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Abstract 
 
In diesel engines, engine torque fluctuation inevitably produces torsional vibration. A sleeve spring-type damper commonly is used to 

reduce this vibration. In this paper, closed form equations to predict the spring constant of a sleeve spring and the torsional characteristics 
of a torsional vibration damper are proposed for calculation of the stiffness of the damper. The equations were verified through finite 
element analysis (FEA) and experiments. In addition, the stability of the sleeve spring-type torsional vibration damper was verified in an 
analysis of the inner star and outer star (the core components of the damper). A two-roll bending process, proposed in this paper, was 
determined to be the most suitable for manufacture of the sleeve springs. A closed form equation to calculate the forming radius, taking 
account of the springback effect, was derived, and a FEA method used to analyze the elasto-plastic problem was verified through an 
analysis of a 90° bending process. The results of the analysis were in good agreement with the experiment. It is recommended that our 
proposed method, an advanced technique that can significantly reduce production costs, replace the conventional forming process. 
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1. Introduction 

Torsional vibration of a crankshaft due to variation of tor-
que is inevitable in a diesel engine, which is a reciprocal en-
gine with a crank mechanism. Such vibration can be reduced 
through installation of an appropriate damper or by optimiza-
tion of the combustion chamber stroke. There are several 
types of torsional vibration dampers, and they are selected 
according to engine speed: a viscous fluid type for low speed, 
a coil spring type for medium speed, and a sleeve spring type 
for high speed. The sleeve spring torsional vibration damper is 
shown in Fig. 1, and the sleeve spring pack used in the MT881 
Ka-500 Engine is shown in Fig. 2. 

Chul Kim et al. [1] derived a spring constant formula for a 
sleeve spring and a torsional characteristic formula for a 
sleeve spring torsional vibration damper. 

The techniques for the production of cylindrical tubular sec-
tions such as sleeve springs include roll-bending, stamp-
bending, stretch-bending, and press-braking. Roll-bending, 
compared with the other processes, can reduce set up time, 
reduce costs in tooling investments, minimize the length of 

straight end-edges remaining in finished products, and achieve 
much better finished dimensional accuracy and better circular-
ity of cylindrical sections. Therefore, the roll-bending tech-
nique is widely used in forming products with cylindrical tu-
bular sections. Various studies on three-roll bending [2-5] and 
four-roll bending [6-12] have been undertaken, but investiga-
tions into two-roll bending do not appear to be available in the 
literature. Roll bending is a complex process, and its forming 
mechanism is not yet fully understood. Many factors can in-
fluence the process: material properties, the geometry and 
configuration of the rolls, friction, temperature, and others.  

In the present study, structural analyses of the inner star and 
the outer star, which are the core components of the torsional 
vibration damper, were performed, and a technique to manu-
facture a sleeve spring was studied, in order to develop a 
sleeve spring torsional vibration damper. The two-roll bending 
process is proposed here for the manufacture of the sleeve 
spring, because it is simpler than the three-roll and four-roll 
processes. Also, the two-roll bending process is mainly ap-
plied to the manufacture of small products, and therefore is 
more suitable for mass production than those other processes 
(three-roll bending and four-roll bending). We derived a 
closed-form equation to calculate the forming radius, taking 
account of the springback effect [13, 14], and we verified the 
FEA method used to analyze the elasto-plastic problem, 
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through an analysis of the 90°bending process. In addition, we 
conducted durability tests to verify the wear resistance of the 
inner star and the outer star according to heat treatment speci-
fications. 

 
2. Theory 

2.1 Spring constant of sleeve spring and torsional character-
istics of torsional vibration damper 

The design parameters of the sleeve spring were determined 
as shown in Fig. 3. The spring constant of the sleeve spring is 
expressed as [1] 
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The dynamic characteristics of a torsional vibration damper 
can be conceived as functions of the torsional torque versus 
the torsional angle of the inner star. Fig. 4 shows the geometry 
of a sleeve spring, whether the inner star rotates or not, when a 
sleeve spring pack is assembled in the damper. 

The relation between the angle of the open gap in the sleeve 
spring and the rotation angle of the inner star is expressed  
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The sleeve spring pack used in the torsional vibration dam-
per (Fig. 5) has a structure similar to leaf springs connected in 
parallel. The relation between the torsional torque and the 
rotation angle of the inner star of the torsional vibration dam-
per is expressed as [1] 
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2.2 Spring-back in the two-roll bending process 

The coordinate system and nomenclatures describing the 
pure bending process are shown in Fig. 6. [13, 14] The bend-
ing moment needed to produce the bend results in stress in the 
X-direction, so the bending moment is expressed as 

 
 
Fig. 1. Sleeve spring-type torsional vibration damper. 
 

 
(a) Sleeve spring pack 

 

 
(b) Dimensions 

 
Fig. 2. Sleeve spring pack used in MT881 Ka-500 engine. 

 
 
Fig. 3. Design parameters of sleeve spring. 

 

 
 
Fig. 4. Geometry of sleeve spring, whether inner star rotates or not. 
 

 
Fig. 5. Sleeve spring pack and damper assembly. 
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Springback occurs upon removal of the bending moment. The 
subscript ‘i’ represents the values before springback and the 
subscript ‘f’ represents the values after springback. The stress 
deviation thus is expressed as 
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The deviation of the bending moment is expressed as 
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For nonlinear strain hardening material, flow stress, includ-

ing the conditions of the plane-strain state and volume con-
stancy is expressed as 
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After unloading, since the sum of the loading moment and 

unloading moment equals zero, we have 
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Therefore, by Eqs. (4), (6) and (7), the relationship between 
the radii of the sleeve spring before and after springback is 
expressed as 
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The forming radius is calculated by Eq. (10), which is con-

verted from Eq. (9): 
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3. Finite element analysis (FEA) and experiments on 
core components  

3.1 Sleeve spring  

3.1.1 Spring constant and torsional characteristics  
A finite element analysis (FEA) using Ansys® Version 11.0 

was performed to verify the validity of the derived spring con-

 
Fig. 6. Coordinate system and nomenclatures in pure bending process.

 
(a) Modeling 

 

 
(b) Boundary conditions 

 
Fig. 7. Modeling and boundary conditions for obtaining spring con-
stant of sleeve spring. 

 

 
 
Fig. 8. Results obtained from finite element analysis (FEA). 
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stant. Fig. 7 shows the modeling and boundary conditions for 
obtaining spring constant of the sleeve spring. The spring con-
stant was obtained by dividing the rotation angle into the ap-
plied moment. The rotation angle was obtained by converting 
deformation in the Y-direction, as shown in Fig. 8. Table 1 
summarizes a comparison of theoretical results and the FEA 
results for the spring constants. [1] 

The values of the theoretical results using the spring con-
stant formula were always less than those of the FEM results, 
and the error between the theoretical results and the FEM was 
less than 2.48%, which indicated good agreement. The error 
between the theoretical results and the FEM for the spring 
pack was 1.16%. The torsional torque according to the rota-

tion angle of the inner star was calculated by applying the 
values in Table 1 to Eq. (3), as shown in Table 2. In the result, 
the stiffness of the sleeve spring torsional vibration damper 
used in the MT881 Ka-550 engine was 609.4N.m/°. 

 
3.1.2 Experimental equipment and performance test  

Our test equipment comprised a driver, a controller, and a 
fan unit, as shown in Fig. 9. A torque meter was attached to 
the inner star component, and an angular meter was attached 
to the outer star component. The torsional torque and torsional 
angle were measured in real time during operation.  

The experiment was carried out under the following condi-
tions: velocity = 5cycle/sec, input torque = 1000N-m, number 
of cycles = 2000cycle. Fig. 10 shows the torsional torque and 
stiffness values according to the number of cycles. The per-
formance test showed that abnormal values of torque were 
obtained until 1000 cycles, due to the low temperature of the 
oil, and that normal values of torque and stiffness were ob-
tained after about 1500 cycles. The maximum values over all 
regions, and the average values over 30 data obtained between 
1500 cycles and 2000 cycles, are shown in Table 3. Based on 
the values calculated using Eq. (3), the test samples were 
deemed to be within an error of 3%.  

Therefore we could confirm that the stiffness coefficient 
theory for a sleeve spring applied to a sleeve spring torsional 
vibration damper was in good agreement with the test results. 

 
3.1.3 Validation of finite element analysis (FEA) boundary 

conditions for two-roll bending  
An FEA of the 90° bending process using DEFORM-2D 

Ver. 9.1 was performed to verify the validity of the boundary 
conditions in the elasto-plastic problem. Fig. 11 shows the die 
modeling for the 90° bending process. The punch, holder and 
die were assumed to be rigid bodies, and six layers of ele-
ments were used in the thickness direction. Fig. 12 shows the 
analysis procedures of the 90°bending process. First, the 

Table 1. Comparison of spring constants between theoretical results 
and FEM results. 
 

Spring constants [N.m/rad] Thickness 
[mm] 

Diameter 
[mm] Equation Analysis Error ratio*

2.4 68.2 72.1031 72.1999 0.13 

2.0 63.8 45.1770 45.6126 0.95 

1.8 60.0 35.4755 35.9964 1.45 

1.6 56.6 26.7706 27.2686 1.83 

1.4 53.6 19.2010 19.6143 2.11 

1.2 51.0 12.8843 13.1587 2.09 

1.1 48.7 10.5388 10.8064 2.48 

1.0 46.6 8.3959 8.5864 2.22 

Spring Pack 230.5463 233.2433 1.16 

* (Analysis – Equation) / Analysis × 100% 
 
Table 2. Torsional torque according to rotation angle of inner star. 
 

Working angle ( φ ) 

Degree Radian 
Trosional torque 

[N.m] 

0.0 0 0 

0.2 0.0335 116.048 

0.4 0.0070 234.920 

0.6 0.0105 356.724 

0.8 0.0140 481.570 

1.0 0.0175 609.577 

 

 
 
Fig. 9. Experimental equipment. 
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punch moves downward to bend the material to 90°, and then 
the punch moves to the right until it is separated from the ma-
terial. 

Table 4 shows the analysis results according to the thick-
ness. The results show an error of 3-6% compared with the 
design values. 
 
3.1.4 Finite element analysis (FEA) of two-roll bending  

DEFORM-2D Ver. 9.1 was used for an FEA of the two-roll 
bending process. Fig. 13 shows the analysis model, which is 
based on a two-roll bending process used in the actual field. In 
the process, the bending roll is fixed, and a urethane-covered 
roll moves vertically while rotating.  

However, in the analysis model, a urethane-covered roll 
with a deformed shape moved vertically to bend the material, 
and the bending roll rotated. 

The main process parameters of two-roll bending are the 
material thickness, the diameter of the bending roll, and the 

compressed amount of urethane-covered roll. The material 
thickness is determined based on the design value, and the 
diameter of the bending roll is determined by theoretical anal-
ysis.  

Table 3. Experimental results via theoretical results. 
 

Torsional stiffness [N.m/°] 

Maximum value Average value  

 Ratio to 
theory  Ratio to 

theory 

Sample 1 603.3 0.990 593.9 0.975 

Sample 2 608.4 0.998 598.4 0.982 
Experimental 

results 
Sample 3 599.6 0.984 592.8 0.973 

Theoretical result 609.4 

 

 

 
 
Fig. 10. Results of performance test. 

Table 4. Comparison between design values and analysis results. 
 

Radius 
Thickness 

Design Analysis 

Error ration 
 (%) 

2.4 32.9 33.9 3.0 

2.0 30.9 31.9 3.2 

1.8 29.1 30.6 5.2 

1.6 27.5 29.1 5.8 

1.4 26.1 27.4 5.0 

1.2 24.9 26.4 6.0 

1.1 23.8 24.8 4.2 

1.0 22.8 23.8 4.4 

 
 

 
 
Fig. 11. Die modeling for 90° bending process. 
 

 
 
Fig. 12. Analysis procedures of 90° bending process. 
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Therefore only the compressed deformation of the urethane-
covered roll needs to be determined. To that end, analyses 
according to the contact angle between the bending roll and 
the sheet were performed. This contact angle is illustrated in 
Fig. 14. 

The analysis results for the contact angle between the bend-
ing roll and the sheet are listed in Table 5, and the errors of the 
analysis values compared with the design values are shown in 
Fig. 15. 

 
3.1.5 Analysis results and discussion  

The curves for the error ratio of analysis values to design 
values show different patterns, as indicated in Fig. 15. There-
fore, a new process parameter incorporating the main process 
parameters (contact angle, material thickness, and forming 
radius) needs to be defined so that the curves for the error ratio 
of analysis values to design values regarding the various mate-
rial thicknesses could have similar patterns without regard to 
those material thicknesses. Thus, in the present study, the new 
process parameter,『contact angle/(material thickness×for-
ming radius)』, was defined. The values of the new process 
parameter are listed in Table 6. 

The error ratios between the analysis values and design val-
ues versus the new process parameter,『contact angle / (mate-

rial thickness × forming radius)』, showed similar patterns, 
as indicated in Fig. 16. Therefore, in two-roll bending, the 
contact angle must be determined as the new process parame-
ter has a constant value. In the case of 50CrV4, the value of 
the new process parameter is in the range of 0.1-0.15, and the 
error is within -5%-5% without regard to the material thick-
ness and the forming radius. 

 
3.2 Inner star and outer star  

3.2.1 Finite element analysis (FEA) 

Ansys® 11.0 Workbench was used in an FEA of the inner 

 
 
Fig. 13. Analysis model representing 2-roll bending process in actual
field. 

 

 
 
Fig. 14. Contact angle between bending roll and sheet. 

Table 5. Analysis results of 2-roll bending process. 
 

Thickness [mm] Contact
Angle
[ ° ] 2.4 2.0 1.8 1.6 1.4 1.2 1.0 

10 31.43 28.80 - - - - - 

9 31.96 28.90 27.27 - - - - 

8 33.58 29.10 27.67 25.78 - - - 

7 33.62 30.05 27.79 25.88 24.24 - - 

6 35.69 30.69 28.43 26.13 24.54 23.40 - 

5 41.04 32.96 30.05 27.00 24.72 23.69 - 

4 - - - 28.08 25.08 23.61 21.79

3 - - - - 26.81 24.35 21.90

2 - - - - - 25.10 22.44

1 - - - - - - 22.80

0.5 - - - - - - 23.18

 

 
 
Fig. 15. Error ratios of analysis values to design values. 

 

 
Fig. 16. Error ratios of analysis values to design values. 
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star and the outer star. The maximum torsional torque exerted 
on the inner star and outer star occurred when the sleeve 
spring was compressed to its maximum. The elements and 
boundary conditions for the model of the inner star are shown 
in Fig. 17, and the elements and boundary conditions for the 
model of the outer star are shown in Fig. 18. Fig. 19 shows 
analysis results for the inner star and the outer star for an ap-
plied maximum torsional torque of 1.048E+03N-m.  

The maximum stresses of the inner star and the outer star 
were 19.9MPa and 5.4MPa respectively, which were below 
the tensile strength of the material (Min. 1000MPa for 
SNCM439). Thus, the structure did not appear to be subject to 
fatigue failure due to repeated loads on the inner star and the 

outer star. 
 

3.2.2 Durability test  
According to FEA results, fatigue failure due to repeated 

loads on the inner star and the outer star did not occur. So, 
durability tests were carried out to verify the wear resistance 
of the inner star and the outer star according to heat treatment 
specifications. Table 7 provides the test sample heat treatment 
specifications. 

The experiments were carried out under the following con-
ditions: velocity = 5cycle/sec, input torque = 1000N-m, num-
ber of cycles = 10E+07cycle. 

 
3.2.3 Durability test results and discussions  

Fig. 20 shows the inner star according to the pertinent heat 
treatment specifications for the durability test. The wear pat-

Table 7. Heat treatment specifications of test samples. 
 

Inner star Outer star 
Sample 

QT High-frequency QT 

1 ○ ○ ○ 

2 ○ × ○ 

3 × × × 

 

 
(a) Inner star 

 

 
(b) Outer star 

 
Fig. 19. Results obtained by structural analysis of inner star and outer 
star. 

Table 6. θ / (t×Ri) converted from contact angle. 
 

Thickness [mm] Contact 
Angle 
[ ° ] 2.4 2.0 1.8 1.6 1.4 1.2 1.0 

10 0.155 0.205 - - - - - 

9 0.140 0.184 0.218 - - - - 

8 0.124 0.164 0.194 0.235 - - - 

7 0.109 0.143 0.170 0.205 0.253 - - 

6 0.093 0.123 0.146 0.176 0.217 0.273 - 

5 0.078 0.102 0.123 0.147 0.180 0.227 - 

4 - - - 0.117 0.144 0.182 0.247

3 - - - - 0.108 0.136 0.185

2 - - - - - 0.091 0.123

1 - - - - - - 0.062

0.5 - - - - - - 0.031
 
 

 
                (a) Mesh                          (b) Boundary conditions 
 
Fig. 17. Modeling details and boundary conditions for structural analy-
sis of inner star. 
 
 

   
               (a) Mesh                         (b) Boundary conditions 
 
Fig. 18. Modeling details and boundary conditions for structural analy-
sis of outer star. 
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terns on the region contacting the sleeve spring were similar 
irrespective of the heat treatment specifications. 

Fig. 21 shows the results of the measurement of the amount 
of wear using a roughness measuring instrument. Wear did not 
occur in sample 1. In sample 2, slight wear occurred. In sam-
ple 3 (no heat treatment applied), the amount of wear was 
about 13.3µm. These results showed that quenching-
tempering and high-frequency heat treatment must be applied 
to the inner start in order to prevent wear. 
 

4. Conclusions 

A finite element analysis (FEA) of and experiments on the 
core components of a sleeve spring torsional vibration damper 

were performed in this study. The key results obtained from 
this study are summarized as follows: 

The spring constant formula of a sleeve spring was verified 
through performance tests. 

The suitability of the FEA method for two-roll bending was 
confirmed. A new process parameter, 『contact angle / (material 
thickness × forming radius)』, was tested, this parameter al-
lows for the curves of the error ratios of analysis values to design 
values regarding the various material thicknesses to have similar 
patterns without regard to the material thicknesses.  

To improve wear resistance, quenching-tempering and high-
frequency heat treatment should be applied to the inner star, and 
quenching-tempering should be applied to the outer star. 
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Nomenclature------------------------------------------------------------------------ 

D :  Mean diameter 
DA :  Mean diameter in the damper 
E :  Elastic modulus 
h :  Height of the spring pack 
k :  Spring constant 
kSP :  Spring constant of a sleeve spring pack 
LGAP :  Length of the open gap 
NSP :  Number of sleeve spring packs 
RPitch  :  Pitch radius of spring pack 
t :  Thickness 
β :  Angle of the open gap in the damper 
δ :  Angle of the open gap in the sleeve spring due to 
  rotation of the inner star 
φ :  Rotation angle of the inner star 
ν :  Poisson’s ratio 
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