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1. Introduction 

Rubber O-ring has been widely used in national de-

fence industry, petrochemical industry, transportation, ma-

chinery manufacturing and other fields. Seal performance 

and frictional resistance of sealing ring are important factors 

restricting hydraulic system, rotating machinery and recip-

rocating machinery. The existing rubber sealing rings such 

as O-ring, rectangular ring and so on can play a good seal 

performance in engineering practice. But, they are prone to 

twist, wear and bite in the process of working. And the fric-

tional resistance of the ring is large, which increases the en-

ergy consumption of the system. And the non-smooth sur-

face technique in the bionic principle can reduce the fric-

tional resistance. Therefore, it is an innovative method to 

apply non-smooth surface technology to rubber sealing ring. 

It is significant to be used in design, installation, and opera-

tion of rubber sealing rings in static and dynamic seals. 

Zhang et al. [1] used the finite element software to 

analyse the heat extraction for EGS with tree-shaped wells 

to find that the finite element software can accurately simu-

late the actual working conditions. Wang [2] established the 

model of O-ring, and obtained the change trend of equiva-

lent stress under fluid pressure and seal clearance. Shang [3] 

obtained the factors that affect the failure of O-ring under 

ultra-high pressure. Chen [4] explored the failure factors of 

O-ring in dynamic seal. Walsh et al. [5] studied the drag re-

duction of various bionic surface structures. The results 

showed that triangular grooves have the best drag reduction 

performance. Viswanath et al. [6] found that bionic grooves 

reduced resistance of wing by 2-3% compared with no bi-

onic groove. Lee et al. [7] took NACA0012 wing as the ex-

perimental object, calculated and analysed the model with 

V-shaped surface structure, and found that the drag reduc-

tion efficiency decreased by 6.6%. Zhang [8] observed the 

shape characteristics of pigeons, found that bionic shape 

features can reduce the resistance of pigeons. Ren and Deng 

[9-10] established two models of bionic surface and non-bi-

onic surface that based on piston and cylinder liner. The ex-

perimental results showed that bionic surface can reduce re-

sistance and wear. Liu et al. [11] established several bionic 

models with different cavity radii, and found that the seal 

performance became more obvious with the decrease of 

cavity radius. 

In this paper, the non-smooth surface technology is 

applied to the surface structure of rectangular sealing ring to 

design a bionic sealing ring. The effects of precompression 

amount, fluid pressure, friction coefficient and reciprocating 

velocity on the static and dynamic seal performance of rec-

tangular and bionic sealing rings are studied by finite ele-

ment simulation. 

2. Design of bionic rubber sealing ring 

2.1. Non-smooth surface technology theory 

The essence of bionics is to take biology as the car-

rier, and to understand their morphological characteristics, 

way of life and living environment. This kind of self- shape 

structure which can adapt to the bad environment is intro-

duced into the engineering actual equipment. The appear-

ance characteristics of parts are changed by artificial design, 

to enhance the working efficiency and service life of equip-

ment. 

In the process of biological evolution, organisms 

have formed a non-smooth form that is favorable to their 

survival. Therefore, a lot of material basis are provided for 

engineering research. In this paper, the morphological char-

acteristics and survival patterns of shells and earthworms 

were studied to find the surface had non-smooth morpho-

logical features. At the same time, according to the analysis 

of the drag reduction experiment, it was found that the in-

troduction of the concave non-smooth surface structure to 

the rectangular sealing ring can be realized, and the research 

value is higher. 

2.2. Constitutive model of rubber material 

A variety constitutive models are used to describe 

rubber material, such as Heo-Hooken strain energy function, 

Exponential-Hyperbolic law, and Mooney-Rivlin model, 

Klosenr-Segal model, and Ogden-Tschoegl model [12]. In 

this paper, the Mooney–Rivlin model was selected to de-

scribe the mechanical characteristics of the rubber O-ring. 

The function can be expressed as follows [13]: 

 

   1 1 2 23 3 ,W C I C I     (1) 

 

where: W is the strain energy density, C1 and C2 are 

Mooney-Rivlin coefficients, and I1 and I2 are the first and 

second strain tensor invariant. 

The relationship of stress and strain can be ex-

pressed as follows: 

 

/ .W     (2) 

2.3. Design scheme of bionic rubber sealing ring 

It is found that the four corners of cross section of 
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the rectangular sealing ring, grooves, and the sealing rod are 

touching in the dynamic seal. This has a great effect on the 

stress of the sealing ring, and accelerates the rubber wear at 

the edge corner. A bionic sealing ring with bionic slot is ob-

tained by chamfering edges. The schematic diagram of bi-

onic rubber sealing ring is shown in Fig. 1, a. The main seal-

ing surface is the contact surface between the upper surface 

of the ring and seal bar. The bionic sealing ring adopts two 

concave structures, and forms two small cavities with the 

main contact surface, and a circular protruding structure is 

presented in the middle of the ring. Therefore, it is not easy 

to roll and twist in reciprocating motion. 

3. Calculation model 

3.1. Parameters of the model 

The finite element models of the rectangular and 

bionic sealing rings are established to study the seal perfor-

mance, as shown in Fig. 1. Only the size of the bionic groove 

surface structure is different. The materials of sealing ring 

are nitrile rubber (NBR), the hardness is IRHD65, and the 

density is 1.2 mg•m-3. According to the rubber compression 

test, in this paper the parameters of NBR select 

C1=1.87 MPa, C2 =0.47 MPa. The inner diameter of sealing 

ring is 45mm, and the section width is 5.16 mm. The mate-

rials of sealing rods and grooves are both steel. The density 

is 7.8 mg•m-3, Poisson's ratio is 0.3 and modulus of elasticity 

is 2.1×105 MPa. There are two movement directions in the 

reciprocating motion. One is inward stroke; it is defined as 

the sealing groove moves against the direction of fluid pres-

sure action. On the opposite, when sealing groove moves 

toward the same direction of the fluid pressure, it is called 

outward stroke [14]. 

A contact penalty algorithm with a friction coeffi-

cient was employed to simulate the interactions between the 

ring and steel material. The friction coefficient is 0.05, 0.1, 

0.15, 0.2, 0.25. Mesh division of the model by using four-

node CAX4R. The pressure applied on one side of the seal-

ing ring is used to simulate the fluid pressure in the model. 

Set up the reciprocating motion of the sealing bar to simu-

late the dynamic seal. The influence of bionic groove on 

sealing ring is studied by changing the depth of bionic 

groove. The depth of bionic groove is 0.25 mm, 0.5 mm, 

0.75 mm, 1.0 mm. 

 
 

a) Rectangular sealing ring                          b) Bionic sealing ring 

Fig. 1 Schematic diagram of two sealing structures 

 

3.2. The hypothesis of finite element analysis 

Rubber has the material nonlinearity, geometrical 

nonlinearity, and contact nonlinearity, and it is necessary to 

make the following assumptions for mechanical and seal 

performance research [14]. 

1. The material has definite modulus of elasticity 

and Poisson’s ratio; 

2. The tensile and compression creep properties of 

materials are the same; 

3. The longitudinal compression of the sealing ring 

is caused by normal restraint; 

4. Creep does not affect the volume of the sealing 

ring. 

The maximum Mises stress and the maximum con-

tact pressure of the two sealing rings are compared to study 

the seal performance [15]. With the increase of stress, the 

stiffness of the material decreases, which results in the fail-

ure of rubber. When the maximum contact pressure is 

greater than the fluid pressure, the sealing ring can be sealed. 

The greater the maximum contact stress, the better seal per-

formance. 

4. Static seal performance 

4.1. Groove depths 

In static seal, when the initial compression is 0.2 

mm, the medium pressure is 2 MPa, and the friction coeffi-

cient is 0.2, the stress distribution of sealing ring under dif-

ferent groove depths is shown in Fig. 2 a. The high stress 

area of bionic sealing ring is close to the gap between the 

seal bar and the groove. With the depth of the groove in-

creases, the high-stress area moves to the protruding point 

of the contact surface. Materials in high stress areas are most 

likely to produce cracks to affect the seal failure. 

As shown in Fig. 2, b, with the bionic groove depth 

increases, the maximum contact pressure of the main sealing 

surface increases. The difference between the maximum 

contact pressure and the fluid pressure of the bionic sealing 

ring is larger than that rectangular sealing ring. Therefore, 

the static seal performance of bionic sealing ring is good. 

4.2. Compression amount 

When the fluid pressure is 3 MPa, the stress distri-

bution of the sealing ring under different compression 

amounts is shown in Fig. 3. The maximum Mises stress of 

the rectangular and bionic sealing rings increases with in-

creasing compression amount. The maximum Mises stress 

of bionic sealing ring is larger than rectangular ring under 

the corresponding conditions. The high stress area of rectan-

gular is concentrated on the gap between the seal rod and 

the groove. And the bionic sealing ring is mainly concen-

trated on the protrusion of the bionic groove surface. But 

there is more than one bionic groove on the contact surface, 

so the fluid medium doesn’t pass through the sealing ring, 

to ensure seal performance and increase service time. 
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                             a) Stress distribution                                                            b) Contact pressure distribution 

Fig. 2 Stress and contact pressure distribution of sealing ring under different groove depths 

 

a) Rectangular sealing ring                                        b) Bionic sealing ring 

Fig. 3 Stress distribution of sealing ring under different compression amounts 

 

As is shown in Fig. 4, the contact pressure in-

creases with the increase of compression amount. The max-

imum contact pressure of rectangular ring is smaller than 

that of bionic ring under the same compression amount. The 

difference between the maximum contact pressure of bionic 

ring and the fluid pressure is greater, so the static seal per-

formance effect is better than rectangular ring that is more 

suitable for the practical engineering needs. 

 

Fig. 4 Contact pressure of sealing rings 

4.3. Fluid pressure 

As shown in Fig. 5, a, the maximum Mises stress 

of rectangular sealing ring increases with the increasing of 

fluid pressure. the high stress areas change from 2 to 1 with 

the increasing of fluid pressure and concentrate on the gap 

between the seal bar and the groove. As shown in Fig. 5, b, 

the stress is close to the protuberance of the bionic groove 

surface. The maximum Mises stress of bionic sealing ring is 

smaller than that of rectangular sealing ring. Therefore, it is 

suggested that the bionic groove slow down the material 

failure and prolong service time of sealing ring. 

The maximum contact pressure of sealing ring un-

der different fluid pressure is shown in Fig. 6. With the in-

creasing of fluid pressure, the maximum contact pressure in-

creases. The maximum contact pressure of rectangular is 

smaller. The difference between the rectangular ring and bi-

onic ring is great. It is suggested that the bionic sealing ring 

is more suitable for engineering practice. 

4.4. Friction coefficient 

As shown in Fig. 7, a, friction coefficient has little 

effect on the maximum Mises stress of rectangular sealing 

ring. And the range of high stress area expands with the in-

crease of friction coefficient. Mises stress distribution of bi-

onic sealing ring under different friction coefficient is 

shown in Fig. 7, b. With the increasing of friction coeffi-

cient, the maximum Mises stress of bionic sealing ring will 

fluctuate in the range of 4.3-4.7 MPa. The high stress area 

appears at the third bulge of the contact surface. It shows 

that the sealing failure is most likely to occur in third pro-

trusion. 



 341 

 

a) Rectangular sealing ring                                        b) Bionic sealing ring 

Fig. 5 Mises stress distribution of sealing ring under different fluid pressure 

 

 
 

Fig. 6 Contact pressure of sealing ring 

As shown in Fig. 8, with the increasing of friction 

coefficient, the maximum contact pressure of rectangular 

ring decreases and the contact pressure of bionic ring in-

creases. Therefore, the seal performance of bionic ring can 

be enhanced by increasing friction coefficient properly. 

The bionic sealing ring has a unique bionic groove 

surface structure. Two bionic grooves and three protrusions 

are on the main sealing surface of the bionic sealing ring. If 

one of the protuberance structures fails, the other protru-

sions can still ensure the seal performance. Therefore, it can 

be found that the static seal performance of the bionic seal-

ing ring is better than that of the rectangular sealing ring. 

 

 

                                a) Rectangular sealing ring                                                        b) Bionic sealing ring 

Fig. 7 Stress distribution of sealing ring under different friction coefficients

 
 

Fig. 8 Contact pressure of sealing ring 

5. Dynamic seal performance 

5.1. Groove depths 

The maximum Mises stress of the rectangular seal-

ing ring decrease in the inward stroke and then become in-

crease in the outward stroke as shown in Fig. 9. The high 

stress area moves from the gap between the seal bar and the 

groove to the contact surface between sealing ring and seal 

bar in the inward stroke. And then the high stress area moves 

from the contact surface between sealing ring and seal bar 

to the gap between the seal rod and the groove in the out-

ward stroke. The maximum Mises stress and variation of 

high stress area in bionic sealing ring are similar to those of 



 342 

the rectangular sealing ring.  

 

a) Rectangular sealing ring   

 

b) Bionic sealing ring 

Fig. 9 Stress distribution of sealing ring 

 

The stress curves of the four depths are shown in 

Fig. 10. Stress fluctuations are different when they are in 

inward stroke and outward stroke. When the groove depth 

is 0 mm, the maximum amplitude of stress fluctuation of 

sealing ring is obtained. The stress of rectangular sealing 

ring with bionic groove depth of 0.25 mm is minimum. 

Sharp fluctuations in stress will lead to material fatigue fail-

ure. Therefore, the structure design of bionic sealing ring is 

meaningful. 

The maximum contact pressures of the four sealing 

rings in 2 MPa fluid pressure are shown in Fig. 11. The max-

imum contact pressure of 0 mm is the smallest, and it is still 

greater than the fluid pressure in any conditions. The bionic 

sealing ring with groove depth of 0.25 mm fluctuates about 

6 MPa, and the bionic sealing ring with groove depth of 0.5 

mm and 0.75 mm fluctuates about 8 MPa. It can be found 

that the bionic groove depth is not as deep as possible, there 

is an upper limit.  

5.2 Compression amount 

Mises stress curves of sealing ring under different 

compression amount as shown in Fig. 12, a. Mises stress 

fluctuations are different when they are in inward stroke and 

outward stroke. In the inward stroke, the fluctuation of bi-

onic sealing ring is small. In the outward stroke, the Mises 

stress has a significant increase. When the compression 

amount is 0.5mm, the difference of average contact pres-

sures in outward stroke and inward stroke is biggest. Aver-

age value in outward stroke is greater than it in inward 

stroke. As shown in Fig. 12, b, the contact pressure fluctua-

tion in 0.5 mm is serious. Amplitude changes of the contact 

pressure curves in 0.1 mm and 0.2 mm are smaller. Average 

contact pressure in outward stroke is greater than that in in-

ward stroke. 
 

  

Fig. 10 Mises stress curves of sealing ring Fig. 11 Contact pressure curves of sealing ring 

 

                                             a) Von Mises stress                                                     b) Max contact pressure 

Fig. 12 Stress and contact pressure curves of sealing ring under different compression amount
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5.3. Fluid pressure 

Mises stress curves of sealing ring under different 

fluid pressure is shown in Fig. 13, a. With the increasing of 

fluid pressure, the Mises stress curves of bionic sealing ring 

increase. In the inward stroke, the stress decrease first and 

then didn't change significantly. In the outward stroke, the 

stress of bionic sealing ring increase first and then are in a 

fluctuation. Average Mises stress in outward stroke is 

greater than in inward stroke. Therefore, the seal perfor-

mance of bionic sealing ring is better in outward stroke. 

Fig. 13, b shows the contact pressure curves of bionic seal-

ing ring under different fluid pressure. The contact pressure 

increases with the fluid pressure increases. Average value of 

the contact pressure in outward stroke is greater than it in 

inward stroke. The difference also increases with the fluid 

pressure increases. Therefore, the dynamic seal perfor-

mance can be enhanced by increasing the fluid pressure. 

 

                                           a) Von Mises stress                                                      b) Max contact pressure 

Fig. 13 Stress and contact pressure curves of sealing ring under different fluid pressure 

5.4. Friction coefficient 

As shown in Fig. 14, a, stress difference of bionic 

sealing ring between inward stroke and outward stroke is 

smaller. Average value of the contact pressure in outward 

stroke is greater than it in inward stroke. Therefore, the ef-

fect of friction coefficient on seal performance can be alle-

viated by bionic sealing ring. Fig. 14, b shows the contact 

curves of bionic sealing ring under different friction coeffi-

cients. With the increasing of friction coefficient, the con-

tact pressure curves are in a fluctuation. The contact pres-

sure fluctuation in 0.2 is serious. The average contact pres-

sure is greater than the fluid pressure 2 MPa. Therefore, the 

dynamic seal performance is reliable. 

 

 

                                           a) Von Mises stress                                                      b) Max contact pressure 

Fig. 14 Stress and contact pressure curves of sealing ring under different friction coefficients 

5.5. Reciprocating velocity 

As shown in Fig. 15, a, stress difference of bionic 

sealing ring between inward stroke and outward stroke is 

smaller. With the reciprocating velocity increases, the aver-

age stress has a small change and the change trend of maxi-

mum Mises stress with time is the same. Therefore, recipro-

cating velocity has a small effect on the average Mises stress 

in the dynamic seal. Fig. 15, b shows the maximum contact 

pressure curves of bionic sealing ring under different recip-

rocating velocity. The contact pressure curves are in a fluc-

tuation with the time of step increases. The average contact 

pressure of bionic sealing ring is greater than the fluid pres-

sure in any conditions and varies little with the increase of 

velocity. Therefore, the dynamic seal performance of bionic 

sealing ring is better. 



 344 

 

                                           a) Von Mises stress                                                      b) Max contact pressure 

Fig. 15 Stress and contact pressure curves of sealing ring under different reciprocating velocity 

6. Conclusions 

The seal performance of bionic sealing ring is 

greater than that of rectangular sealing ring. Therefore, the 

structure of bionic sealing ring is meaningful to engineering 

fields. In the static seal of bionic sealing ring, the maximum 

stress appears on the bulge of bionic groove. This structure 

prolongs the service life of the bionic sealing ring. Compres-

sion amount and fluid pressure have a great effect on the 

contact pressure. The seal performance increases with the 

compression amount and fluid pressure increases. Friction 

coefficient has a smaller effect on the bionic sealing ring’s 

static seal performance than rectangular sealing ring. 

Reciprocating dynamic seal performance of bionic 

sealing ring is different with its static seal performance. Seal 

performance in outward stroke is better than it in inward 

stroke. The average contact pressure of bionic sealing ring 

is greater than that of rectangular sealing ring, so the dy-

namic seal performance is better. The surface of bionic 

groove reduces the fluctuation of maximum Mises stress in 

inward and outward strokes, to reduce the fatigue failure and 

prolong the service time. The contact pressure increases 

with the increasing the compression amount and fluid pres-

sure. The effect of friction coefficient on dynamic seal per-

formance can be alleviated by bionic sealing ring. And re-

ciprocating velocity has a small effect on the Mises stress in 

the dynamic seal. 

Acknowledgments  

This work was supported by China Postdoctoral 

Fund(2019M653839XB), Sichuan Science and Technolo-

gy Project(2019YJ0319), Youth Research and Innovation 

Team of SWPU (2018CXTD12), Chengdu International 

Cooperation Project (2019-GH02-00072-HZ), and Lu Zhou 

Science and Technology Program (2018-GYF-6). 

References 

1. Zhang, J.; Xie, J. X.; Liu, X. 2019. Numerical evalua-

tion of heat extraction for EGS with tree-shaped wells, 

Journal of Heat and Mass Transfer 134: 296-310.  

https://doi.org/10.1016/j.ijheatmasstranfer.2018.12.171. 

2. Wang, J.; Xie, Y. J. 2008. Ansys analysis of rubber O-

sealing ring, Journal of Liaoning Shihua University 

28(4): 48-50 (in Chinese). 

https://doi.org/10.3969/j.issn.1672-6952.2008.04.014. 

3. Shang, F. C.; Rao, J. H.; Shen, Q. F. 2010. Finite ele-

ment analysis of rubber O-ring under ultra-high pres-

sure, Chinese Hydraulics Pneumatics 01: 67-70 (in Chi-

nese). 

https://doi.org/10.3969/j.issn.1000-4858.2010.01.028. 

4. Chen, Q.; Chen, L. Q.; Kang, B. 2011. Study of seal 

mechanism & characteristic for rubber O-ring in recip-

rocating motion, Lubrication Engineering 36(6): 76-78. 

(in Chinese) 

https://doi.org/10.3969/j.issn.0254-0150.2011.06.019. 

5. Walsh, M. J. 1990. Riblets in viscous drag reduction in 

boundary layers, Progress in Astronautics and Aero-

nautics 06: 156-180. 

https://doi.org/10.2514/5.9781600865978.0203.0261. 

6. Viswanath, P. R. 2002. Aircraft viscous drag reduction 

using rblets, Progress in Aerospace Sciences 38(6): 571-

600. 

https://doi.org/10.1016/s0376-0421(02)00048-9. 

7. Lee, S. J.; Jang, Y. G. 2005. Control of flow around a 

NACA0012 airfoil with a micro-riblet film, Journal of 

Fluids and Structures 20(5): 659-672. 

https://doi.org/10.1016/j.jfluidstructs.2005.03.003. 

8. Zhang, C. H. 2008. Coupling bionics for functional sur-

face of drag and noise reduction based on pigeon body 

surface, Jilin University (in Chinese). 

9. Yang, Z. J.; Han, Z. W.; Ren, L. Q. 2005. Friction and 

wear behavior of bionic non-smooth surfaces at high 

temperature, Tribology 25(4): 374-377 (in Chinese.) 

https://doi.org/10.3321/j.issn:1004-0595.2005.04.018. 

10. Deng, B. Q. 2005. Bionic study of non-smooth effect on 

engine piston-cylinder system, Jilin University (in Chi-

nese). 

11. Liu, Z. H.; Dong, W. C.; Xia, F. 2006. The effect of the 

tip shape of V-groove on drag reduction and flow field 

characteristics by numerical analysis, Journal of Hydro-

dynamics 21(2): 223-231. 

https://doi.org/10.1007/s10483-006-0101-1. 

12. Yi, T. L.; Weng, X. T.; Zhu, S. J. 2002. Analysis of 

static characteristics of nearly incompressible rubber 

materials, Journal of Naval University of Engineering 

14(1): 76-82 (in Chinese). 

https://doi.org/10.3969/j.issn.1009-3486.2002.01.021. 



 345 

13. Wu, F.; Song, S. W. 2010. Study on the influences of 

material hardness on the properties of C-shape sealing 

ring, Ship Engineering 32(6): 68-71 (in Chinese). 

https://doi.org/10.3969/j.issn.1000-6982.2010.06.018. 

14. Han, C. J.; Zhang, J. 2013. Finite element analysis and 

optimization of rectangle rubber seal, China Rubber In-

dustry 60(2): 98-103 (in Chinese). 

https://doi.org/10.3969/j.issn.1000-890X.2013.02.007. 

15. Yang, C. M.; Xie, Y. J. 2010. Ansys analysis of the seal 

performance of rubber O-sealing ring, China Elastomer-

ics 20(3): 49-52 (in Chinese). 

https://doi.org/10.3969/j.issn.1005-3174.2010.03.013. 

 

Yang Hu, Jie Zhang, Liming Chen  

DESIGN AND SEAL PERFORMANCE ANALYSIS OF 

BIONIC SEALING RING FOR DYNAMIC SEAL 

S u m m a r y 

In this paper, the non-smooth surface technology is 

applied to the surface structure of the rectangular sealing 

ring for designing a bionic sealing ring. Two-dimensional 

axisymmetric models of rectangular and bionic sealing rings 

were established. Effects of pre-compression amount, fluid 

pressure, friction coefficient and reciprocating velocity on 

the static and dynamic seal performance of two sealing rings 

were studied. The results show that the seal performance of 

the bionic sealing ring is greater than that of rectangular. 

The static seal performance increases with the increasing of 

fluid pressure and compression amount. Dynamic seal per-

formance in outward stroke is better than it in the inward 

stroke. Friction coefficient has a smaller effect on the bionic 

sealing ring’s seal performance than rectangular sealing 

ring. Therefore, using the bionic sealing ring can improve 

the static and dynamic seal performances and prolong its 

service life in hydraulic systems, rotating machinery and re-

ciprocating machinery. 

Keywords: bionic sealing ring, non-smooth surface tech-

nology, rubber seal, finite element analysis, seal perfor-

mance. 

Received April 22, 2019 

Accepted August 24, 2020

 

 

 

 

This article is an Open Access article distributed under the terms and conditions of the Creative Commons 

Attribution 4.0 (CC BY 4.0) License (http://creativecommons.org/licenses/by/4.0/). 

 

http://creativecommons.org/licenses/by/4.0/

