
 
 

 
Journal of Mechanical Science and Technology 24 (3) (2010) 823~829 

www.springerlink.com/content/1738-494x 
DOI 10.1007/s12206-010-0117-x 

 

 
Multi-objective optimization of the tooth surface in helical gears using 

design of experiment and the response surface method† 
Chan IL Park* 

Department of Precision Mechanical Engineering, Gangneung-wonju National University, 
120 Gangneung daehangno, Gangneung, Gangwon-do 210-702, Korea 

 

(Manuscript Received July 31 2009; Revised December 15, 2009; Accepted December 31, 2009) 

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

Abstract 
 
The design of tooth surface for low gear noise under various load conditions is very important, and gear noise is highly related to 

transmission error. Optimal tooth surface for reduction of transmission error is very difficult to analytically determine due to nonlinearity 
of transmission error and the need to satisfy multiple load conditions. Satisfying design variables in multiple load conditions leads to the 
Pareto optimum of multi-objective optimization. There, the method to determine optimal lead curve and robust tooth surface design is 
proposed, using the response surface method and multi-objective optimization. The effect of transmission error on the candidate design 
variables by a screening experiment has been investigated using analysis of variance. Design variables are likewise selected. The fitted 
regression model of transmission error is built with the statistic validation of the representation. The model with constraints is solved to 
obtain optimum lead curve design and robust design for the tooth surface under multiple loads. 
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1. Introduction 

Gear design determines macro-geometry of gears through 
module, number of teeth, pressure angle, and other parameters. 
Micro-geometry such as tooth surfaces is likewise identified. 
Gear macro-geometry can be changed only during the first 
step of the design process; however, tooth surface micro-
geometry can be modified even in the final step. As tooth 
surfaces are very sensitive to noise, their design has been rec-
ognized as an important tool for gear noise reduction. Tooth 
surface consists of the profile curve in the whole depth direc-
tion and the lead curve in the face width direction. The profile 
curve is important in most spur gears, while both the profile 
and lead curves are important in helical gears. Although gears 
do not have manufacturing errors, loaded gears have different 
contacts compared to unloaded gears due to twisting and 
bending moments. Such bending deflection causes the motion 
of gears to non-conjugate action. The profile curve should be 
modified so that gears recover conjugate action. Profile modi-
fications such as tip-relief compensate for tooth-bending de-
flection. Gears also come into partial contact because of shaft 
misalignment, bearing clearance, and shaft and housing de-

formation, producing local stress and noise. Therefore, the 
original lead curve should be modified so that the gears do not 
come into partial contact, reducing noise and vibration. Lead 
modifications such as lead crowning compensate for manufac-
turing lead errors, shaft misalignment, and shaft deflection. 
Gear noise is highly related to transmission errors caused by 
gear deformation and tooth errors [1]. For gear design, optimal 
design of the tooth surface based on profile and lead modifica-
tions is important because small modifications can create con-
siderable effect on noise.  

As to reports on the optimum design of the tooth surface for 
helical gears, Conry and Seireg [2] proposed optimal tooth 
surface modification to minimize load distribution in the tooth 
contact zone. Maruyama et al. [3] dealt with the effects of 
direction of lead error on transmission error and bending mo-
ment of automobile transmission gears by the finite element 
analysis. The direction of lead error has little effect on the 
maximum bending moment; however, it has a great effect on 
transmission error, especially for the case with tooth contact to 
the leading side. Sundaresan et al. [4] dealt with the design of 
optimum gear tooth modifications that minimize transmission 
error and at the same time, are less sensitive to manufacturing 
errors, misalignment, and torque variances. They used statisti-
cal design of experiment concepts to minimize the effect of 
manufacturing and operational errors on transmission error, as 
an optimization procedure. Umeyama [5] proposed formulas 
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of the transmission error of a helical gear pair, which consider 
the actual point of contact and misalignment of shafts, assum-
ing that teeth are rigid. Umeyama et al. [6] also introduced the 
actual and effective contact ratios, and studied the effects of 
gear dimensions and modified tooth surfaces on the loaded 
transmission error. Regalado [7] dealt with the application of 
design of experiments and the Taguchi methods in the robust 
optimization of cylindrical gears with non-standard center 
distance based on a multi-objective criterion. The objectives 
for consideration are balance in pitting and bending life, 
transmission error, efficiency, and volume. Harianto and 
Houser [8] evaluated the effect of micro-geometry variation 
on noise excitations, gear contact and root stresses, film thick-
ness, and surface temperature under loaded conditions by ana-
lytical simulations. Micro-geometry considers profile crown-
ing, profile slope, lead crowning, lead slope, and bias modifi-
cation variations. Previous studies have shown that various 
object functions such as load distribution, stress, and transmis-
sion error apply to macro-geometry and/or micro-geometry, 
by various methods. Previous studies have also needed much 
computational effort to obtain optimization.  

Optimum design of the tooth surface for reduction of 
transmission error is very difficult to analytically determine 
due to nonlinearity of transmission error. However, if the fit-
ted regression model of transmission error can be found, an 
easy approach to optimization can be obtained. Furthermore, 
the tooth surface should be designed to produce relatively low 
transmission error in all load conditions of operating load 
range. This leads to the Pareto solution of multi-objective 
optimization, which means a trade-off of the solution. This 
work focuses on the optimization of the tooth surface in heli-
cal gear for noise reduction by the fitted regression model of 
the transmission error. The following section explains the 
method to calculate transmission error, and develops the fitted 
regression model for optimization of lead curve by the design 
of experiment and the response surface method. If the model 
is statistically proven effective, it is used to design the optimal 
lead curve in the helical gears. Finally, robust design of the 
tooth surface with tip-relief and lead crowning for low trans-
mission error under multiple load conditions is conducted 
using multi-objective optimization. 
 

2. Transmission error analysis 

Transmission error results from tooth deformation and error. 
Tooth deformation consists of bending deflection and contact 
deformation. This section describes procedures for calculating 
transmission error. Bending deflection, contact deformation, 
and modeling of the tooth surface are first mentioned, after 
which transmission error is calculated [9].  

 
2.1 Bending deflection9BU 

Bending deflection is calculated by its influence function. 
The influence function of deflection uses the following ap-

proximate equation, as suggested by Umezawa, in the coordi-
nate system (x, y, ,ξ η ) (Fig. 1) [10].  
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− −
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Here, G and F are the common characteristics of deflection 

in the whole depth direction and the face width direction, re-
spectively. U is deflection at the tip. v  is the common func-
tion of deflection. (x, y) is the coordinate of the measuring 
point. ( ,ξ η ) is the coordinate of the loading point. The values 
of G, F, U, and v  are obtained from bending deflection of 
finite element analysis by Nastran. The finite element model 
uses standard involute gear with the tooth foundation, as 
shown in Fig. 2. The horizontal length of the tooth foundation 
is six times the whole depth, and the vertical distance is three 
times the whole depth. The model uses parabolic solid ele-
ments and material properties of steel (Young’s modulus =206 
GPa, Poisson’s ratio=0.3), and fixes the entire bottom and all 
sides of the tooth foundation in the x, y, z direction.  

 
2.2 Contact deformation10BU 

Contact deformation has considerable contribution to de-
flection, as well as bending deflection. It has nonlinear charac-
teristics wherein both deformation and contact width are  

 

 
 
Fig. 1. Coordinate system. 

 

 
 
Fig. 2. Finite element model. 
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changed by the load. In this study, the influence function of 
contact deformation is used. To obtain the influence function 
of contact deformation, contact forces along the contact line 
are calculated under the constant contact deformation ov , using 
the equation proposed by Weber [11]. The influence function 
of contact deformation ( )cK x is given by 
 

( )
( )
o

c
c

vK x
p x

= .  (2) 

 
2.3 11BUModeling of the tooth surface 

Modeling of the tooth surface is used to model the lead and 
profile curves. The lead curve consists of lead error and lead 
crowning, as shown in Fig. 3(a). Lead error is defined as a 
linear equation from the bottom of the lead curve to the top of 
the lead curve. Lead crowning is a quadratic equation from the 
bottom of the lead curve to the top of the lead curve based on 
the input data at the center of the face width. The profile con-
sists of tip (root) relief, pressure angle error, and profile 
crowning, as shown in Fig. 3(b). Tip relief is modeled as a 
linear equation in the extent of the tip modification, and pres-
sure angle error is defined as a linear equation from the root of 
the profile to the position starting the tip modification.  

Profile crowning is defined as a quadratic equation from the 
root of the profile to the position starting the tip modification 
based on the input data at the center of the profile. 

 
2.4 Calculation of transmission error 

Transmission error ∆  is calculated by bending deflection, 
contact deformation, and tooth error. The load deformation 
equation in the coordinate system ( , )x ξ′ ′  (Fig. 1) along the 
contact line is given by 

 
 

 
(a) Lead curve 

 

 
(b) Profile curve 

 
Fig. 3. Modeling of the tooth surface. 
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Here, ( , )bK x ξ′ ′  and ( )cK x′  are obtained by the coordi-

nate transform of Eqs. 1 and 2, respectively. ( ')e x is the com-
posite tooth errors that total tooth errors of a driving gear and a 
driven gear at the point 'x of the contact line. The transmitted 
load jW  of tooth pair j is given by 
 

/ 2

/ 2
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j L
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−
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The condition that the input torque divided by the base ra-

dius of the driving gear is the sum of the transmitted load of 
each meshing tooth pair leads to the following equation: 
 

1/ cos
n

b j b
j

T R W β=∑ .  (5) 

 
The initial transmission error is assumed to calculate trans-

mission error. By assuming transmission error, the nonlinear 
equation (Eq. (3)) is solved to obtain the tooth load distribu-
tion of ( ')p x . If the tooth load distribution does not satisfy Eqs. 
(4) and (5), the assumed transmission error is changed, and the 
same procedure is repeated to obtain the desired error range 
[12]. 
 

3. Optimization of the lead curve 

The first interest of this work is the optimal design of the 
lead curve. Using the calculated transmission error, design of 
experiment, and response surface method, this section pro-
poses the method to determine the optimum lead curve [13]. 
The object function for this purpose is the transmission error. 
Gear specification used in this analysis is shown in Table 1. 

Lead error, lead crowning, and input torque are selected as 
the candidate design variables. To eliminate unimportant vari-
ables, the effect of transmission error analysis on the candidate 
ones for a screening experiment is investigated using analysis 
of variance. Table 2 shows the analysis of variance for lead 

 
Table 1. Gear specification. 
 

 Pinion Gear 
Normal module 2.5 

Normal pressure angle (deg) 20° 
Center distance (mm) 150 

Effective face width (mm) 48 
Helix angle (deg) 25° 
Number of teeth 19 89 

Outside diameter (mm) 59.0965 250.9482 
Pitch diameter (mm) 52.4105 245.5016 
Root diameter (mm) 47.8914 239.7430 
Addendum mod. co. 0.3372 0.0893 
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Table 2 .Analysis of variance for lead errors. 
 

Source Fo P-value 

Torque  2.7809 0.1211 

CR1  0.3406 0.7212 

CR2  0.3406 0.7212 

Torque*CR1 1.9173 0.2010 

Torque*CR2 1.9173 0.2010 

CR1*CR2 1.8632 0.2104 
 
Table 3. Analysis of variance for lead crownings. 
 

Source Fo P-value 

Torque  18.0183 0.0011 

CR1  9.0300 0.0089 

CR2  9.0300 0.0089 

Torque*CR1 4.7213 0.0299 

Torque*CR2 4.7213 0.0299 

CR1*CR2 0.2160 0.9222 

 
errors. The region of exploration is that torque is from 5 kgf⋅m 
to 15 kgf⋅m; lead error of the driving gear, LE1 in Table 2, is 
from 0 µm to 10 µm; lead error of the driven gear, LE2 in 
Table 2, is from 0 µm to 10 µm. Since P-values of LE1 and 
LE2 are very large, the lead error has no great effect on trans-
mission error. This shows the same result as Harianto and 
Houser [8], where profile and lead slope corrections have little 
effect on transmission error. Table 3 shows the analysis of 
variance for lead crownings. The region of exploration is that 
torque is from 5 kgf⋅m to 15 kgf⋅m. Lead crowning of the 
driving gear, CR1 in Table 3, is from 7 µm to 21 µm. Lead 
crowning of the driven gear, CR2 in Table 3, is from 7 µm to 
21 µm. Since P-values of torque, CR1, and CR2 approach 
zero, torque and lead crowning are significant on transmission 
error. Torque*LE1 and Torque*LE2 in Table 2, and 
Torque*CR1 and Torque*CR2 in Table 3, give the informa-
tion of the interaction between torque and lead error and the 
interaction between torque and lead crowning, respectively. 
The interaction between sources can be similarly analyzed 
with torque, lead error, and lead crowning. The interaction 
between torque and lead crowning is strong, while interaction 
between torque and lead errors is weak.  

As the result of the analysis of variance, the selected design 
variables are torque, lead crowning for a driving gear, and lead 
crowning for a driven gear. After the design variables have 
been selected at the region of the optimum, the second-order 
model for transmission error is used as follows: 
 

2

1 1

k k k

o i i ii i ij i j
i i i j

y x x x xβ β β β ε
= = <

= + + + +∑ ∑ ∑ .  (6) 

 
The central composite design for fitting the second-order 

model is introduced. The central composite design consists of 
a 2k factorial, 2 k axial runs, and cn  center runs. The model 
can be written in matrix notation as 

Table 4. Central composite design and experimental results (α=1). 
 

Run x1 x2 x3 y 

1 -1 -1 -1 0.2345 

2 1 -1 -1 0.3656 

3 -1 1 -1 0.6659 

4 1 1 -1 0.3804 

5 -1 -1 1 0.6659 

6 1 -1 1 0.3804 

7 -1 1 1 1.135 

8 1 1 1 0.3627 

9 -α 0 0 0.6659 

10 α 0 0 0.3804 

11 0 -α 0 0.1618 

12 0 α 0 0.5841 

13 0 0 -α 0.1618 

14 0 0 -α 0.5841 

15 0 0 0 0.3851 
 
Table 5. Analysis of variance for significance of regression in multiple 
regressions. 
 

Source of 
Variation

Sum of 
Squares

Degrees of 
Freedom 

Mean 
Squares Fo 

F(3,11;0.01)/
P-value 

Regression 0.8501 3 0.28337 96.71 6.22/0 
Error or 
residual 0.0322 11 0.00293   

Total 0.8823 14    
 
 

y Xβ ε= + .  (7) 
 

The least squares estimator of β  is then given by 
 

1ˆ ( )T TX X X yβ −= .  (8) 
 

The region of exploration to fit the second-order model is 
that torque is from 5 kgf⋅m to 15 kgf⋅m; lead crowning for the 
driving gear is from 7 µm to 21 µm; lead crowning for the 
driven gear is from 7 µm to 21 µm. To simplify calculation, 
independent variables are coded to the usual (-1, 1) interval. 
Here, the coded variable 1x , 2x  and 3x denote torque, lead 
crowning for the driving gear and lead crowning for the driven 
gear, respectively. Table 4 shows results of the peak-to-peak 
transmission error (y), calculated by transmission error pro-
gram. Using the experimental results, the fitted regression 
model is given by 

 
2 2

1 2 3 1 2ˆ 0.3762 0.1498 0.132 0.132 0.1491 0.0011y x x x x x= − + + + −  
2
3 1 2 1 3 2 30.0011 0.1129 0.1129 0.006x x x x x x x− − − + .  (9) 

 
Analysis of variance and coefficient of multiple determination 
are used to measure the usefulness of the model. Since Fo ex-
ceeds F (3,11;0.01) (Table 5), at least one of the regressor 
variables 1x , 2x , and 3x contributes significantly to the model. 
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The coefficient of multiple determination 2R  is 0.9635. This 
means that the model explains approximately 96.35% of the 
observed variability. 

Since the usefulness of the model is confirmed, the opti-
mum problem can be defined as the minimization of Eq. (9), 
subject to 11 1,x− ≤ ≤  21 1,x− ≤ ≤  31 1x− ≤ ≤ . Matlab is 
used for the solution of the multivariable constrained function 
[14, 15]. The solution has the local minima depending on the 
initial values. Many initial values, including initial value (0, 0, 
0), produce the minimum transmission error 0.1469 at torque 
of 5.88 kgf⋅m, and lead crowning of 7 µm for the driving and 
driven gears.  
 

4. Robust design of the tooth surface under multiple 
loads 

The designed experiment can apply to the robust design. 
Robust design usually means to design or determine one or 
more of the following [16]: 

1. “Designing systems (products or process) that are insen-
sitive to environmental factors that can affect perform-
ance once the system is deployed in the field. 

2. Designing products so that they are insensitive to vari-
ability transmitted by the components of the system. 

3. Designing processes so that the manufactured product 
will be as close as possible to the desired target specifi-
cations even though some process variables or raw mate-
rial characteristics are impossible to control precisely. 

4. Determining the operating conditions for a process so 
that critical product characteristics are as close as possi-
ble to the desired target value and the variability around 
this target is minimized.” 

 
The robust parameter design introduced by G. Taguchi clas-

sifies the variables in a process or product as either controlla-
ble or uncontrollable (or noise) variables. The design also 
reduces product or process variation by choosing levels of 
controllable variables that minimize the variability transmitted 
to the response from the uncontrollable variables. Controllable 
variables in gears can be tip-relief and lead crowning, while 
uncontrollable variables can be multiple loads. In a sense, the 
design of the tooth surface can be the robust design.  

Tip-relief and lead crowning are important modifications in 
the profile and lead curves, respectively. The tooth surface that 
consists of the profile and lead curves should have low trans-
mission error under multiple loads. Tip-relief and lead crown-
ing should be insensitive to multiple loads, and selected to 
robustly design the tooth surface under multiple loads. The 
region of exploration for fitting the second-order model is that 
torque is from 4 kgf⋅m to 10 kgf⋅m; tip relief and lead crown-
ing for the driven gear is from 6 µm to 18 µm, and from 7 µm 
to 21 µm, respectively; 12 µm tip relief and 0 µm lead crown-
ing for the driving gear. Table 6 shows the experimental re-
sults by transmission error program.  

Using Table 6 results, regression models corresponding to 

Table 6. Experimental results for the robust design. 
 

(a) Torque: 4 kgf⋅m 
 

Run x1 x2 y1 

1 -1 -1 0.1296 
2 -1 0 0.2504 
3 -1 1 0.4655 
4 0 -1 0.1113 
5 0 0 0.2972 
6 0 1 0.5041 
7 1 -1 0.1564 
8 1 0 0.3218 
9 1 1 0.5802  

(b) Torque: 7 kgf⋅m 
 

Run   x1   x2 y2 

1 -1 -1 0.1796 

2 -1 0 0.1527 

3 -1 1 0.2332 

4 0 -1 0.2075 

5 0 0 0.1096 

6 0 1 0.2950 

7 1 -1 0.2060 

8 1 0 0.1168 

9 1 1 0.3486 
 

(c) Torque: 10 kgf⋅m 
 

Run x1 x2 y3 

1 -1 -1 0.2067 

2 -1 0 0.3592 

3 -1 1 0.2666 

4 0 -1 0.2847 

5 0 0 0.3395 

6 0 1 0.1618 

7 1 -1 0.3604 

8 1 0 0.3346 

9 1 1 0.1755 

 
Table 7. Regression model corresponding to each torque. 
 

Torque Regression model Fo/ 
P-value 

2R  

4 kgf⋅m
1 1

2
2 1
2
2 1 2

ˆ 0.2811 0.0355

0.1921 0.0131

0.0347 0.022

y x

x x

x x x

= + +

+ +

+

 1090.8/ 
0 0.9973 

7 kgf⋅m
2 1

2
2 1
2
2 1 2

ˆ 0.125 0.0176

0.0473 0.0021

0.1186 0.0223

y x

x x

x x x

= + +

+ +

+

 31.18/ 
0.0007 0.9122 

10 
kgf⋅m

3 1

2
2 1
2
2 1 2

ˆ 0.3299 0.0063

0.0413 0.0218

0.1018 0.0612

y x

x x

x x x

= + −

+ −

−

 57.36/ 
0.0001 0.9503 

 
torque 4, 7, and 10 kgf⋅m are built in a similar manner, as 
shown in Table 7. Here, the coded variables 1x  and 2x denote 
the tip relief and lead crowning for the driven gear, respec-
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tively. Since Fo of each regression model exceeds F (2,6;0.01) 
=10.9, and the coefficient of multiple determination is more 
than 0.9122, the usefulness of the models is confirmed. 

The lowest transmission error in a torque may not guarantee 
low transmission error in other torques. The design of the 
tooth profile for low noise should maintain low transmission 
error at all operating torques, although it is traded off at each 
torque. A weighted sum of the objective functions at 4, 7, and 
10 kgf⋅m can satisfy the conditions, which leads to the multi-
objective optimization problem as follows [17]: 
 

1 1 2 2 3 3ˆ ˆ ˆ ˆy w y w y w y= + + .  (10) 
 

Because the objective functions have equal contribution in 
gears, the weighing functions 1 2 3, ,w w w  have the constant of 
one-third. Equation (10) becomes  
 

2
1 2 1

2
2 1 2

ˆ (0.736 0.0594 0.1981 0.037

0.14312 0.0169 ) / 3

y x x x

x x x

= + + +

+ −
.  (11) 

 
Therefore, robust design of the tooth surface under multiple 

loads results in the minimization problem of Eq. (11), subject 
to 1 21 1, 1 1x x− ≤ ≤ − ≤ ≤ . The constrained multi-variable func 
tion of Eq. (11) is solved through Matlab. The minimum of 
the constrained multivariable function is 0.211, obtained at the 

 

 
 
Fig. 4. Graphic of the objective function for the robust design. 
 
 

 
(a) Lead curve 

 

 
(b) Profile curve 

 
Fig. 5. Profile and lead curve by the robust design. 

tip relief of 6 µm and lead crowning of 8.74 µm. The result of 
the minimum is validated in the graphic of Eq. (11), as shown 
in Fig. 4. The transmission error at the tip relief of 6 µm and 
lead crowning of 9 µm is 0.1549 at 4 kgf⋅m; 0.1522 at 7 kgf⋅m, 
and 0.2792 at 10 kgf⋅m. Considering the manufacturing toler-
ance, the profile and lead curves obtained in this analysis are 
shown in Fig. 5. 
 

5. Conclusions 

This paper deals with the optimal and robust tooth surface 
for the reduction of helical gear noise. The simulation tool 
uses the developed program for analyzing transmission error 
correlated with gear noise. The method to determine the opti-
mal lead curve, using the design of experiment and the re-
sponse surface method, is proposed. The effect of transmis-
sion error on candidate design variables by a screening ex-
periment is investigated using the analysis of variance. Design 
variables are likewise selected. The fitted regression model of 
transmission error is built with the statistic validation of the 
representation. The model with constraints is solved to obtain 
the optimum lead curve design. Finally, the method for the 
robust design of the tooth surface for low transmission error 
under multiple load conditions, using the fitted regression 
model and multi-objective optimization, is also proposed.  
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Nomenclature------------------------------------------------------------------------ 

e (x)  : Composite tooth errors 
F  : F-distribution 
F0  : Test statistic 
Kb  : The influence function of bending deflection 
Kc  : The influence function of contact deformation 
L  : Contact line 
p (x)  : The load distribution of tooth 

1bR  : Base radius of a driving gear 
T : Input torque 
W  : Transmitted load 

1 2 3, ,w w w  :  The weighing functions 
x1,x2,x3  : The coded variables 
∆   : Transmission error 

bβ  : Base helix angle 
ov  : Contact deformation 

 

References 

[1] D. W. Dudley and D. P. Townsend ed., Dudley’s Gear 
Handbook 2nd ed., Chpt.14, McGraw-Hill, New York, USA, 



 C. I. Park / Journal of Mechanical Science and Technology 24 (3) (2010) 823~829 829 
 

  

(1996). 
[2] T. F. Conry and A. Seireg, A Mathematical Programming 

Technique for the Evaluation of Load Distribution and Op-
timal Modifications for Gear Systems, ASME Journal of En-
gineering for Industry, 95 (4) (1973) 1115-1122.  

[3] N. Maruyama, K. Inoue, N. Hitomi, I. Nakagawa and K. 
Morikawa, Optimum Modification of Gear Tooth Surface to 
Achieve Silent, Tough Automobile Transmissions, Proc. of 
the 1989 International Power Transmission and Gearing 
Conference, Chicago, Illinois, USA, (1989) 899-905. 

[4] S. Sundaresan, Kisi and D. R. Houser, Design of Helical 
Gears with Minimum Transmission Error under Manufactur-
ing and Operating Variances, Proc. of the International Con-
ference on Motion and Power Transmission (MPT’91), Hi-
roshima, Japan, (1991) 92-97.  

[5] M. Umeyama, Effects of Modified Tooth Surface of a Heli-
cal Gear Pair on the Transmission Error and its Optimal De-
sign, Proc. of International Gearing Conference, University 
of Newcastle, Tyne, UK (1994) 377-382.  

[6] M. Umeyama, M. Kato and K. Inoue, Effects of Gear Di-
mensions and Tooth Surface Modifications on the Loaded 
Transmission Error of a Helical Gear Pair, Trans. of the 
ASME Journal of Mechanical Design, 120 (March) (1998) 
119-125.  

[7] I. C. Regalado, Application of robustness in the multi-
objective optimization of gears, Ph.D dissertation, The Ohio 
State University (1998).  

[8] J. Harianto and D. R. Houser, A Methodology for Obtaining 
Optimum Gear Tooth Micro-topographies for Noise and 
Stress Minimization over a Broad Operating Torque Range, 
Proc. of the 2007 International Power Transmission and 
Gearing Conference, Las Vegas, Nevada, USA DETC2007-
34655, (2007) 1-15 . 

[9] C. I. Park and D. S. Kim, Transmission Error Analysis of 
Helical Gears for the Elevator, Trans. of the KSME A, 26 
(12) (2002) 2695-2702 (in Korean). 

[10]   K. Umezawa, The Meshing Test on Helical Gears under 
Load Transmission (1st Report, The Approximate Formula 
for Deflection of Gear Tooth), Bulletin of the JSME, 15 (90) 
(1972) 1632-1639. 

[11]   C. Weber, The Deformations of Loaded Gears and the 
Effects on Their Load-carrying Capacity, Sponsored re-
search (Germany), British Dept. of Scientific and Industrial 
Research, Report No.3, (1949). 

[12]   A. Kubo, Stress condition, Vibrational Exciting Force, and 
Contact Pattern of Helical Gears with Manufacturing and 
Alignment Errors, Trans. of the ASME Journal of Mechani-
cal Design, , 100 (1978) 177-184. 

[13]   R. H. Myers and D. C. Montgomery, Response Surface 
Methodology, 2nd ed., John Wiley & Sons, New York, USA 
(2002). 

[14]   Matlab Optimization Tool Box 3 User’s Guide, The Math-
Works, (2007). 

[15]   G. N. Vanderplaats, Numerical Optimization Techniques 
for Engineering Design, McGraw–Hill, New York, USA, 
(1984). 

[16]   D. C. Montgomery, Design and Analysis of Experiments 
5th ed., John Wiley & Sons, New York, USA, (2001). 

[17]   P. Y. Papalambros and D. J. Wilde, Principles of Optimal 
Design, 2nd ed., Cambridge, UK, (2000). 

[18]   C. I. Park, Multi-objective Optimization of the Tooth Sur-
face in Helical Gears Using the Response Surface Method, 
Proc. of the JSME International Conference on Motion and 
Power Transmissions (MPT2009- Sendai), Matsushima Isles 
Resort, Japan, (2009) 10-14.  

 
 

Chan IL Park, who received a B.S., an 
M.S., and a Ph.D. in mechanical engi-
neering at Seoul National University, 
worked at Hyundai Motor Company for 
eight years. He has held positions as a 
post-doc. at the University of Michigan 
in Ann Arbor for one year, a visiting 
scholar at the Georgia Tech. for one 

year and Ohio State University, and a dean of the College of 
Engineering at Kangnung National University for two years. 
He is a professor in the precision mechanical engineering at 
Gangneung-wonju National University. His research interests 
are gear dynamics, plate, shell, optimal design, and acoustics. 

  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /DetectCurves 0.100000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


