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ABSTRACT 
This paper presents an experimental procedure for measuring contact pressure between a 

pneumatic actuators lip seal and its counterpart. Measurements were performed in static 
conditions, by means of an experimental test rig. 

The test rig, properly designed in order to reproduce real operating conditions, allowed 
measurements on a lip seal rectilinear specimen. The seal sample was faced to a plate, 
representing the cylinder rod surface, made of the same material and having the same roughness 
of the cylinder rod. Contact pressure was evaluated by means of a film sensor interposed 
between the seal and the faced surface. Tests were carried out under different load conditions. A 
suitable procedure was developed for the used film sensor calibration. 

Results, gathered using the herein described experimental procedure, were compared with 
numerical results, obtained by simulations performed using a FEM commercial code. A good 
agreement was found out between the differently gathered data. 
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1 INTRODUCTION 

High speed and reliability, low friction and long life-time are characteristics more and more 
often required in pneumatics. With specific reference to pneumatic linear actuators, these 
performances are highly affected by the guiding systems, viz. piston guide ring and rod guide 
bushing, and by the sealing systems behavior. 

As can be found in literature, many studies were carried out with the aim of evaluating 
friction forces, sealing effectiveness and durability of entire pneumatic components or of their 
single parts (guiding systems and seals). These characteristics were evaluated with different 
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geometries and materials, with various mounting conditions and tolerances and, finally, with 
various working conditions (applied loads, air pressure, greasing and lubrication, velocity) [1-
7]. Referring to reciprocating seals, as many kind of materials, geometries and dimensions can 
be used and as there is a wide variability of working conditions, the analysis is particularly 
complex and time consuming. Low friction, optimum sealing capability and long life-time must 
be guaranteed  in any of these conditions. Studying these characteristics requires a deep know-
how of phenomena occurring in the contact zone between the seal and its counterpart, and the 
analysis of contact pressure distribution is also needed. In literature research works performed 
both numerically, by using FEM simulations, and experimentally, by using suitably designed 
test rigs, can be found [8-12]. Some of these research works [9, 11, 12] allowed to define new 
low friction elastomeric seals geometries, both for oleo-hydraulics and pneumatics. In [13] a 
methodology for analysing contact conditions in a multi-lip reciprocating seal was developed. In 
particular, contact pressure was measured by means of a special radial force meter, suitably 
designed; the test rig was proposed as a tool for quality control in seal production. Another 
approach for measuring interface contact pressure consists in employing pressure sensitive 
films. Various examples can be found in literature about the use of these sensors in the 
biomechanical field, e.g for articular joints and prosthesis [14-16]. In [17] Fuji pressure 
sensitive films were used for contact area and contact pressure evaluation on a hydraulic lip seal 
for rotating shafts, under different interference fits. 

An experimental procedure for contact pressure measuring between a pneumatic actuators lip 
seal and the rod counter surface is herein presented. Measurements on a rectilinear piece of a lip 
seal, cut from a high diameter ring, were performed in static conditions, by means of an 
experimental test rig. The seal sample was faced to a plate representing the cylinder rod surface. 
The test bench allows reproducing the real lip seal operating conditions. Contact pressure was 
evaluated by means of a film sensor interposed between the seal and the faced surface. A 
suitable calibration procedure was developed for the used film sensor. Experimental results are 
compared with numerical ones, obtained by simulations performed using a FEM commercial 
code. A good agreement was found out between the differently gathered data. 

2 CONTACT PRESSURE EXPERIMENTAL MEASUREMENT 

The contacting surface between the lip seal and the rod was investigated by means of a 
specific experimental procedure employing pressure sensitive film. Measurements have been 
performed on a rectilinear seal; to this aim, a segment was cut from an high diameter ring (500 
mm diameter) for testing it as a straight specimen. 

The lip seal under test is a commercial lip seal designed for sealing in pneumatic cylinder 
rods; it is normally used in lubricate-for-life cylinders. The seal cross section and main 
dimensions are shown in Figure 1; dimensions were measured by means of an optic profile 
projector [3, 10]. The seal consists of a NBR 75 nitrile butadiene elastomer with hardness of 
about 75 IRHD. The elastomer mechanical properties were identified in [10] by means of a 
uniaxial tensile compression test. 

The rig scheme for the contact pressure measurement is represented in Figure 2. It is made 
of a base (1) on which the test chamber (2) is fixed; the seal segment (3) is mounted in the test 
chamber faced to a plate surface (4), which behaves as the rod of a pneumatic cylinder. Plate 
material (chromium plate stainless steel) and roughness (∼0.4 µm Ra) are the same as in a real 
cylinder rod. The chamber is supplied by compressed air so to provide a pressure load on the 
seal specimen as in real working conditions. The test chamber is provided with a window (5) 



made of a transparent resistant glass; the window allows the seal cross-section to be visualized 
during the tests.  
 

 
Figure 1: Seal cross-section and main dimensions 

 
The seal mounting has been performed according to nominal dimensions (see Figure 1: 

s =19 mm) whereas air pressure load of 0.2, 0.4, 0.6 MPa has been chosen. 
 

 
Figure 2: Scheme of the test rig for contact pressure measurements 

 
Tests have been performed by a Fuji Prescale pressure sensitive film placed between the lip 

surface and the faced plate. The film is made up of two matched paper-like layers: a first film is 
coated with a micro encapsulated colour forming material; a second film is coated with a colour 
developing material. Applying a load on the film, microcapsules are broken so that a 
distribution of magenta colour, with a certain density, is obtained, depending by true pressure 
distribution and magnitude. An example of colour distribution is shown in Figure 3. 

As there is a pressure below which no capsule will be broken, this sensor has a minimum 
threshold below which stress values cannot be registered. Also, there is a pressure which will 
break all the capsules, corresponding to an upper threshold. 

Although a precalibrated densitometer, which converts magenta tones into pressure values, 
could be supplied by the manufacturer, an own calibration procedure was developed, using a 
suitable test rig (see Figure 4).  



sensitive 
film 

 
 

Figure 3: Example of colour distribution along the contact surface 
 
The sensitive film (1) is placed on a smooth surface (2) and faced to chamber (3), which can 

be gradually pressurised. Using air pressure rather than calibrated weights allows to avoid edge 
effects. 

Having acquired the print images with a 24 bit scanner, an average value of the colour 
intensity distribution was picked up into the target area. In this way it was possible to associate 
a contact pressure value to each magenta tonality. Similar procedures are described in a series of 
papers [14, 15, 18], which used a grey scale acquisition. In the work herein presented, the RGB 
colour component percentages, associated to the magenta hues, are analysed. 

The calibration curve, needed to evaluate prints from the experimental tests on real parts, 
was so obtained.  

 
 

 
Figure 4: Scheme of the calibration test rig 

 
It has to be noted that complex temperature-humidity charts, needed for proper calibration-

curve selection for densitometer use, are not required since both calibration tests and final 
measurements on the lip seal are obtained under identical environmental conditions.   



3 FINITE-ELEMENT ANALYSIS 

A finite element analysis was performed in order to evaluate seals behaviour under different 
operative conditions. To this aim the FEA software Ansys 10.0 was employed in the 
simulations. 

A plane model of the seal was developed by means of eight nodes plane elements and 
surface-to-surface contact elements; the rod surface and the seat were considered as rigid 
elements. Boundary conditions take into account friction at the seal contact surfaces using the 
Coulomb friction model. The friction coefficient values are: f=0.1 between the seal and the rod 
surface (grease lubricated contact), f=0.4 on the seal-seat contact (dry contact). 

Seal material was modelled considering an incompressible, isotropic, hyper elastic material; 
the second order Mooney-Rivlin formulation with five constants was employed. These 
constants were computed by the numerical code fitting experimental data [10]; Poisson’s ratio ν 
was assumed to be equal to 0.49. 

Load was applied step by step, reproducing real operative conditions; in particular, at first, 
mounting is simulated, according to nominal dimensions (see Figure 1, with s=19 mm); then air 
pressure is applied on the seal left side. Air pressure was set to 0.2,0.4,0.6 MPa. 

4 RESULTS COMPARISON AND DISCUSSION 

Graph in Figure 5 shows contact pressure experimental distribution along contact surface, in 
various load conditions. It has to be pointed out that, even if the used pressure sensitive film has 
a reliable measuring range from 0.2 MPa to 0.6 MPa, during calibration procedure it seemed to 
be sensitive and consistent to the calibration curve also applying lower pressures. For this 
reason, drawing all gathered data was considered reasonable. 
As can be seen, the normal force acting against the counterpart, represented by the graph area, 
tends to increase while moving from a simple mounting condition to the applying of an higher 
and higher air pressure. On the other hand, when air pressure becomes high enough, there is a 
contact area increment and  contact pressure distribution exhibit other local maximum also on 
the seal right side.  
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Figure 5: experimental pressure distribution along the contact surface 



Figure 6 shows the lip seal Von Mises stress field on the deformed shapes, obtained under 
different load conditions. In particular, simulations refer to mounting condition (see Figure 6a) 
and to mounting condition plus a pressure load of 0.6 MPa (see Figure 6b). It can be noted that 
moving from the first to the second condition, contact area involves the entire lip surface. 

 
 

 

 
 

 
a) Von Mises stress field due to mounting  b)Von Mises stress field due to mounting plus 0.6 

MPa pressure load  

Figure 6 

 
Finally, the graph in Figure 7 compares experimental and numerical results, when 0.6 MPa is 

used as load condition. It can be seen that there is a good agreement in terms of pressure peaks, 
general trend and normal force. 
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Figure 7: Comparison between experimental and numerical contact pressure distribution 

5 CONCLUSIONS 

The good agreement found out between the herein presented numerical and experimental 
procedures highlights that both these methods could be a viable tool in design evaluation of lip 
seal. Furthermore, sensitive sensor film reliability was confirmed, even if a very careful 



calibration procedure is needed, so it would be used for future contact pressure evaluation in 
real ring-shaped lip seals.  
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