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COMPARISON OF CONVENTIONAL DOUBLE-HELICAL AND 
CURVILINEAR CYLINDRICAL GEAR DRIVES IN TERMS OF 

TRANSMISSION ERRORS AND STRESS 

Summary 

Curvilinear cylindrical gear drives are similar to double-helical gear drives as they can 
avoid the axial thrust during the meshing process. Whether curvilinear cylindrical gear drives 
are better than double-helical gear drives is a problem to be solved. In this paper, a new gear-
generating method for curvilinear gears is proposed based on the theory of gearing. Two 
different single-side face-milling cutters are used for the generation of concave and convex 
tooth surfaces, respectively. The curvilinear gear sets being generated have line contact in the 
meshing process. For the sake of comparison, the double-helical gear sets involved in the 
comparison study are also a kind of gear sets with line contact. This article includes the 
following: (1) Comparison of transmission errors and stresses of two types of gear sets with 
the same contact ratio; (2) Derivation of tooth surface equations, transmission error analysis, 
and finite element analysis; (3) Four numerical examples which show the advantages and 
disadvantages of curvilinear cylindrical gear drives. 

Key words: curvilinear gears, double-helical gears, line contact, transmission error, 
 stress analysis 

1. Introduction 
Curvilinear cylindrical gear drives are a kind of novel parallel-axis gear sets in which the 

longitudinal tooth shape is a circular arc; their concept has been derived from a Swiss patent in 
1914 [1,2]. Their commercial application started in China for the first time in 1980. Since then, 
the superiority of curvilinear cylindrical gear drives in mechanical performance has been shown 
in heavy machinery [3]. Since curvilinear gear sets cannot be made into internal gear sets, their 
potential performance is not entirely explored. Thus, this kind of gear drives is not widely used 
in the machinery industry [4]. From the perspective of the tooth shape geometry, curvilinear 
gear drives can avoid axial thrust during high power transmission. Their mechanical 
performance is similar to that of double-helical gear drives [5]. 

In terms of contact patterns on gear tooth surfaces, curvilinear cylindrical gear drives are 
divided into two main groups: curvilinear gears with localized contact, and curvilinear gears 
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with line contact. The sensitivity of line contact is higher than that of localized contact due to 
assembly errors. However, contact stresses of line contact are lower than those of localized 
contact under ideal assembly conditions [6]. In terms of the pressure angle along the tooth face 
width, curvilinear gear drives are divided into two main groups: CC-gears and CV-gears [7]. 
The CC-gear implies that the pressure angle is a constant along the tooth face width. The CC-
gears are subdivided into five subcategories. The CV-gear implies that the pressure angle is 
variable along the tooth face width. These gears are subdivided into six subcategories [4]. 

Generally, face-milling cutters are employed in the generation of curvilinear cylindrical 
gears. Andrei et al. utilized two different single-side face-milling cutters to generate concave 
and convex sides of wheel tooth surfaces, respectively [1]. On the other hand, pinion tooth 
surfaces were generated by the conjugate surfaces of the generated wheel tooth surfaces. The 
generated curvilinear gear sets belong to CV-gears with line contact [8]. Tseng et al. utilized 
double-side face-milling cutters to generate gear tooth surfaces; then, mathematical models, 
transmission errors, and undercutting of gear sets were investigated by the theory of gearing 
and tooth contact analysis (TCA) [9,10]. The generated curvilinear gear sets belong to CV-
gears with localized contact. This processing method is called the spread-blade face-milling 
cutter (SBC) method (Fig. 1(a)) [5], where, rob is the pitch curvature radius of the outside of 
the blade, rib is the pitch curvature radius of the inside of the blade, rm is the mean pitch 
curvature radius of the blade, Pm is the width of the tooth space at the middle section, Pt is the 
width of the tooth space at the margin. Chen et al. proposed double-side face-milling cutters 
with a circular arc profile that is used for the generation of gear tooth surfaces [11-14]. Zheng 
et al. investigated non-circular cylindrical gear sets with localized contact based on the SBC 
method [15]. Alfonso et al. employed two different single-side face-milling cutters to generate 
concave and convex sides of pinion tooth surfaces, respectively, and employed one double-
side face-milling cutter to generate wheel tooth surfaces [5]. The curvature radii of two single-
side cutters are determined by the desired contact pattern. The obtained gear sets belong to 
CV-gears with localized or line contact. This processing method is called the fixed-setting 
face-milling cutter (FSC) method (Fig. 1(b)); the parameters in the figure are similar in 
meaning to those in Fig. 1(a). In addition, the hobbing method [16,17], the scanning method 
by tooth profiles [18-20], and the parallel linkage method [21-23] also are used for the 
generation of curvilinear gears.  

In this paper, a new generating method is proposed based on single-side face-milling 
cutters. Two different single-side face-milling cutters are used for generating concave and 
convex sides of pinion tooth surfaces. When processing the concave sides, a single-side 
face-milling cutter with outer blades is employed; when processing the convex sides, a 
single-side face-milling cutter with inner blades is employed. The centre of the cutter with 
inner blades is offset with respect to the other cutter by a specific value (Fig. 1(c)), where, 
rob and rib are the pitch curvature radii of the outer and inner blades, respectively. The terms 
rmo and rmi are the mean pitch curvature radii of the outer and inner blades, respectively. 
Similarly, concave and convex sides of the wheel are also generated independently by the 
same method. The generated gear sets belong to CC-gears with line contact. 

Many scholars have sought to reveal the advantages and disadvantages of CC-gears 
with line contact. In previous studies, curvilinear gears have been compared with spur gears 
and helical gears [24], but there are no comparative studies for curvilinear gear drives and 
double-helical gear drives. Here, the double-helical gears have a tool withdrawal groove in 
the middle transverse section of the gear; they are called traditional double-helical gears. 
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Fig. 1  Three different generating methods for curvilinear gears: (a) SBC method ( m tP P , 2ob ibr r m  );  

(b) FSC method ( m tP P , 2ob ibr r m   ); (c) The method proposed in this paper ( m tP P , ob ibr r ) 

The main research contents of this paper include: 
(1) Derivation of tooth surface equations of CC-gear drives with line contact by a new 

processing method. 
(2) Establishment of a mathematical model of transmission errors for CC-gear drives. 
(3) Taking the CC-gears as an example, development of a finite element model of gear 

drives for stress analysis. 
(4) Investigation into transmission errors and stresses of two types of gear sets, 

respectively, in the case when basic design parameters (such as modulus, number of 
teeth, contact ratio) of the curvilinear gear sets are equal to double-helical gear sets. 

2. Method for generating gear tooth surfaces 

2.1 Generation of tooth surfaces of conventional double-helical gears 
Regarding the process for the generation of conventional double-helical gears, we 

assume that it can be carried out by two hypothetical rack-cutters in which helix angles are 
opposite to each other (β and -β). One of the rack-cutters is used for generating half of the 
double-helical gear. The other rack-cutter is used for generating the other half of the double-
helical gear. The process for the generation of conventional double-helical gears is similar to 
that for helical gears. The process for the generation of helical gears is shown in Fig. 2. The 
origin PO  of the coordinate system ( , , )P p p pS x y z  is attached to the centre of rotation of the 
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helical gear blank, and its axis Pz  is perpendicular to the end face of the gear blank. The three 
axes of the coordinate system ( , , )c c c cS x y z  are parallel to the ones of the fixed coordinate 
system PS , and its origin cO  is separate from the origin PO  by a distance Pr  along the axis Py ; 
where, pr  expresses the pitch radius of the gear being generated. The coordinate system 

( , , )b b b bS x y z  is located on the rack-cutter pitch plane; it rotates β around the cy  axis, where β is 
the helix angle of the helical gear. 

 
Fig. 2  A mechanism for the generation of helical gears by a rack-cutter 

During the generating process, the gear tooth surfaces are generated as the envelope to a 
family of positions of the rack-cutter tooth surfaces in their rolling motion without sliding 
relative motion over the gear pitch cylinder. The rack-cutter pitch plane remains tangential to 
the pitch cylinder of the helical gear. The translational speed of the rack-cutter is cv along the 
axis cx ; it is perpendicular to the axis of rotation of the helical gear blank, and the helical gear 
blank is rotated with angular velocity g  around the central axis pz . The translational speed 

cv  and angular velocity g  are satisfied in the equation c p gv r  . 

Based on the above principles, the tooth surface equations of half of the double-helical 
gear can be obtained by a series of coordinate transformations. 

( )
, , ,( ) ( ) ( )

( , , ) ( ) 0

p
p p c c b b ob ob

p p p

u

f u
u

 

 
 

 

   

   
  

r M M M r
r r r  (1) 
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Where, the symbol ,j iM represents the transformation matrix from the coordinate 

system i to j. The symbol ( ) ( )p
ob ur  expresses the position vector of a point on the straight 

profile. The symbol pr  represents a coordinate vector on the tooth surface. The variable 

parameters ,  and u are used for determining the point coordinates on the tooth surface. In 
Eq. (1), the second equation is the equation of meshing.  

The tooth surface equations of the other half of the double-helical gear will be obtained 
in the same way. For a more detailed derivation method, please see also [6]. 

2.2 Generation of tooth surfaces of curvilinear cylindrical gears 
In this paper, curvilinear cylindrical gears (CC-gear drives with line contact) are 

generated by single-side face-milling cutters. Schematic diagrams of the cross-sections of 
single-side face-milling cutters are shown in Fig. 3. The outer blade is used for the generation 
of concave sides of the gear (Fig. 3(a)); the mean radius of the outer blade is expressed 
as 4mo obr r m  . The inner blade is used for the generation of convex sides of the gear  
(Fig. 3(b)); the mean radius of the inner blade is expressed as 4mi ibr r m  . The offset 
distance between the centres of rotation of two cutters is 2m  along the axis cx (Fig. 3(c)).  

 
Fig. 3  A schematic diagram of cross-sections of cutters: (a) outer blade, (b) inner blade,  

(c) installation of two cutters 

The process for generating the CC-gear with line contact is similar to the FSC method 
presented in [5]. The distinctive features of these gears are: (1) the pitch curvature radius of 
the outer blade is equal to that of the inner blade ( ob ibr r ), (2) the rotation centres of two 
single-side face-milling cutters are separated by 2m , (3) both the pinion and the wheel are 
generated by two single-side face-milling cutters.  
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Fig. 4  Curvilinear gear-generating mechanism using a single-side face-milling cutter 

Figure 4 shows the curvilinear cylindrical gear generating mechanism, both the outer 
and the inner blade are enlarged on the right. The coordinate systems ( , , )ob ob ob obS x y z  and 

( , , )ib ib ib ibS x y z  are fixed to the outer and inner blades, respectively; their respective axes oby  
and iby  toward the addendum along with the blade profile and their origins obO  and ibO  are 
located on the pitch plane. The coordinate system ( , , )b b b bS x y z  is fixed to the vertical side of 
the blade, and its origin bO  is located on the pitch plane; its axis by  and the origin bO  are 
oriented towards the origins obO  or ibO . The distance between the two origins is 4m . The 
origins of the coordinate systems ( , , )ofb ofb ofb ofbS x y z  and ( , , )ifb ifb ifb ifbS x y z  are fixed to the centre 
point of the edges, and the orientation of each axis is the same as with the coordinate system 

( , , )b b b bS x y z . The origin cO  of the coordinate system ( , , )c c c cS x y z  is located on the rotation 
centre of the cutter, and the plane c cx z  coincides with the cutter pitch plane. 

In this paper, the generation process of the concave side is described in detail as an 
example. 

The surface of the single-side face-milling cutter can be represented in cS  as follows: 
( ) ( )

, ,( , ) ( ) ( )c
p p

c b b ob obu u r M M r  (2) 

The symbol ( ) ( )p
ob ur  expresses the position vector of a point on the straight profile; it is 

expressed in the coordinate system obS  as follows: 

( )

0

( )
0
0

p
ob

u
u

 
 
 
 
 
 

r  (3) 

The superscript ‘p’ expresses the pinion. The subscript ‘ob’ expresses the coordinate 
system obS . The parameter ‘u’ expresses the variable parameter.  
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The symbol ,b obM  indicates the coordinate transformation from obS  to bS ; it is 
expressed as 

,

cos sin 0
4

sin cos 0 0
0 0 1 0
0 0 0 1

n n

n nb ob

m 

 

 
 
 
  
 
 
  

M  (4) 

The symbol , ( )c b M  indicates the coordinate transformation from bS  to cS , the 
parameter ‘θ’ is a variable parameter. This matrix is presented as 

,

cos 0 sin cos
0 1 0 0

( )
sin 0 cos sin

0 0 0 1

mo

c b
mo

r

r

  


  

  
 
 
 
 
 

M  (5) 

The family of the cutter generating surface is expressed in the coordinate system 1S as 
( ) ( )

1 1,( , , ) ( ) ( , )p p
c cu u   r M r   (6) 

where 

1,

cos sin 0 (sin cos ) cos
sin cos 0 (cos sin ) cos

( )
0 0 1 0
0 0 0 1

p mo

p mo
c

r r
r r

     
     



  
    
 
 
 

M . (7) 

The parameter ψ in Eq. (7) represents the rotation angle of the gear blank when 
processing the gear tooth surfaces. 

Based on the theory of gearing, the equation of meshing may be determined by the 
differential geometry approach as follows: 

( ) ( ) ( )
1 1 1( , , ) ( ) 0

p p p
f u

u
 

 
  

   
  
r r r

. (8) 

Generally, a surface can be expressed by two parameters; however, there are three 
parameters in Eq. (6). Combining Eq. (6) and Eq. (8) to eliminate one parameter, the concave 
side of the pinion can be obtained by Eq. (9). 

( ) ( )
1 1,( , , ) ( ) ( , )
( , , ) 0

p p
c cu u

f u
   

 

 




r M r
 (9) 

3. Computerized simulation of transmission errors 
It is difficult to ensure that there are no assembly errors in the installation of gear sets. 

However, assembly errors will cause transmission errors during the meshing process, and 
transmission errors are the key to evaluating the noise and vibration of gear transmission. We 
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set up auxiliary coordinate systems for simulating transmission errors under assembly errors, 
as shown in Fig. 5.  

The pinion is fixed to the coordinate system 1S , and the wheel is fixed to the coordinate 
system 2S . The coordinate system fS  is rigidly connected to the gearbox frame. Assembly 
errors ( V , H , A , C ) are described by four auxiliary coordinate systems ( nS , mS , lS , kS ), 
where, the symbol V  expresses the intersecting shaft angle error; the symbol H expresses 
the crossing shaft angle error; the symbol A  expresses the axial displacement error; the 
symbol C  expresses the centre distance error. The parameter C denotes the centre distance 
between the pinion and the gear, 1  and 2  denote the rotation angle of the pinion and the 
wheel in the meshing process, respectively. If the rotation angle 1  of the pinion is given, 
then, the real rotation angle 2  of the wheel will be solved based on the continuous tangency 
of two tooth surfaces [6 ], while, the ideal rotation angle '

2  of the wheel can be solved by  

' 1
2 1 1

2
( ) N

N
    (10) 

Therefore, transmission errors can be defined by 
'

2 1 2 1 2 1( ) ( ) ( )        . (11) 

 
Fig. 5  Coordinate systems for the simulation of transmission errors 
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For gear drives with line contact, assembly errors will cause edge contact on the end 
face of gear tooth surfaces. Namely, the edge of the pinion (wheel) tooth surface is in mesh 
with the wheel (pinion) tooth surface. The edge contact may be expressed by the following 
equations [6]: 

( ) ( )
1 1 1 2 2 2

( )
( )

2
( )

2 2 2 2 22

( , , ) ( , , )

0

( , , ( , ))
2

p g
f f

g
f p

f

g

u u

u
Wz u u

   

  

 
   




r r

r
N   (12) 

Here, ( )
1 1 1( , , )p

f u  r  and ( )
2 2 2( , , )g

f u  r  represent the active tooth surfaces of the pinion and 
the wheel in the coordinate system fS , respectively. 

( ) ( )
1 1 1 ,1 1 1 1 1 1 11( , , ) ( ) ( , , ( , ))p p

ff u u u     r M r  (13) 

Where, 
1 1
1 1,1 1

cos sin 0 0
sin cos 0 0( ) 0 0 1 0

0 0 0 1
f

 
 

 
   
  

M  (14) 

( ) ( )
2 2 2 , , , , ,2 2 2 2 2 2 21( , , ) ( ) ( , , ( , ))g g

f k k l l m m n nf u u u     r M M M M M r  (15) 

Where, 

,

1 0 0 0
0 1 0
0 0 1 0
0 0 0 1

f k
C C

 
    

  

M  (16) 

,

1 0 0 0
0 1 0 0
0 0 1
0 0 0 1

k l A

 
   
  

M  (17) 

,

cos( ) 0 sin( ) 0
0 1 0 0

sin( ) 0 cos( ) 0
0 0 0 1

l m

H H

H H

  
     
  

M  (18) 

,

1 0 0 0
0 cos( ) sin( ) 0
0 sin( ) cos( ) 0
0 0 0 1

m n
V V
V V

 
      

  

M  (19) 

2 2
2 2,2

cos sin 0 0
sin cos 0 0

0 0 1 0
0 0 0 1

n

 
 

 
   
  

M  (20) 
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In Eq. (12), ( )
2

g
f u r  is the tangent vector of the edge on the wheel tooth surface. The 

symbol p
fN  is the normal vector of the pinion tooth surface. The equation 

( )
( )

2

0
g

f p
fu


 



r
N indicates the edge of the wheel tooth surface which is tangential to the pinion 

tooth surface. 
Here, 

( ) ( )
,1 1 1, 1( ) ( )p p

f c cf  N L L N  (21) 

Where, the matrix ,1 1( )f L  is defined as the first-three order submatrix of the matrix 
,1 1( )f M ; the matrix 1, 1( )c L  is defined as the first-three order submatrix of the matrix 1, 1( )c M . 

( ) ( )
( )

1 1

p

c

p
p c c

u
 

 
 
r rN  (22) 

The equation ( )
2 2 2 2 2 2( , , ( , )) 2gz u u W     expresses that the component of the Z-axis of 

the vector ( )
2 2 2 2 2 2( , , ( , ))g u u  r  is equal to the Z-coordinate of the edge on the gear tooth 

surface. 
In Eq. (12), there are six unknown parameters and five independent nonlinear equations. 

When the rotation angle 1  is given, the other five parameters will be solved by the Newton 
iteration method. The obtained parameter 2  is substituted into Eq. (11), and then, a 
transmission error will be obtained when the rotation angle of the pinion is 1 . The rotation 
angle 1  is given from the beginning to the end along the cycle of meshing; it ranges from 

1- N  to 1N ; the symbol 1N  indicates the number of teeth of the pinion. When 1 1= N  , 
the maximum transmission error in one cycle of meshing will be solved.  

4. Methodology of stress analysis 
In this paper, the stress analysis mainly includes two aspects: the contact stress and the 

bending stress analysis. Many scholars have investigated the mechanical behaviour of gear 
drives for various geometric parameters and assembly errors. In general, many different finite 
element models of gears are established. The development of traditional finite element models 
is based on three-dimensional solid models of gears; this is more time-consuming and results 
in lower precision. Here, we try to avoid these disadvantages. The finite element model based 
on the ABAQUS® solver is automatically generated by the obtained equations of tooth 
surfaces. The development process of the finite element model is shown in Fig. 6. 

Step 1: Generating point-clouds based on equations of gear tooth surfaces. 
Step 2: According to the number of desired elements in the longitudinal and profile 

directions, point coordinates are filled in the concave side, convex side, and 
inner ring. 

Step 3: At each layer, four adjacent nodes constitute a quadrilateral element. 
Step 4: Constructing hexahedral elements with quadrilateral elements on two adjacent 

layers. 
Step 5: Defining contact surfaces on gear tooth surfaces, and point-set on the two sides 

and the gear rim. 
Step 6: Two point-sets are rigidly tied to two reference nodes. Two reference nodes are 

located on the axis of rotation of the pinion and the wheel, respectively. All 
degrees of freedom of the reference node ‘RP-2’ are fixed to zero, and the 

10 TRANSACTIONS OF FAMENA XLV-3 (2021)



Comparison of Conventional Double-Helical and X. Zhang, Z. Liang 
Curvilinear Cylindrical Gear Drives in Terms of 
Transmission Errors and Stress 

reference node ‘RP-1’ only retains the rotational movement around the rotation 
axis. Meanwhile, the torque is applied directly to the reference node‘RP-1’. 
When the stress analysis is accomplished at a certain contact position, then, 
adjusting the rotation angle of the pinion and wheel, continue to analyse the 
stress of the gear set until the stresses of all contact positions are analysed in 
two cycles of meshing. 

 
Fig. 6  The development of the finite element model of curvilinear gear drives 

To keep boundary conditions far enough from tooth loaded areas, five-tooth models are 
applied for the stress analysis of gear sets. Figure 7 shows the five-tooth model of two gear sets. 
In this paper, the number of elements of each five-tooth models is 128030 with 154260 nodes. 

   
 (a) (b) 

Fig. 7  Contacting model of five pairs of teeth derived from stress analysis:  
(a) conventional double-helical pinion and (b) curvilinear pinion 
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5. Numerical examples 

5.1 Definition of examples of design 
For double-helical gear drives, the helix angle is used for the representation of tooth shape 

in longitudinal direction; however, for curvilinear cylindrical gear drives, the mean cutter radius 
is used for the representation of tooth shape in longitudinal direction. Other common basic 
parameters of two types of gear drives are exactly the same, as shown in Table 1. 

Table 1  Common basic design data of the two types of gear drives 

Parameter Values 
Number of teeth, N 31/40 

Module, m /mm 4 
Pressure angle,αn /deg 20 

Addendum coefficient, a 1 
Dedendum coefficient, b 1.25 

Face width, W /mm 30 
Edge radius, ρ /mm 0.38 

Young’s Modulus, E /MPa 210000 
Poisson’s ratio, ν 0.3 
Torque, T /Nm 400/— 

Both the helix angle and the mean cutter radius only affect the contact ratios of two 
types of gear sets. To facilitate a comparative study of two types of gear sets, all geometric 
parameters of the two gear sets have to be uniform. Hence, the contact ratio is introduced to 
replace the helix angle and the mean cutter radius. 

Contact ratio is an essential criterion of load distribution between the teeth that are in 
mesh. Its computational method is defined as [6]: 

( ) ( )c l
c c cm m m   (Subscript c=dh, cc) (23) 

Where, the superscript “dh” indicates the double-helical gear, “cc” indicates the curvilinear 
cylindrical gear. The contact ratio ( )c

cm  of the double-helical and the curvilinear gears is 
determined in a manner similar to that for the contact ratio of spur gears; it is expressed as 

( ) 1 1 2 2(tan tan ) (tan tan )
2

c a t a t
c

N Nm    


  
  (24) 

Where, 1N  and 2N  indicate the number of teeth of the pinion and the wheel, 
respectively. The symbol t  indicates the tangential pressure angle. The symbols 1a  and 2a  
are determined by 

cos ( 1,2)bi
ai

ai

r i
r

    (25) 

where air  expresses the tip radius of the gear, and bir  expresses the base radius of the gear. 
Figure 8 shows the development of the pitch cylinder on a plane. 
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Fig. 8  The derivation of contact ratio for: (a) double-helical gear with tool withdrawal groove (Wc=5 mm),  

(b) curvilinear gear 

In Fig. 8(a), the contact ratio ( )
dh
lm  of the double-helical gear is given by 


( )
dh

tan sin sin
2 2 2

l t t nABP WP WP Wm
am

  
   

     (26) 

In Fig. 8(b), the contact ratio ( )
cc
lm  of the curvilinear gear is given by 


2 2

( )
cc

( )
2l

WR RABm
am am 

 
   (27) 

When the contact ratio ( )
dh
lm  of the double-helical gear is equal to the contact ratio ( )

cc
lm  

of the curvilinear gear, then the helix angle and the mean cutter radius can be related by the 
following equation: 

2 2sin = ( )
2 2

W WR R
   (28) 

If the mean cutter radius R of the curvilinear gear is given, then the corresponding helix 
angle β of the double-helical gear will be determined by Eq. (28). The mean cutter radius and 
the corresponding helix angle for four examples of design are shown in Table 2. 

Table 2  Examples of design of the two types of gear drives 

Example, i Helix angle, βi /deg Radius of cutter, Ri /mm Contact ratio, mci

1 15.2853 40 1.9194 
2 8.5563 60 1.8388 
3 6.0565 80 1.8000 
4 4.7046 100 1.7772 

5.2 Comparison of double-helical and curvilinear gear drives in terms of transmission errors 
Under different assembly errors, based on the theory in Section 3, transmission errors can 

be obtained for each example of design. The transmission errors of the mentioned two types of 
gear drives are piece-wise linear functions for each cycle of meshing. To make it easier to 
compare the studies, maximum transmission errors of the two types of gear drives are employed. 

Figure 9 (a) shows the evolution of the peak-to-peak value of the transmission errors for 
four examples of design under the intersecting shaft angle errors. It is observed that the peak-
to-peak value of the transmission errors increases with the intersecting shaft angle errors, 
while the peak-to-peak value of the transmission errors increases with the helix angle of the 
double-helical gear. Nevertheless, the transmission errors decrease with increasing the disk 
radius. The evolution of the transmission errors under the crossing shaft angle errors is shown 
in Fig. 9 (b), and the obtained results are similar to Fig. 9 (a). 
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Figure 9 (c) shows the evolution of the peak-to-peak value of the transmission errors for 
four examples of design under the axial displacement errors. It is observed that the peak-to-
peak value of the transmission errors increases with the axial displacement errors for the 
curvilinear gear drives, while the peak-to-peak value of the transmission errors is always 
almost zero for the double-helical gear. Nevertheless, the transmission errors decrease with 
increasing the disk radius. The evolution of the transmission errors under the centre distance 
errors is shown in Fig. 9 (d), and the obtained results are similar to Fig. 9 (c). 

In Fig. 9, the symbol cim  in every legend denotes the peak-to-peak deviation of the 
transmission errors of gear drives under the contact ratio cim . It is observed that the peak-to-
peak deviation of the transmission errors of gear drives will decrease with a decrease in the 
contact ratio value, while the peak-to-peak deviation value of the transmission errors will 
increase with the assembly errors. 
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Fig. 9  Evolution of peak-to-peak value of transmission errors for different misalignment conditions. 

5.3 Comparison of double-helical and curvilinear gear drives in terms of stresses 
Based on the theory in Section 4, the evolution of the maximum equivalent Von Mises 

contact and bending stresses has been obtained under ideal assembly conditions. 
Figure 10(a) shows the evolution of contact stresses for two types of gear drives. The 

double-helical and curvilinear gear drives show similar tendencies. Since the edge contact 
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occurs at the tooth tip, contact stresses greatly increase in contact positions 7-11 and 17-21. In 
Fig. 12, the edge contact is shown at the contact position 10 as an example for the design 1. 
The maximum equivalent Von Mises contact stresses will be decreased with an increase in the 
disk radius at the area of edge contact. However, the maximum equivalent Von Mises contact 
stresses increase with an increase in the helix angle. 

Figure 10(b) shows the evolution of bending stresses for two types of gear drives. It is 
observed that the helix angle and the disk radius have almost no effect on the evolution of the 
maximum bending stresses. 
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Fig. 10  Evolution of (a) contact stresses and (b) bending stresses under ideal assembly conditions 

According to the evolution of the maximum equivalent Von Mises contact and bending 
stresses in Fig. 10, the deviation values of the contact and bending stresses are obtained, as 
shown in Fig.11. The contact ratios have almost no effect on the evolution of the deviation 
value of contact and bending stresses. When the contact ratio of two types of gear drives is 
equal, the maximum equivalent Von Mises contact stresses of the two types of gear drives are 
not equal, especially in the edge contact area where their stress deviation is larger. Bending 
stresses of the two types of gear drives also show similar tendencies. 
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Fig. 11  Evolution of deviation value of (a) contact stresses and  
(b) bending stresses under ideal assembly conditions 
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 (a) (b) 

Fig. 12  Contact stresses at the contact position 10: (a) conventional double-helical pinion and  
(b) curvilinear pinion 

6. Conclusions 
Based on the above research, the following conclusions can be drawn: 
1) When the single-side face-milling cutter is used in the generation of gears, the inner 

blades are used for the generation of convex sides of the gear and the outer blades for the 
generation of concave ones. The same method is employed for the generation of the mating 
gear. The generated gear sets are entirely in line contact in the meshing process. 

2) When the contact ratios of the double-helical and curvilinear gear drives are equal, 
transmissions errors of the two types of gear drives are not equal. The deviation value of 
transmission errors of the two types of gear drives increases with the assembly errors and the 
contact ratio. 

3) When the contact ratios of the double-helical and curvilinear gear drives are equal, 
the contact stresses of the two types of gear drives are not equal, and the bending stresses of 
the two types of gear drives are also not equal. From the mechanical behaviour point of view, 
no remarkable advantage has been found for the curvilinear cylindrical gear drives. 

4) Under the effect of axial displacement errors and centre distance errors, the peak-to-
peak value of transmission errors is always almost zero for the helical-double gear drives. 
Therefore, the helical-double gear drives are better than the curvilinear cylindrical gear drives. 
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