and the cone, 
etc., the coefficient of speed fluctuation at the same 
transmission ratio maybe change under the different 
output speed. Therefore, the multi-body dynamics 
analysis of the novel DAR-CVT is needed to study 
the relationship between speed fluctuation and out-
put speed under different transmission ratios and 
different input speeds, respectively.

3.3  The dynamics simulation of DAR-pulley drive

This section mainly studies the relationship between 
output speed and speed fluctuation without external 
load. In order to verify the performance of the novel 
CVT, a commercial soft package is used to simulate 
the multi-body dynamics. According to the dynamic 
simulation of belts and chains [22–25] and perfor-
mance simulation of the conventional CVT [26], the 
simulation can be performed under the following 
conditions:

1. When i = imax , the driving pulley becomes a 
complete pulley ( b1 = 0 ), the irregularity of the 
driven pulley reaches the maximum, and the 
speed fluctuation of the output shaft is analyzed.

2. When imin < i < imax , both driving pulley and 
driven pulley are irregular pulleys and the speed 

fluctuation coefficient of the continuously chang-
ing transmission ratio is analyzed.

3. When i = imin , the driving pulley reaches the 
maximum degree of irregularity, and the driven 
pulley becomes the standard pulley, and the 
speed fluctuation of the output shaft is analyzed.

4. Finally, the pulley speed fluctuation at the same 
transmission ratio with different speeds at the 
output shaft should be performed to describe the 
relationship between speed fluctuation and output 
speed.

In order to meet the above conditions, two simu-
lation schemes are performed: 1. Under constant 
input speed, different output speeds are obtained 
by changing the transmission ratio and the speed 
fluctuation is calculated; 2. Under constant trans-
mission ratio, different output speeds are obtained 
by changing the input speed, and the speed fluctua-
tion is calculated. To improve the computational 
efficiency of the computer, some unnecessary parts 
are ignored (such as box and bearing, etc.). Then 
the 3D model is taken into the multi-body dynamic 
analysis, as shown in Fig.  15. In the analysis, the 
rubber multi-wedge belt is made up of 117 small 
segments, and each segment is set to a rigid body. 
In order to consider the rubber multi-wedge belt as 

Table 2  The permissible 
value [δ] for mechanical 
operations

Mechanical Name [δ] Mechanical Name [δ]

Crusher 1/5 ~ 1/20 Car, Tractor 1/20 ~ 1/60
Punch, Cut, Forging Machine 1/7 ~ 1/20 Spinning Machine 1/60 ~ 1/100
Rolling Mill 1/10 ~ 1/25 Pump, Blower 1/30 ~ 1/50
Agricultural Machinery 1/5 ~ 1/50 Internal Combustion Engine 1/80 ~ 1/150
Weaving, Printing, Milling Machine 1/10 ~ 1/50 DC generators 1/100 ~ 1/200
Metal Cutting Machine 1/30 ~ 1/40 AC generators 1/200 ~ 1/300

Input
Output

Beltbushing 
constraint

solid-to-solid 
contact

Pulley
segment

Gravity

Fig. 15  The multi-body dynamic model with constraints
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a real flexible body, a bushing constraint is added 
between adjacent small segments, which is marked 
in Fig.  15. Each pulley segment and belt segment 
are connected as solid-to-solid contact. Each pul-
ley segment and T-groove in cone are connected 
as solid-to-solid contact. We can adjust the fric-
tion parameters according to the drive condition to 
achieve a more realistic simulation.

Other constraints added in the multi-body 
dynamics simulation process are shown in Table 3. 
A total of 3143 constraints need to be added to the 
model, of which a total of 3066 are sleeve force 
and contact force. During the multi-body dynamic 
analysis, each part is given the corresponding den-
sity, material properties and other related prop-
erties. This allows the software to automatically 
calculate the rotational inertia of each part. In addi-
tion, we set a gravity field of G = 9.8  N/kg during 

the simulation process to generate the correspond-
ing gravity and supporting force to ensure that the 
dynamic analysis process is closer to the actual 
situation. The main conditions imposed during the 
simulation are marked in Fig. 15.

The relationship between the output speed and 
speed fluctuation coefficients under different trans-
mission ratios is first analyzed at a constant input 
speed. In the multi-body dynamic analysis, the input 
shaft speed is set to a constant value of 800 r/min. 
The axial positions of the two cones are changed 
to achieve different theoretical transmission ratios. 
In order to avoid the simulation error caused by the 
speed directly reaching the target speed in the simu-
lation process, a soft start process can be set to 3  s 
to make the input speed from 0 to the target speed 
through the STEP function in the simulation process. 
According to the multi-body dynamic simulation, we 
obtain the speed of the output shaft in a steady state 
and calculate speed fluctuation coefficients under 
different transmission ratio, the results are shown in 
Table 4.

As shown in Table 4, it is noted that the deviation 
between the theoretical calculation and the simula-
tion results of the transmission ratio is limited, with 
the maximum error about 2%. Thus the speed ratio 
calculation formula is verified. In addition, the speed 
fluctuation coefficient of the DAR-CVT changes with 
the output speed, the maximum speed fluctuation 
coefficient is 0.0288. With the reduction of transmis-
sion ratio, the higher the output speed, the smaller the 
fluctuation coefficient.

In order to further study the relationship between 
speed fluctuation coefficient and output speed, 
according to the scheme  2, the transmission ratio is 
set as the maximum value (the value is imax = 2 ) and 

Table 3  Constraint type of the whole model

Constraint type Add location Number of 
constraints

Revolute Joint Spline shaft to Ground 2
Fixed disk to Support pole 24
Support pole to Pulley seg-

ment
24

Tensioning wheel to Ground 1
Cylindrical Joint Pulley segment to Cone 24
Translational Joint Spline shaft to Cone 2
Bushing Belt segment to Belt segment 117
Contact Pulley segment to Belt seg-

ment
2808

Pulley segment to Cone 24
Tensioning wheel to Belt 

segment
117

Table 4  The output speed 
and speed fluctuation 
coefficients under different 
transmission ratio

Theoretical 
ratio i

Simulation 
results ratio i

Maximum 
speed (r/min)

Minimum 
speed (r/min)

Average 
speed (r/min)

Coefficient of 
speed fluctua-
tion �

2 1.99 409.1 397.5 403.3 0.0288
1.75 1.76 460.5 450.3 455.4 0.0224
1.5 1.49 542.8 532.4 537.6 0.0193
1.25 1.25 644.6 635.4 640 0.0144
1 1.01 810.9 800.4 805.65 0.0130
0.75 0.75 1071.9 1062.1 1067 0.0092
0.5 0.51 1570.6 1558.9 1564.75 0.0075
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there are four different input speeds of 100 (r/min), 
200 (r/min), 300(r/min) and 400(r/min). The multi-
body dynamics simulation analysis and results of the 
output speed are shown in Fig. 16.

As shown in Fig.  16, the time period of 0–3.5  s 
is the acceleration phase, which is set by the STEP 
function in the simulation process, and 3.5-7 s is the 
steady state. Therefore, we can extract the output 

speeds and calculate the speed fluctuation coefficient 
during the steady state at different output speeds. The 
output speed fluctuation coefficients under different 
input speeds with the same ratio are listed in Table 5.

According to Tables 4 and 5, the higher the output 
speed of the DAR-CVT, the smaller the speed fluc-
tuation coefficients. In this study, the minimum out-
put speed is 48.6 r/min, the maximum output speed 
is 1570.6 r/min, the corresponding speed fluctuation 
coefficients are 0.0474 and 0.0075, respectively. The 
results meet the production requirements of most 
equipment according to Table 2. In future work, this 
will provide the theoretical simulation basis for the 
further optimization of the proposed DAR-CVT.

4  Prototype development and testing

Base on the three-dimensional model and the main 
structure parameters in Sect.  2, the prototype of the 
DAR-CVT is shown in Fig. 17. The number of driv-
ing and driven pulley segment are both 12, and there 
are a number of specific T-grooves along the direc-
tion of the generatrix of the cone, which forms a slid-
ing connection with each pulley segment. The details 

Fig. 16  Rotation output state diagram for different input 
speeds with same ratio

Table 5  The output speed 
and speed fluctuation 
coefficients under different 
input speed

Theoretical ratio i Input 
speed (r/
min)

Maximum 
speed (r/min)

Minimum 
speed (r/min)

Average 
speed (r/
min)

Coefficient of 
speed fluctua-
tion �

2 100 51.0 48.6 50.6 0.0474
200 102.0 98.0 101.1 0.0396
300 153.4 148.1 151.5 0.0350
400 204.9 198.3 201.6 0.0327

Fig. 17  The prototype and 
test experiment of DAR-
CVT
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are shown in the bottom right of Fig. 17. The rubber 
multi-wedge belt is used to transmit power.

In this experiment, the output speeds without 
external load are measured. During the test, the maxi-
mum speed of the driving motor used is 1000 r/min, 
and graphite lubrication is used between the pulley 
segments and cones to reduce the fluctuation caused 
by friction. Furthermore, in order to verify the fea-
sibility of the structural design and the simulation 
results by multi-body dynamic analysis, the input 
shaft speed is set to a constant value of 800 r/min, the 
same as the simulation speed. The different transmis-
sion ratios can be obtained by giving the speed con-
trol motor a certain angle. The input and output speed 
are measured by velocity sensors. Where the veloc-
ity sensor is the switch type NPN gear speed sensor 
YN12-2P20HS, the frequency of high-speed detec-
tion is ≥ 20  kHz, the parameter of speed measuring 
gear used is the modulus of 2  mm, and the number 
of teeth is 90. It is noted that the DAR-CVT should 
be operated for more than one minute before sam-
pling at each output speed to ensure the stability of 
each operation state, and the sampling time should 
be greater than one minute. Based on the measured 
data, the maximum and minimum speed of the actual 
output speed are extracted, and the speed fluctuation 
coefficients are calculated. The test results are listed 
in Table 6.

The simulation results in Table  4 and the test 
results in Table 6 are compared in Fig. 18. It can be 
seen that the simulation results correlate well with 
the test results and show the same trend. The speed 
fluctuation coefficient decreases with the increase 
of the output speed. The feasibility of the structure 
design and the simulation results of the DAR-CVT 
are further proved. In the next step we will analyze 

the energy consumption of the DAR-CVT during the 
shifting, such as the friction in the T-grooves, the 
friction between the cones and the input and output 
shaft, and the energy consumption with external load.

5  Conclusions

The study aims to research on a novel DAR-CVT, 
including the operating principle, structure configu-
ration, the theoretical modeling and simulation of 
DAR-pulley. The conclusions are given as follows:

(1) The operating principle is explained and the theo-
retical transmission ratio model of DAR-CVT is 
derived. According to the theoretical analysis, the 
structure and main parameters of the DAR-CVT 
are determined.

Table 6  The output speed 
fluctuation coefficients 
under different output speed

Theoretical 
ratio i

Actual ratio i Maximum 
speed (r/min)

Minimum 
speed (r/min)

Average 
speed (r/min)

Coefficient of 
speed fluctua-
tion �

2 1.995 406 396 401 0.0249
1.75 1.751 462 452 457 0.0219
1.5 1.501 538 528 533 0.0188
1.25 1.248 646 636 641 0.0156
1 0.996 808 797 802.5 0.0137
0.75 0.749 1072 1064 1068 0.0075
0.5 0.509 1573 1568 1570.5 0.0032
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(2) A model for calculating the critical friction force 
of DAR-CVT is derived, and the rationality of 
using average radius R̄ and line speed v̄o3 in this 
method is verified. The relationship between 
critical friction force and adjust distance b is ana-
lyzed by numerical simulation, and the transmis-
sion performance is proved.

(3) The multi-body dynamic simulation is performed 
to verify the transmission stability of the DAR-
CVT. The speed fluctuation rate is smaller at 
higher output speed and meets the requirement of 
most machine drive conditions. Furthermore, the 
simulation-test correlation validates the feasibil-
ity of the structural design of DAR-CVT.
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