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successfully use it for pneumatic actuators /11/, which may open a wide window of opportunities for pneumatic 
based solutions, namely in mobile applications. 

Although very important developments can be found in recent years for some pneumatic components like valves, 
for instance, technical and scientific research in the development of new pneumatic actuators is scarce. In fact, 
besides the use of pneumatic muscles (see for example /12/), the only exception to this panorama known by the 
authors lies in the use of hybrid actuators, where electrical and pneumatic actuators are combined so that the 
advantages of each of them are used /13/, /14/. This solution, however, is expensive and potentially bulky.  

This paper explores the use of a different pneumatic actuation solution, based on a linear peristaltic principle, to 
overcome this problem. Although this solution has been patented in Germany in the 80’s /15/, there isn’t, to the 
best of the authors’ knowledge, any published study exploring its proprieties. The solution envisaged is potentially 
a low cost and compact solution since it only requires a hose and two rollers. It also presents several functional 
advantages. For instance, the actuation of systems requiring curved trajectories can be easily obtained, contrary to 
what happens when using conventional actuators. In fact, it is expected that the working principle used in this work 
can be used with a curved mechanical guide with negligible changes in the system fundamental behaviour. A linear 
peristaltic actuator can also potentially present beneficial friction proprieties as shown by the absence of stick-slip 
behaviour at low velocities. Moreover, contrary to what happens when using conventional pneumatic actuators, 
the use of a flexible hose in a peristaltic actuator greatly reduces the need for accurate alignment between the 
actuator and the mechanical guide. This means that the overall system price may become potentially lower than 
the one obtained with conventional actuators. A further advantage of a linear peristaltic actuator lies in the fact 
that longer strokes are obtained with very little added cost.  

 This paper presents preliminary experimental results characterizing a prototype of such a solution, a pneumatic 
linear peristaltic actuator (PLPA). The paper is organized as follows: next section presents the PLPA, namely its 
working principle, the experimental prototype developed and the mechanical model. Section 3 presents several 
experimental characteristics of the prototype and finally in section 4 the main conclusions are drawn. 

2 Pneumatic linear peristaltic actuator  

2.1 Working principle 

The linear peristaltic actuator explored in this this work is depicted on Figure 1. The actuator comprises two rollers 
and a compressed air pressurized hose. When the pressure applied to the chambers creates a pressure difference 
between them, the resulting force (Fp) acts on the rollers. This force may be divided into two components (cf. 
Figure 2): a vertical component Fp_v, which is absorbed by the roller supports, and a longitudinal component Fp_l 
which, by pushing the rollers, makes them roll. The rollers are connected to a mechanical guide which absorbs 
forces and torques acting on the system. 

One of the main potential advantages of this solution lies in the absence of sliding surfaces along the motion 
direction. In fact, given the above description, there is virtually no sliding friction between the hose and the roller 
in the direction of motion. Only rolling resistance exists in this direction. Friction between hose and roller in the 
direction of motion is actually beneficial as it promotes contact between the hose outer surface and the rollers, 
allowing rolling to occur. Consequently, friction effects are mainly determined by the ball bearings friction on the 
rollers (Ffr_l), a rolling resistance force. Undesired characteristics like high Coulomb friction or Stribeck effect are 
therefore expected to be reduced. It should be underlined that sliding friction occurs in the transversal direction 
(Ffr_t), as also shown in Figure 2. This force is undesirable because it is a dissipative force causing loss of energy. 
However, its effects on motion are expected to be negligible since its direction is mostly orthogonal to the direction 
of motion.  
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1 Introduction 

Pneumatic systems are widely used in industry for conventional motion between two end points. Pneumatic 
systems require a low acquisition cost and are typically low maintenance devices. They present, however, some 
disadvantages, namely they are low efficiency devices and they are hard to accurately control due to the nonlinear 
nature of friction forces in the actuator seals. Moreover, pneumatic energy has low density, making it hard to use 
in mobile applications. These features, along with the advent of low cost electronics and electrical motors in recent 
years, has been increasingly threatening pneumatic solutions in favour of electrical ones. Several studies can be 
found in literature comparing electrical to pneumatic solutions. For instance, in /1/ and /2/, electrical solutions are 
concluded to be the best option, even when the application requires constant forces. Literature studies, however, 
are not consensual. For instance, in /3/ it is shown that despite their lower energy efficiency, when higher velocities 
are required, pneumatic solutions outperform electrical ones if they are sized using an exergy based criteria instead 
of a load based criteria.  

One important feature that has been preventing a wider use of pneumatic solutions lies in its low control flexibility: 
if, on the one hand, two end stop motion tasks are very easy to implement, one the other hand it is hard to obtain 
accurate motion control whenever more complex trajectories are required. In this particular aspect, electrical drives 
are clearly superior. It would be therefore very interesting to develop pneumatic solutions enabling high accuracy 
motion control. Several efforts have been made in literature towards that end /4/, /5/, /6/, /7/, /8/, /9/ and it has been 
shown that accurate motion control is possible with evolved nonlinear control laws, either in trajectory following 
/6/ or in pick and place tasks /7/. In /6/ tracking errors lower of only a few millimetres were obtained, whilst in /7/ 
and /4/ control errors up to the encoder resolution (5 and 1 µm, respectively) were achieved, even in the presence 
of high load changes and without any controller retuning. These control laws, however, are complex and typically 
require detailed models of the system, namely friction models, making them hard to implement in a massive way.  

Given the above scenario, it would be interesting to develop a pneumatic actuator with better friction proprieties, 
while retaining the features recognized in conventional pneumatics, namely its simplicity and compactness. This 
interest is further emphasized by the current trend towards the development of human friendly machine 
interactions, for which the natural compliance of pneumatic systems is of particular interest. Moreover, recent 
findings have shown that it is possible to generate compressed air using reversible chemical reactions /10/ and to 
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Tyana SL. On each end of the stroke there are two dampers with a stroke of 40 mm each. The hose length is l=430 
mm and the carriage width is 215 mm. The combination of these dimensions allows an available stroke of la=180 
mm. The setup also includes two servovalves (SV) manufactured by FESTO, model MPYE, that modulate the 
amount of air flowing into or out each actuator chamber and two proportional pressure (PV) reducing valves, 
model Sentronic, manufactured by Numatics, to directly control the pressure in each chamber. The servovalves 
and the pressure reducing valves are connected to the PLPA and the low friction actuator in different ways, 
described in the next section. All the above described components are connected to a data acquisition and control 
system comprising a PC with data acquisition boards and all the hardware needed for signal conditioning. The 
electropneumatic system also includes two pressure transducers, an air treatment unit and a position encoder (5 µm 
resolution) integrated in the monorail guidance system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Experimental setup 

2.2 Mechanical model 

The forces determined in this study are based on the measurement of pressures in the actuator chambers and on 
the mechanical model. The mechanical model nomenclature is presented in Figure 4. 

 

 

 

 

 

 

 

 

 

Figure 4: Mechanical model nomenclature 
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Figure 1: Pneumatic linear peristaltic actuator 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Forces acting in a PLPA experimental setup 

Figure 3 presents the experimental setup used to experimentally determine friction effects. The setup includes a 
PLPA mounted on a carriage and a low friction Airpel Anti-Stiction Air Cylinder, manufactured by Airpot Corp.. 
The carriage runs over a monorail guidance system manufactured by Rexroth (IMS series). The low friction 
cylinder can be mechanically connected to the carriage (and hence to the PLPA) to impose external loads. The 
rollers of the PLPA include ball bearings to reduce friction. The hose tube (with a nominal inner diameter of 
25 mm) is composed by a flexible PVC linen reinforced by a high tensile synthetic textile. Its outer layer is covered 
by light and weather resistant PVC. The hose manufacturer is Dexysflex and the reference used in this work is 
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Regarding the influence of pressure in the hose cross section shape, the horizontal (dh) and vertical (dv) dimensions 
were measured for different hose pressures, both in ascending and descending pressure trajectories. Measurements 
were performed outside the area of influence of the flattening effect. To this end, a digital indicator was used to 
measure the hose deviations in vertical (devv) and horizontal (devh) dimensions, as presented in Figure 5. Figure 6 
presents the results obtained. Two different behaviours can be observed: whilst in the horizontal direction very 
small deviations occur, in the vertical dimension deviations are higher. Hysteresis is also more pronounced in the 
vertical direction. These different behaviours can be explained by the horizontal flattening of the hose caused by 
the rollers. However, it can be observed that in both cases the deviations for pressures higher than 0.2 bar are 
limited, in the worst case to ca. 4.8% of the nominal inner diameter of the hose. This means that as long as the 
inside pressure is higher than 0.2 bar, the hose retains an essentially circular cross section, as can be inferred from 
Figure 7, where the horizontal and vertical external hose diameters (average values of both trajectories) are 
presented.  

 

Figure 6: Hose horizontal and vertical deviations with pressure 

 

Figure 7: Hose horizontal and vertical external diameters variation with pressure 
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Using Newton’s second law, the equilibrium of forces can be written as: 

𝑀𝑀𝑥𝑥 = 𝐹𝐹𝑝𝑝_𝑙𝑙 − 𝐹𝐹𝑓𝑓𝑓𝑓_𝑙𝑙 + 𝐹𝐹𝑝𝑝𝑝𝑝 − 𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓 − 𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓 (1) 

where 𝑀𝑀, 𝑥𝑥, 𝑥𝑥 , 𝑥𝑥  represent the mass, position, velocity and acceleration of the moving mass, respectively. In 
equation (1), 𝐹𝐹𝑓𝑓𝑓𝑓_𝑙𝑙 represents the friction force acting on the rollers, 𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓 the friction force acting on the Airpot, 𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓 
the friction force acting on the mechanical guide and 𝐹𝐹𝑝𝑝_𝑙𝑙, 𝐹𝐹𝑝𝑝𝑝𝑝 represent the force exerted by the PLPA and the 
Airpot actuator, respectively, in the motion direction. Given the deformation of the hose, the area to consider when 
calculating 𝐹𝐹𝑝𝑝_𝑙𝑙 is not straightforward. To determine it, a power balance will be performed. Assuming that chamber 

B of the hose is at atmospheric pressure and that all pneumatic power (𝐸𝐸 𝑝𝑝) is converted into mechanical power 
(𝐸𝐸 𝑀𝑀), the following equality can be written for positive direction motion: 

𝐸𝐸 𝑝𝑝 = 𝐸𝐸 𝑚𝑚 ↔ 𝑃𝑃𝐴𝐴𝑄𝑄 = 𝐹𝐹𝑝𝑝_𝑙𝑙𝑥𝑥 + 𝐹𝐹𝑝𝑝_𝑡𝑡𝑥𝑥 𝑡𝑡 (2) 

where 𝑄𝑄 is the volumetric flow rate of air inside the hose A chamber, 𝐹𝐹𝑝𝑝_𝑡𝑡 is the force exerted by the hose in the 
transversal direction, and 𝑥𝑥 𝑡𝑡 is the velocity of the hose in the transversal direction, due to hose flattening. The 
volumetric flow rate can be written as: 

𝑄𝑄 = 𝐴𝐴𝑥𝑥  (3) 

where 𝐴𝐴 represents the hose circular area, since the hose shape far from the rollers is essentially circular as long 
as pressure is higher than 0.2 bar (cf. next section). Considering the velocity of the hose in the transversal direction 
to be proportional (by a factor β) to the moving mass linear velocity 𝑥𝑥 , the mechanical energy spent in the 
transversal direction can be written as: 

𝐹𝐹𝑝𝑝_𝑡𝑡𝑥𝑥 𝑡𝑡 = 𝐹𝐹𝑝𝑝_𝑡𝑡𝛽𝛽𝑥𝑥  (4) 

Replacing equations (3) and (4) in equation (2) leads to: 

𝐹𝐹𝑝𝑝_𝑙𝑙 = 𝑃𝑃𝐴𝐴𝐴𝐴 − 𝐹𝐹𝑝𝑝_𝑡𝑡𝛽𝛽 (5) 

Equation (5) shows that part of the available longitudinal force is reduced due to traversal effects. Namely, the 
force exerted by the hose in the transversal direction must overcome (sliding) friction due to the flattening.  

3 Experimental characterization of the PLPA 

3.1 Hose shape  

The cross sectional area of the PLPA’s hose varies not only with pressure but also with the position of the rollers. 
Regarding the influence of the position of the rollers, the cross section change is due to the flattening of the hose 
as presented in Figure 5. The region of influence of the hose flattening is axially limited to ld. In the case of the 
experimental setup presented in section 2.2, the value of ld is ld =65 mm. Notice that large ld values are undesirable 
since they reduce the useful stroke of the PLPA.   

Figure 5: Variation of the hose cross sectional area with the rollers position (top view) 
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According to equation (1), since these experiments are static, 𝐹𝐹𝑝𝑝_𝑙𝑙 can be written as: 

𝐹𝐹𝑝𝑝_𝑙𝑙 = −𝐹𝐹𝑝𝑝𝑝𝑝 + 𝐹𝐹𝑓𝑓𝑓𝑓_𝑙𝑙 + 𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓 + 𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓 (6) 

Replacing equation (5) on equation (6) leads to: 

𝑃𝑃𝐴𝐴𝐴𝐴 − (𝐹𝐹𝑝𝑝_𝑡𝑡𝛽𝛽 + 𝐹𝐹𝑓𝑓𝑓𝑓_𝑙𝑙 + 𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓 + 𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓) = −𝐹𝐹𝑝𝑝𝑝𝑝 (7) 

The transversal force 𝐹𝐹𝑝𝑝_𝑡𝑡𝛽𝛽 counteracts the transversal friction force due to sliding between hose and rollers when 
the hose flattens.  If there weren’t any friction forces present, 𝑃𝑃𝐴𝐴 × 𝐴𝐴 = −𝐹𝐹𝑝𝑝𝑝𝑝 and the linear regression presented 
in Figure 9 and Figure 10 would have no offset and a gain equal to 1. The sum of the friction components shown 
in equation (7), 𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓, will be modelled as a static (Coulomb) force and by a pressure dependent component, as 
friction between hose and rollers is likely to increase with pressure. With this assumption, equation (7) can be 
rewritten as: 

𝑃𝑃𝐴𝐴𝐴𝐴 − 𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓 = −𝐹𝐹𝑝𝑝𝑝𝑝 (8) 

where 𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓 represents all friction forces acting on the system, that can be expressed as: 

𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓 = 𝑘𝑘𝑝𝑝𝑃𝑃𝐴𝐴𝐴𝐴 + 𝑘𝑘0 (9) 

where 𝑘𝑘𝑝𝑝 is the constant determining the friction pressure dependence and 𝑘𝑘0 is the static component. Replacing 
equation (8) on equation (7) leads to: 

𝑃𝑃𝐴𝐴𝐴𝐴(1 + 𝑘𝑘𝑝𝑝) + 𝑘𝑘0 = −𝐹𝐹𝑝𝑝𝑝𝑝 (10) 

In the present case, using data for both motion directions (cf. Figure 11), 𝑘𝑘𝑝𝑝 =0.1166 and 𝑘𝑘0=11.7 N. This means 
that the static friction force ranges from ca. 5% to ca. 16% of the maximum theoretical force, when pressure varies 
from 0 to 5 bar, respectively. For comparison purposes, conventional pneumatic rod cylinders present a static 
friction force ranging from ca. 7% to ca. 10% of the theoretical maximum force /16/. It is therefore possible to 
state that, when compared to conventional rod actuators, the solution envisaged has lower static friction for low 
pressures and higher static friction for high pressures. It should be highlighted, nevertheless, that i) no stick slip 
occurs and ii) rodless actuators (which are comparable to the solution envisaged regarding compactness) present 
much higher friction values than solutions with rod. It is therefore expectable that the PLPA friction compares 
favourably with the ones presented by rodless actuators. 

 

  Figure 11: Results obtained in static force assessment of a PLPA 
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3.2 Hose static forces  

In order to validate the static force capability determined in section 2.3, an experimental assessment was 

performed. In this experiment, constant pressure levels were imposed on the low friction actuator using pressure 

reducing valve PRa and the pressure inside the PLPA was gradually increased using PRh until motion was detected. 

In this way, an experimental assessment of the force capability of the PLPA can be determined. Figure 8 shows 

the experimental setup configuration of this experiment to test the force exerted by the hose left chamber (chamber 

A). A similar arrangement was made for chamber B. 

Figure 8: Experimental setup for static force assessment of a PLPA (chamber A) 

Results obtained for both chambers are presented in Figure 9 and Figure 10 for chambers A and B, respectively. 
In these figures, the vertical axis represents the symmetrical pneumatic force exerted by the Airpot cylinder, −𝐹𝐹𝑝𝑝𝑝𝑝. 
In the horizontal axis, the product between hose pressure and area (𝑃𝑃𝐴𝐴,𝐵𝐵 × 𝐴𝐴), is represented. Figures 9 and Figure 
10 also indicate the results of a linear regression performed to the respective datasets.  

 

Figure 9: Results obtained in static force assessment of a PLPA (chamber A) 

 

Figure 10: Results obtained in static force assessment of a PLPA (chamber B) 
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Figure 13: position and velocity results obtained with meter-in velocity control, PLPA, for different source 
pressure levels and increasing valve openings (left to right): a) Ps = 1 bar, b) Ps = 5 bar 
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3.3 Velocity control  

In order to test the behaviour of the PLPA in conventional velocity control strategies, meter-in and meter-out 
setups were implemented using the PLPA and the Airpot actuator, as exemplified in Figure 12 for the PLPA and 
meter-out experiment. A similar setup was performed for meter-in velocity regulation, for both actuators. Three 
pressure levels (1, 3 and 5 bar, relative) were tested. For each of them three levels of velocity were experimentally 
tuned, moving in the positive direction. The first level corresponds to “low” velocities and was tuned by changing 
the valve opening up until motion started. The third level corresponds to “high” velocities obtained by using 
maximum flow valve openings. The second level corresponds to “medium” velocities, which were tuned to be in 
between the “low” and “high” levels.  

 

Figure 12: Experimental setup for meter-out velocity control assessment of a PLPA (positive motion) 

 

The results obtained in the PLPA meter-in experiments with Ps= 1 and 5 bar are presented in Figure 13.  Figure 14 
presents the results obtained in the same conditions but using the Airpot actuator.  

Regarding the PLPA, it can be seen that a wide range of velocities is achieved, from ca. 0.05 mm/s, up to 3m/s, 
obtained for the maximum pressure level, Ps=5 bar. Another interesting feature lies in the absence of stick–slip 
behaviour in any of the experiments made with the PLPA, contrary to what happens with the Airpot actuator, 
where this highly undesirable phenomenon occurs (cf. Figure 14 a)). It should be stressed that this behaviour was 
verified not only under the conditions presented in Figures 13 and 14 (meter-in experiment, Ps= 1 bar and Ps= 5 
bar) but also in all other experiment conditions (meter-in experiments with Ps= 3 bar and meter-out experiments 
with Ps= 1, 3 and 5 bar). 

Future studies will consequently focus on using this important feature for servo control purposes. In fact, although 
irregular motion was sometimes observed in the PLPA, it was detected that those irregularities occurred when the 
rollers flattened the wrinkles of the hose. This phenomenon was most noticed with low working pressures, when 
the hose is less stretched.   

Another relevant fact lies in the difficulty of tuning different velocities with the PLPA when using Ps=5 bar and 
meter-out velocity control. In fact, for small and medium restrictor openings, the rollers started to move but then 
the velocity decreased to very small values. Using high valve openings, the rollers started to accelerate, quickly 
reaching high velocities. Intermediate velocities were therefore not possible to tune for Ps=5 bar. Contrary to this, 
the Airpot actuator allowed an easy tuning of intermediate velocities, with the exception meter-in velocity and 
Ps=1 bar, where the stick-slip phenomenon occurred. 
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Figure 14: position and velocity results obtained with meter-in velocity control, Airpot, for different source 
pressure levels and increasing valve openings (left to right): a) Ps = 1 bar, b) Ps = 5 bar 

4 Conclusion 

This paper presented a peristaltic linear pneumatic actuator for industrial and robotic applications. The solution 
presented has several potential advantages, namely its low cost, low weight, a virtually unlimited stroke and the 
ability to perform curved motion profiles.  An experimental setup was described and several characteristics were 
experimentally determined, namely the static force capabilities of proposed actuator. It was shown that the force 
capabilities of the actuator are similar to those of conventional actuators. Furthermore, it was shown that no stick 
slip behaviour occurs at low velocities, by experimental trials using conventional meter-in and meter-out control. 
This important feature will therefore be explored in future studies for servo control. Future topics of research 
include i) a complete friction characterization of the actuator, ii) the development of alternative mechanical designs 
so that the effect of the rollers inter-axial spacing can be studied iii) a hose endurance analysis and iv) the analysis 
of the system behaviour using curved mechanical guides. 
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