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Abstract: The utilization of pneumatic 
muscles in various industrial applications 
is still in an early phase, due to the relative 
newness of these components. In this paper 
the authors present results of the ongoing 
theoretical and experimental research on 
the operational behaviour of pneumatic 
muscles. Information is presented 
concerning muscle structure, as well as 
data on the generated forces, positioning 
accuracy, and the maximum working 
frequency of these pneumatic actuation 
elements.   
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1. INTRODUCTION 
 
Pneumatically actuated artificial muscles 
represent a relatively recently developed 
and utilized element in the pneumatic 
drives of mechanical systems. The novelty 
of pneumatic muscles particularly in the 
actuation of the robot systems deployed in 
modern industrial technologies calls for an 
in-depth study of their performance. 
 
A pneumatic muscle is a system employing 
a contracting membrane that under the 
action of air pressure increases its diameter 
while decreasing its length. Thus the 
pneumatic muscle carries out a certain 
stroke, depending on the level of the feed 
pressure (Fig.1). 
The utilization of elastic membranes in the 
construction of pneumatic driving elements 
has known a continued development, 
particularly in the field of industrial robots. 

 
Fig. 1. The stroke carried out by a 
pneumatic muscle 
 
In this respect results should be mentioned 
achieved by the researchers from the 
Orthopaedic Centre of Heidelberg, 
Germany in 1948, the pneumatically 
actuated arm developed by the American 
J.L. Mc Kibben, the stepping robot WAP 1 
developed by the Waseda University of 
Tokyo (1969) or the pneumatic membranes 
built by the IAI Research Centre of 
Karlsruhe, Germany (2002). Pneumatic 
muscles have been commercialized by the 
Bridgestone Rubber company of Japan 
since 1980, and more recently, by the U.S. 
Shadow Robot Company and the FESTO 
Corporation of Germany. 
The utilization of pneumatic muscles in 
various industrial applications is still in an 
early phase, due to the relative newness of 
these components. More recent 
achievements in the use of pneumatic 
muscles are those of the Institute of 
Automation (IAT) of the University of 
Bremen, the Institute of Automation (IAT) 
of the University of Karlsruhe, the 



Technical University of Berlin, as well as 
of the Transilvania University of Brasov, 
Romania. Research ongoing at the 
Transilvania University of Brasov is 
focused on the behaviour of pneumatic 
muscles, and yields proposals for their 
utilization in the development of non-
anthropomorphic gripper systems and 
manipulators mounted on wheelchairs for 
persons with locomotive disabilities.  
The paper presents some of the results of 
this research, addressing aspects related to 
the geometry of the tissue containing the 
pneumatic muscle, as well as to the forces 
and strokes generated by these actuating 
elements.  
 
2. ASPECTS CONCERNING THE 
STRUCTURE OF PNEUMATIC 
MUSCLES 
 
Pneumatic muscles are actuating elements 
that transform pneumatic energy into 
mechanical energy. A characterization of 
the behaviour and the performances of 
these actuating elements entails both 
analytical calculations and thorough 
experimental research. In order to 
determine the functional characteristics of 
a pneumatic muscle, first its structure 
needs to be explored.  
A pneumatic muscle includes an interior 
tube of various length made from an elastic 
material, typically neoprene. This tube is 
wrapped in a multi-layer nylon tissue 
ensuring its strength and protection from 
the influences of the working environment 
(Fig. 2). 
 
Figure 3 shows the geometry of the 
wrapping envelope [1]. It can be noticed 
that in carrying out any given stroke, the 
envelope behaviour is similar to that of a 
pair of scissors. 

 
Fig. 2. Structure of the pneumatic muscle 

 

 
Fig. 3. Envelope geometry 

 
According to [1] and using the notations of 
Figure 3, the force developed by a 
pneumatic muscle is given by equation (1): 
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where p is the working pressure and d is 
the interior diameter of the pneumatic 
muscle. 
The behaviour of the pneumatic muscle is 
similar to that of a spring, meaning that for 
a completed maximum stroke the generated 
force is equal to zero. By processing the 
above equation accordingly, for F = 0 N 
the value of angle α will result as α = 54.7º. 
Based on equation (1) the graph of the 
force developed by a pneumatic muscle in 
dependence on the angle of the envelope 
and the feed pressure can be plotted (Fig. 
4). 

 
Fig. 4. Dependence of the force on the 
envelope angle and on the working 
pressure 



 
Fig. 5. Force – feed pressure dependence 

 
The maximum forces generated in 
dependence on the feed pressure were 
measured in order to determine the 
envelope angle of the relaxed muscle. 
Figure 5 shows the dependence force – 
pressure obtained by the processing of the 
measured data for a muscle of 10 mm 
interior diameter. 
By replacing the values of Figure 5 in 
equation (1) an envelope angle for the 
relaxed muscle of αmin = 25.4º will be 
obtained.  
 
Pneumatic muscles represent a good 
alternative to pneumatic cylinders used in 
various industrial applications. Figure 6 [2] 
illustrates a comparison of the forces 
generated by a pneumatic muscle of 10 mm 
nominal diameter and the force developed 
by a pneumatic cylinder of the same 
diameter. 
It can be observed that for identical 
dimensions (diameters) a pneumatic 
muscle develops a significantly higher 
force than a pneumatic cylinder. 

 
Fig. 6. Forces developed by a pneumatic 
muscle and a pneumatic cylinder 

This yields the concept that in many 
applications the replacement of pneumatic 
cylinders may prove of advantage.  
 
3. PERFORMANCES OF PNEUMA-
TIC MUSCLES 
 
The completed experimental research was 
aimed at analyzing the evolution of the 
pressure required for actuating a pneumatic 
muscle, as well as at establishing the 
response times of the muscle for inflation 
and deflation, respectively. Further more, 
the positioning accuracy of the free end of 
a pneumatic muscle was studied for the 
case of a constant load. For this the 
experimental testing installation shown in 
Figure 7 was conceived. 
Measurements were carried out by the 
successive charging of the pneumatic 
muscle with compressed air at various 
pressures, the values of which were 
recorded by a pressure transducer. 
Figure 8 presents the time related variation 
of the reaction (speed), the acceleration and 
the input pressure of the pneumatic muscle.  
The analysis of these diagrams allows 
establishing of the time values required for 
inflation and deflation of the pneumatic 
muscle, respectively. 
 

 
Fig. 7. Pneumatic diagram of the experi-
mental installation 



 
Fig. 8. Variation graphs of pressures and 
air flows 
 
For a 1.4 bar pressure for example, the two 
time values determined from the graph of 
Figure 9 are ti = 0.176 s  and td = 0,042 s. 
Figure 10 shows the evolution of the two 
times in dependence on the magnitude of 
the working pressure.  
As can be noticed, the sum of the inflation 
and deflation times of a pneumatic muscle 
is of about 0.2 seconds, what yields the 
conclusion that these actuation elements 
can be deployed at a maximum frequency 
of 5 cycles per second (5 Hz). 
 

 
 
Fig. 9. Deducing the inflation/deflation 
times 

 
Fig. 10 Variation of the inflation/deflation 
times of the pneumatic muscle 
 
Another objective of the research was to 
study the influence of the rapid evacuation 
valve included by the circuit on the 
deflation time of the muscle. Figure 11 
presents two graphs, for the cases of 
operation with and without a rapid 
evacuation valve, respectively. 
It is evident, that in order to ensure a 
prompt returning of the muscle to the state 
of relaxation, or in order to ensure a high 
working frequency the pneumatic circuit 
needs to include a rapid evacuation valve. 
 

 
 
Fig. 11 Comparison of the response times 
for the cases of operation with and without 
a rapid evacuation valve, respectively. 
 
The positioning accuracy of the free end of 
a pneumatic muscle in the case of constant 
load was studied by means of an 
installation as shown in Figure 12. 



 
Fig. 12. Verification of the positioning 
precision 
 
A mass m is suspended at the free end of a 
pneumatic muscle, which on its turn is 
linked to a sliding block connected with a 
linear potentiometer. The displacement of 
the free end of the muscle is perceived by 
the potentiometer, its output signal being 
sent to the computer. 
The signal processing system includes an 
incremental transducer, a microcontroller 
connected to a computer by serial interface 
RS232, and dedicated software for 
processing and graphical representation of 
the recorded data. 
The results obtained consequently to the 
carried out experiments were centralized in 
the graph shown in Figure 13. 
It can be noticed that for a period of the 
contraction, the difference between the 
theoretical and the real values is of 
maximum 1 mm. The final and initial 
positions of the pneumatic muscle, 
however, remain practically constant in 
time, the deviation being of max. 0.1 mm. 
 

 
Fig. 13. Comparison of the magnitude of 
the expected stroke and the real stroke 
achieved by a pneumatic muscle 

4. CONCLUSIONS 
 
In certain situations the performances of 
pneumatic muscles are superior to those of 
pneumatic cylinders. For identical 
dimensions, muscles develop a higher 
force, are lighter and their radial dimension 
being smaller. 
The good positioning accuracy is a further 
element rendering the deployment of 
pneumatic muscles desirable. 
By the theoretical and experimental results 
presented in the paper the authors argue in 
favour of a larger scale future utilization of 
pneumatic muscles. 
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