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 A B S T R A C T 

Pneumatic cylinders are critical components in automated and semi-
automated production systems, often employed to replace manual labor. 
However, their service life can be limited under demanding conditions 
involving heavy and repetitive loads. This study investigates the selection of 
optimal seal materials for pneumatic cylinders operating under such 
conditions to enhance service life and reduce maintenance costs. The 
performance of pneumatic cylinders is significantly impacted by friction-
induced heat and subsequent thermal deformation of the seals, leading to 
increased wear and lubricant degradation. This research employed a 
combined simulation and experimental approach. Finite element analysis 
(FEA) using Ansys software was used to model heat distribution within the 
cylinder and seal assembly. Experimental testing involved cycling pneumatic 
cylinders with different seal materials (ordinary rubber, NBR rubber, and PU 
rubber) under simulated operating conditions. Results indicate that ordinary 
rubber seals failed after 13,250 cycles due to excessive wear. NBR rubber seals 
demonstrated improved durability, achieving 162,000 cycles before requiring 
maintenance. PU rubber seals exhibited the highest durability, exceeding 
220,000 cycles without significant degradation. These findings highlight the 
critical role of material selection in improving the longevity and reliability of 
pneumatic cylinders in demanding industrial applications. The research 
provides valuable insights for engineers seeking to optimize pneumatic system 
design and reduce operational downtime. 
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1. INTRODUCTION  
 
Pneumatic systems are increasingly crucial in 
modern manufacturing and automation, 
signifying a significant advancement in industrial 
technology. Mechanical energy is used to 

compress air, storing potential energy as 
pressure. This stored energy is subsequently 
released and converted into other energy forms 
(mechanical and thermal) to perform work. M. 
Papoutsidakis et al. demonstrated the 
widespread application and long history of 
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naturally powered drive systems such as 
pneumatic and hydraulic systems, highlighting 
the advantages of pneumatic systems over 
hydraulic alternatives [1]. Their inherent 
flexibility, ease of transport, and control allow for 
diverse applications, ranging from large-scale 
industrial systems to compact consumer devices. 
The reliability and safety of pneumatic systems 
also contribute to their widespread adoption 
across industrial, commercial, and public sectors. 
 
Current environmental challenges pose 
significant threats to human health and the 
sustainable development of ecosystems. Unlike 
systems employing oils or hazardous gases, 
pneumatic systems are environmentally benign, 
producing no harmful emissions or waste. 
Recognizing this, N.A. Todkar and colleagues 
have extensively researched and developed 
numerous compressed-air-powered vehicles. [2]. 
Pneumatic system operation generates no 
exhaust emissions or toxic byproducts; 
furthermore, with proper implementation, 
pneumatic devices can minimize energy 
consumption and improve energy efficiency. 
Additionally, compressed air is readily recyclable 
and does not negatively impact ecosystems in the 
long term. Furthermore, pneumatic drive 
systems are safer and more environmentally 
sustainable than gasoline, oil, and electric 
systems [3,4]. With the relentless advancement 
of science and technology, machines are 
increasingly replacing human tasks in 
manufacturing, leading to the creation of highly 
efficient automated production lines. Pneumatic 
cylinders are indispensable components in these 
automated lines, harnessing the power of 
compressed air—a clean and safe energy source. 
Their simple operating principle, facilitating 
linear motion, enables energy transmission over 
long distances owing to the low viscosity and 
minimal pressure loss inherent in pneumatic 
systems. This distance-agnostic feature, coupled 
with its high assembly and transportation 
flexibility, has propelled pneumatic cylinders to 
widespread application. From intricate 
machinery like robotic arms to simpler 
mechanisms such as assembly jigs and clamping 
fixtures, pneumatic cylinders play a pivotal role 
in modern industrial automation. Despite 
meticulous control of operating conditions 
during production processes, errors leading to 
factory failures are inevitable. Troubleshooting 
and repairing complex machine errors can be 

challenging, and frequent errors can significantly 
increase the required workforce for machine 
operation [5]. Consequently, engineers strive to 
design highly reliable products, minimizing error 
rates from the design stage onwards and during 
use to reduce maintenance and servicing 
requirements. Continuous research on improving 
the efficiency, lifespan, and reliability of 
mechanical equipment remains a top priority for 
researchers, encompassing material selection, 
design, assembly, and operation methods. [6-8]. 
 
Before market release and user delivery, 
pneumatic cylinders undergo rigorous testing to 
ensure durability, pressure tolerance, and service 
life. These tests adhere to both internal factory 
standards and international standards, such as 
ISO 19973-1:2015 and ISO 19973-3:2015 [9,10]. 
Quality testing is crucial for guaranteeing 
operational efficiency and safety during cylinder 
use. While the current market offers a diverse 
range of pneumatic cylinders with varying sizes 
and operating conditions, research on applying 
specific cylinder types to working environments 
remains limited and underexploited. This 
presents a challenge that requires further 
investigation and resolution by researchers. 
Numerous scientific studies have been conducted 
and published, employing the finite element 
method to analyze contact pressure within 
pneumatic cylinders. These studies have 
significantly contributed to the design and 
optimization of elastic piston seals, leading to 
improved performance and extended equipment 
lifespan [11-14]. 
 
Despite advancements in pneumatic technology, 
production processes still experience failures 
related to pneumatic cylinders. The primary 
cause often stems from selecting inappropriate 
cylinder types for specific working conditions. 
The preference for compact cylinders, driven by 
space constraints, frequently compromises 
durability under heavy, repetitive loads. This 
results in rapid hardening and wear of the piston 
seal, compromising operational efficiency. 
Continuous operation exacerbates the stress on 
the cylinder, generating increased friction 
between the piston seal and the cylinder shell, 
leading to a temperature rise. Concurrently, 
lubricant evaporation accelerates the 
deterioration of the piston seal's working 
surface. Therefore, selecting the appropriate 
pneumatic cylinder for the intended working 
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conditions ensures equipment efficiency and 
longevity. Careful consideration of load, stroke, 
operating speed, and working environment is 
essential for selecting the most suitable cylinder 
type. 
 
The reliability of a device, defined as its ability to 
perform its intended function within a specified 
timeframe, is crucial for ensuring operational 
efficiency and safety in production. To enhance 
the device's lifespan, it is essential to maintain its 
reliability throughout operation. Equipment 
failures often stem from mechanical, physical, 
and chemical factors, highlighting the close 
relationship between component or system 
reliability and durability. Failure occurrence 
follows random laws governed by the interplay 
between durability and applied load. Higher 
loads lead to reduced durability, increasing the 
likelihood of failure. Consequently, improving 
device reliability and lifespan is paramount for 
production efficiency and safety. By 
implementing appropriate measures, we can 
extend device lifespan and minimize failures, as 
evidenced by research findings [15]. 
 

 
Fig. 1. Failure rate curve over time [16]. 

 
Figure 1 depicts the failure rate curve over time 
for friction pairs during operation. The initial 
stage (t0~t1) represents a period where failures 
frequently occur, often attributed to defects in 
materials, manufacturing, operation, or 
transportation that do not meet established 
standards. The failure rate density function λ(t) 
and the reliability function R(t) follow the 
Weibull exponential distribution with the life 
characteristic parameter β < 1, as expressed in 
equation (1). In this function, η represents the 
shape parameter and β represents the life 
characteristic parameter. 
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Stable phase (t1~t2): This phase represents the 
period where minimal damage accumulation due 
to usage results in a small and random failure 
rate. Failures occurring during this phase are 
typically isolated and random in nature. The 
probability of failure causing an incident is at its 
lowest value (λmin). It remains stable, indicating 
this is the optimal operating period within the 
equipment's life cycle. This phase is also referred 
to as the practical life of the equipment. The 
failure rate density function λ(t) and the 
reliability function R(t) during the stable phase 
are described by the Weibull exponential 
distribution with the life characteristic 
parameter β = 1, as shown in expressions (2): 

( ) ( ) ( ) ( )2 2 2 2 2exp ;    expf t t R t t  = − = −  (2) 

Wear stage (After t2): This stage represents the 
period where machine wear becomes significant 
after prolonged use, exceeding allowable levels 
and jeopardizing reliability. Before entering this 
stage, preventive maintenance should be 
implemented to improve operating conditions, 
delay the increasing likelihood of incidents, and 
extend equipment lifespan. Incidents during this 
stage primarily stem from random events and 
wear-related failures. The functions representing 
the failure rate density and reliability are 
described in the following expressions: 
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2. NUMERICAL SIMULATION 
 
The service life of pneumatic cylinders significantly 
impacts the efficiency and operating costs of 
pneumatic systems. Despite its importance, 
businesses often overlook determining the service 
life of pneumatic cylinders. G. Belforte and 
colleagues investigated the influence of cylinder 
seal shape on their operation, friction, and pressure 
[17]. To determine the service life of pneumatic 
cylinders after continuous repetitive operation, this 
study employed Ansys software to simulate 
cylinder movement and analyze the influence of 
temperature and stress on the piston seal during 
operation. To investigate the material pair changes 
between the piston seal (rubber) and the cylinder 
shell (steel), SC32x25 cylinders were used in the 
experiments. These cylinders are a popular type 
widely used in industrial production lines. 

normal operating period

wear out

 period

"infant

mortality"

constant failure rate region

t1 t2t0

0

Time

F
a
ilu

re
 r

a
te

 (


early failure

 period



Tuan-Anh Bui and Xuan-Nam Tran, Tribology in Industry Vol. 47, No. 1 (2025) 174-185 

 

 177 

 
Fig. 2. 3D model and cross-section of piston-
pneumatic cylinder. 
 

Figure 2, based on the Misumi Catalog, illustrates 
the construction of a 3D input model for 
simulation using SolidWorks software from 
standard parameters. The primary components 
of a pneumatic piston-cylinder include the 
cylinder housing, piston, seal, and piston rod. 
Material parameters for the piston, cylinder 
housing, and the friction coefficient between 
moving parts were referenced from published 
documents [18, 19]. The normal pressure of the 
seal acting on the inner surface of the cylinder 

housing is calculated using formula (4). This 
formula is crucial for determining the friction 
force between the seal and the cylinder housing, 
which directly impacts the performance and 
lifespan of the pneumatic cylinder. 

( )2/
N

A
S

N m=    (4) 

where: S is the lateral area of piston seal; 

S = πDL  (m2)  (5) 

N is normal pressure; 

N = Fmst = 0.67D (N)  (6) 

To simulate the actual operating conditions of the 
pneumatic cylinder, Ansys, a robust CAE analysis 
software that employs the finite element method 
for simulating engineering problems, was used. 
The analysis and simulation concentrated on the 
piston seal and the cylinder housing. During 
operation, the piston seal continuously 
reciprocates and contacts the inner wall of the 
cylinder housing, resulting in increased 
temperature, thermal deformation, and stress 
deformation. The material examined for the 
piston seal was NBR rubber, while the cylinder 
housing was constructed from stainless steel. The 
specific parameters of the materials analyzed are 
detailed in Table 1. 

 

Table 1. Key parameters of materials investigated. 

Specifications Cylinder housing NBR rubber Unit 

Density  7850 920 kg/m3 

Coefficient of thermal expansion  2710-6 6.710-6 C-1 

Young's modulus 21011 8106 Pa 

Poisson's ratio 0.28 0.47  

Isotropic thermal conductivity 50 0.136 W/m·C 

Specific heat constant pressure  460 1880 J/kg·C 
 

Coefficient of friction: The frictional force arising 
from motion increases with the temperature of the 
two contacting surfaces. However, determining the 
precise variation of the coefficient of friction with 
temperature poses a significant challenge in 
analysis and simulation calculations within 
software. In this study, a constant coefficient of 
friction of µ = 0.597 was considered throughout the 
motion process. 
 

Normal pressure: The piston seal is crucial for 
sealing the gap between the cylinder barrel and 
piston, preventing compressed air leakage between 
the cylinder chambers during pressure differentials. 
The piston seal continuously exerts normal 
pressure on the inner surface of the cylinder shell. 

The normal pressure generated by the piston seal 
during movement is calculated based on the 
dynamic friction force and the friction coefficient. 
Utilizing the formulas for calculating friction force, 
contact area, and normal pressure, the setting 
parameters were obtained as shown in Figure 3. 
 

Additional environmental and operating 
parameters: To enhance the realism of the 
simulation results, the following environmental 
and operating parameters were set: (1) The 
ambient temperature for the system was set to t 
= 25°C; (2) The cylinder stroke was set to l = 25 
mm; (3) The operating cycle was set to t' = 1 s; (4) 
Seal normal pressure on the cylinder wall set to F 
= 71089 N/m². 
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Fig. 3. The surface of the cylinder housing. 
 

Due to computational limitations, simulating the 
operation of the piston-cylinder until complete seal 
deformation caused by temperature and stress 
would be excessively time-consuming. Therefore, 
this study focused on simulating the first 10 
operating cycles. This approach determined the 
temperature and stress variation functions over 
time within these 10 cycles. These functions will 
serve as valuable tools for predicting the service life 
of the pneumatic cylinder and proposing 
appropriate maintenance strategies. 
 

 
Fig. 4. Temperature distribution of the cylinder 
housing and piston seal after 10 working cycles. 

 
Figure 4 depicts the temperature distribution of the 
cylinder housing and piston seal after 10 cycles of 
movement. The temperature ranges from the red 
area (tmax = 25.076 °C) to the blue area (tmin = 25 °C), 
indicating a relatively uniform distribution. 
 
For the cylinder cover, the maximum temperature 
corresponds to the maximum temperature of the 
material pair. However, the temperature 
distribution varies, with the highest temperature 
concentrated in the middle of the piston stroke and 
gradually decreasing towards both ends. Figure 5 
reveals that the inner surface of the cylinder shell at 
the middle of the piston stroke experiences the 
highest temperature increase during movement. 

This area is susceptible to thermal deformation due 
to friction after a sufficiently large number of cycles 
(N). Figure 6 illustrates the continuous 
temperature variation of the cylinder shell during 
piston movement. This phenomenon is attributed 
to the friction between the moving piston seal and 
the contact areas between the two surfaces, 
generating heat with each piston seal movement. 
The non-uniform heat dissipation to the 
environment leads to a gradual temperature 
increase over time after each half cycle of 
movement. The orange curve represents the 
maximum temperature on the cylinder cover. 
 

For the piston seal, the maximum temperature 
reaches a higher value than that on the cylinder 
cover (tmax = 25.097 °C). Figure 7 shows the high-
temperature areas represented by red areas, 
primarily located on the seal surface, which is in 
direct contact with the inner surface of the 
cylinder cover. This area is prone to temperature 
increase and is at risk of thermal deformation 
after a sufficiently large number of cycles (N). 
 

 
Fig. 5. Temperature distribution of cylinder housing 
after cycle N=10. 
 

 
Fig. 6. Temperature variation over time of cylinder 
housing. 
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Fig. 7. Temperature distribution of piston seal 

 

 

Fig. 8. Temperature variation graph over time of 
piston seal 

 
Figure 8 depicts the continuous temperature 
variation of the piston seal during movement. The 
temperature gradually increases as the seal 
approaches the middle of the stroke and 
decreases as it moves toward the two ends of the 
cylinder. The maximum temperature on the seal 
increases over time, as represented by the orange 
curve. The approximate interpolation function 
describing the dependence of temperature on 
time is: 

T(t) = 0.0075t + 25.0144   (7) 

Where T(t) (°C) is the temperature at time t (s). 
 
The stable operating temperature range of 
rubber is from -30 °C to 120 °C. Thus, after 
approximately 12,664 continuous cycles of 
movement, the cylinder seal will reach a 
temperature exceeding its operating range and 
potentially experience thermal degradation. 

While the simulation model incorporates rubber 
and steel material parameters, it does not 
account for several factors that significantly 
influence real-world friction performance. These 
factors include lubrication, temperature-induced 
increases in the coefficient of friction, air factors, 
and the working environment. Additionally, the 
accuracy of the results and the evaluation of the 
sealing material properties require a suitable 
definition that considers the effects of 
hyperelasticity, viscoelasticity, and temperature 
influence [20]. Therefore, the simulation results 
should be interpreted cautiously and used as a 
guide for further practical investigations. The 
simulation data will serve as a valuable database 
for conducting real-world experiments and 
validating the theoretical findings. 
 
 

3. EXPERIMENTAL SETUP 
 

Based on actual survey data, most pneumatic 
cylinders in the market utilize piston seals made 
from three primary materials: rubber, oil-resistant 
synthetic rubber NBR (nitrile-butadiene rubber), 
and polyurethane rubber (PU). According to 
documents [9,10], pneumatic cylinders are 
typically designed for stable operation over a 
period of approximately 10 years. This translates to 
an estimated lifespan of 200,000 operating cycles. 
This study investigates the performance of piston 
seals fabricated from these three materials under 
real-world operating conditions. The research 
focuses on the SC32x25 single-end double-acting 
pneumatic cylinder, compliant with ISO standards 
from Misumi. Figure 9 illustrates the overall 
experimental setup in this study.  
 

 
Fig. 9. Overall experimental equipment system: (1) 
System frame; (2) SC 32x25 pneumatic cylinder; (3) 
Air compressor; (4) PCL system and control screen; 
(5) Counterweight. 
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In which, five pneumatic cylinders with 
identical parameters are mounted on a support 
frame. A counterweight P =49N is attached to 
the bottom of each cylinder to simulate the load 
encountered in industrial production lines. 
This system included the working pressure 
(F=6 bar) and actuation time (t=0.5 s). The 
lubricant used was a lithium-based grease (M-
HGSSC-500) supplied by the cylinder 
manufacturer. A screen, PLC controller, and 
distribution valve are employed to control the 
cylinder operation and count the number of 
operating cycles before failure. 
 

Experimental Design and Procedure: The 
experiments were divided into three separate 
series to evaluate the performance of different 
piston seal types in pneumatic cylinders and 
identify the most suitable type for practical 
applications, including: 
 

(1) First experiment series: 

- Five assembled cylinders with rubber Piston 
seals were utilized.  

- The operation of the cylinders was monitored, 
recording the time and the number of cylinders 
experiencing abnormal incidents.  

- Abnormal incidents were evaluated based on 
the ISO 19973-3 standard, considering noise 
emission, air leakage, pressure exceeding 
allowable limits, and piston travel constraints.  

- The experiment concluded when the last 
cylinder failed, or the count of continuous 
operating cycles exceeded 200,000. 

 
(2) Second experiment series: 

- The original five cylinders were replaced 
with five assembled cylinders that feature 
NBR rubber piston seals. 

- The survey and evaluation steps were 
repeated as in the first series. 

(3) Third experiment series: 

- The subsequent five cylinders were replaced 
with five assembled cylinders using PU 
rubber piston seals. 

- The survey and evaluation steps were 
repeated as in the first and second series. 

 
A controlled experiment will be conducted to 
evaluate the performance characteristics of 
various piston seal materials under identical 
operating conditions. The results of the 
experiment will be meticulously recorded and 
analyzed to determine the optimal seal 
material, taking into account factors such as 
durability and cost-effectiveness. This analysis 
will guide the selection of a piston seal that 
meets the design specifications of the 
pneumatic cylinder system. 
 
 
4. RESULTS AND DISCUSSIONS 
 
The results of the first series of experiments, 
which investigated piston seals made of rubber, 
revealed that the piston rod could not complete 
the 25 mm stroke under the same load at the 
following cycles of 7500, 9020, 11000, 12500, 
and 13250. This observation indicated surface 
deformation in all piston seals, accompanied by 
lubricant depletion, leading to abnormal 
cylinder operation. Based on the collected data, 
the reliability and failure intensity of the 
pneumatic cylinder using rubber piston seals 
are presented in Table 2. Additionally, the 
failure probability over time is calculated and 
described in Table 3. 
 
The failure intensity versus time for cylinder 
using rubber and NBR rubber piston seal is 
shown in Figure 10. 

 
Table 2. Reliability and failure intensity over time for pneumatic cylinder using rubber piston seals. 

Time (ts) 
Number of active 

parts (N) 
Reliability R(t)=Ns(t)/N 

Reliability change rate 

dR(t)/dt=ΔR/Δt 

Failure rate 

h(t) = (-R(t)/dt)/(1/R(t)) 

- 5 1 - - 

7,500 4 0.8 2.105E-06 2.667E-05 

9,020 3 0.6 1.316E-04 1.645E-04 

11,000 2 0.4 1.010E-04 1.684E-04 

12,500 1 0.2 1.333E-04 3.333E-04 

13,250 0 0 2.667E-04 1.333E-03 
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Table 3. Reliability and failure intensity over time for pneumatic cylinder using NBR rubber piston seals. 

Time (ts) 
Number of 

active parts (N) 
Reliability R(t)=Ns(t)/N 

Reliability change rate 

dR(t)/dt=ΔR/Δt 

Failure rate 

h(t) = (-R(t)/dt)/(1/R(t)) 

- 5 1 - - 

95,000 4 0.8 2.11E-06 2.110E-06 

125,997 3 0.6 6.45E-06 8.065E-06 

141,000 2 0.4 1.33E-06 2.222E-05 

150,000 1 0.2 2.22E-06 5.556E-05 

162,000 0 0 1.67E-06 8.333E-05 

 
Table 4. Failure probability over time. 

i 

Failure probability over time for pneumatic cylinder 
using rubber piston seal 

Failure probability over time for pneumatic cylinder 
using NBR rubber piston seal 

ti(s) F(ti) ti(s) F(ti) 

1 7500 0.1296 95000 0.1296 

2 9020 0.3148 125997 0.3148 

3 11000 0.5000 141000 0.5000 

4 12500 0.6852 150000 0.6852 

5 13250 0.8704 162000 0.8734 

 

 

(a) 

 

(b) 

Fig. 10. Graph of failure intensity over time: (a) using 
rubber piston seal; (b) using NBR rubber piston seal 

Average Life Calculation using Weibull Probability 
Diagram: The Weibull probability diagram was 
employed to calculate the average lifespan of the 
cylinder sample. The failure probability was 
calculated using formula (8), and the calculated 
F(t) values are presented in Table 4.  
 

Based on the Weibull probability diagram shown in 
Figure 11a, the average lifespan of the pneumatic 
cylinder using rubber piston seals was determined 
to be approximately 13750 seconds, corresponding 
to 13750 continuous operating cycles. 

( )
0.3

0.4
i

i
F t

n

−
=

+   (8) 

where i is the number of failures observed at time 
ti; n is the number of test samples. 
 

 

(a) 
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(b) 

Fig. 11. Weibull probability diagram: (a) using rubber 
piston seal; (b) using NBR rubber piston seal. 
 

Indeed, initial observations during using a piston 
seal made of ordinary rubber revealed the onset of 
problems at the 7500th cycle of the loaded 
pneumatic cylinder. This manifested as air leakage 
accompanied by noise. Additionally, the cylinder 
stroke failed to meet the experimental 
requirements. Ultimately, the cylinder experienced 
severe failure at the 13250th cycle. These 
observations suggest that the high load and 
repeated operation were the primary causes of 
piston seal failure, leading to seal deformation and 
lubricant depletion within the cylinder. The main 
contributing factor was the continuous pressure 
applied to the seal in the axial direction of the 
cylinder during repeated operation. This resulted in 
significant friction at the contact surface between 
the rubber seal and the inner wall of the cylinder 
shell. The friction-generated heat continuously 
increased, exceeding the tolerance limit of the 
rubber seal. This, in combination with the applied 
load, contributed to the observed problems. 
 
The failure observed with the ordinary rubber 
piston seal was attributed to its inability to 
withstand the harsh operating conditions. While 
rubber possesses good elasticity and sealing 
capabilities for high-pressure cylinders, its heat 
and load resistance are inadequate. Despite its 
low cost and popularity, this material is only 
suitable for pneumatic cylinders operating under 
light conditions, infrequent use, and low loads, 
such as those employed in experiments or 
teaching demonstrations. To address this 
limitation, NBR rubber was chosen as a 
replacement for ordinary rubber. This selection 

was based on the mechanical properties of NBR 
that were improved compared to ordinary 
rubber. NBR exhibits enhanced heat resistance, 
increasing from approximately 100°C for 
ordinary rubber to 125-130°C. Additionally, its 
resistance to force, chemicals, solvents, and 
abrasion has been significantly improved. 
 
Similarly, the results of the second series of 
experiments, which investigated piston seals 
made of NBR rubber, revealed that the piston rod 
could not complete the 25 mm stroke under the 
same load at the following cycles: of 95000, 
125997, 141000, 150000, and 162000. This 
observation suggests a performance 
improvement compared to the ordinary rubber 
seal, as the failure cycles occurred at a 
significantly higher range. However, all piston 
seals exhibited surface deformation, and the 
lubricant at the piston seal position dried up, 
resulting in abnormal cylinder operation. This 
indicates that while NBR rubber offers improved 
resistance to heat and load compared to ordinary 
rubber, it is still susceptible to wear and tear 
under demanding operating conditions. 
Additionally, based on the obtained data, the 
reliability and failure intensity of the pneumatic 
cylinder using NBR rubber piston seals are 
presented in Table 3. In contrast, the failure 
probability calculated is shown in Table 4. 
 
The Weibull probability diagram shown in Figure 
11b, the average lifespan of the pneumatic 
cylinder using NBR rubber piston seals was 
determined to be approximately 167500 
seconds, corresponding to 167500 operating 
cycles. Indeed, the cylinders began to fail after 
approximately 95,000 cycles. While this 
parameter falls short of the 200,000-cycle 
average lifespan specified by the designers, it can 
be reasonably assumed that this represents the 
average limit of continuous operation for NBR 
rubber material when employed as a pneumatic 
cylinder seal under demanding conditions. Upon 
disassembling the cylinders, the observed 
phenomena were like those encountered in the 
first test but with a reduced severity. This 
suggests that NBR rubber, despite its improved 
properties compared to ordinary rubber, still 
exhibits wear resistance and durability 
limitations under harsh operating conditions. 
 
Analyzing the results of both experimental series 
reveals the following:  
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(1) The cylinders using ordinary rubber seals: 

- Under normal operating conditions: 
Maintenance and replacement are necessary 
from approximately the 13,750th cycle to 
ensure reliable operation and prevent 
potential failures. This timeframe is not 
suitable for automated production lines, 
where continuous and uninterrupted 
operation is crucial. 

- Under harsh and continuous operating 
conditions: Maintenance is required as early 
as the 7,500th cycle due to the increased wear 
and tear on the seals. This timeframe is not 
suitable for automated production lines, 
where continuous and uninterrupted 
operation is crucial. 

 
(2) The cylinders using NBR rubber seals: 

- Under normal operating conditions: 
Maintenance from approximately the 
167,500th cycle is recommended to prevent 
potential failures and maintain optimal 
performance. This timeframe suits 
automated production lines, where 
continuous and uninterrupted operation is 
crucial. 

- Under harsh and continuous operating 
conditions: Maintenance is necessary from 
approximately the 95,000th cycle due to the 
increased wear and tear on the seals. This 
timeframe is still suitable for automated 
production lines, as it allows for preventive 
maintenance and reduces the risk of 
unexpected failures. 

 
Based on the observations from the two 
experiments with different piston seal materials, 
a preliminary conclusion can be drawn regarding 
the failure mechanism of the cylinder due to the 
destruction of the seal's working surface: 
 
(1) Continuous Stress: During repeated 

operation, the working surface of the seal is 
subjected to continuous stress, leading to 
fatigue and material degradation. 

 
(2) Friction-Induced Temperature Increase: The 

friction between the seal and the cylinder 
wall generates heat, causing the temperature 
to rise continuously. This elevated 
temperature can exceed the material's 
tolerance limit, accelerating its degradation. 

 

(3) Lubricant Evaporation: The high operating 
temperature can lead to the evaporation of 
the lubricant between the seal and the 
cylinder wall, reducing its effectiveness and 
further increasing friction and wear. 

 
(4) Rapid Wear and Hardening: The combined 

effects of stress, friction, and temperature 
increase result in rapid wear and hardening 
of the seal surface, compromising its sealing 
ability. 

 
(5) Seal Surface Deformation: The accumulated 

damage from wear, fatigue, and hardening 
leads to the deformation of the seal's working 
surface, ultimately causing it to fail and 
compromising the cylinder's functionality. 

 
NBR rubber is widely used in sealing 
applications, including pneumatic cylinders. The 
experiment results demonstrate that NBR can 
meet the requirements of normal operating 
conditions, making it suitable for applications in 
production and manufacturing machinery under 
intermittent and not overly harsh working 
conditions, such as robot arms and automated 
machinery.  
 
In the final set of tests, the piston seal made of PU 
rubber was investigated. The results revealed 
exceptional reliability, with the pneumatic 
cylinder maintaining full functionality after 
220,000 operating cycles without any failures 
during the test. Although the lubricant was 
significantly reduced, and the piston seal 
exhibited slight scratches due to friction with the 
cylinder wall, these issues did not significantly 
impact the cylinder's performance. A comparison 
of piston ring images before and after 
experimental testing, highlighting observed 
changes is indicated in Table 5. It can be said that 
this outcome underscores the significance of 
design modifications to achieve the desired 
service life under demanding operating 
conditions. While PU rubber is less commonly 
used than the previously tested materials, its 
superior wear resistance and temperature 
tolerance have resulted in enhanced reliability. 
By carefully selecting materials and adjusting 
their composition in product design, pneumatic 
cylinder models can surpass the service life 
target set by the supplier, even under harsh 
working conditions. 
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Table 5. A comparison of piston seal images before 
and after experimental testings. 

 Image of piston seal 
before experiment 

Image of piston seal 
after experiment 

First 
test 

  
Secon
d test 

  
Last 
test 

  
 
 
5. CONCLUSION  
 
This study investigated methods to enhance the 
service life of pneumatic cylinders by selecting 
materials suitable for the demanding operating 
conditions encountered in industrial production 
lines. The experiments underscored the crucial 
role of material selection in ensuring cylinder 
longevity and reliability under harsh conditions. 
 
The initial experiment with ordinary rubber seals 
revealed their inadequacy for industrial 
applications due to limited durability and wear 
resistance. Although NBR rubber offered 
improved performance in the second experiment, 
its limitations became evident under the most 
demanding conditions. The final experiment with 
PU rubber seals yielded exceptional results, with 
cylinders exceeding 220,000 cycles without 
significant performance degradation. This 
outcome highlights the superior durability and 
wear resistance of PU rubber, making it the 
optimal choice for maximizing cylinder service 
life in harsh industrial environments. 
 
The findings of this study emphasize the 
importance of selecting materials based on their 
suitability for the intended operating conditions. 

For pneumatic cylinders operating under heavy 
and repeated loads in industrial production lines, 
PU rubber has proven to be the most effective 
material in ensuring extended service life and 
reliability. 
 
This study provides valuable insights for 
engineers and designers seeking to optimize the 
performance and longevity of pneumatic 
cylinders in demanding industrial applications. 
By carefully selecting materials based on their 
specific properties and the intended operating 
conditions, engineers can ensure the reliable and 
efficient operation of pneumatic systems, thereby 
contributing to increased productivity and 
reduced maintenance costs. 
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