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Abstract : The article deals with the description of experimental measurements performed to describe problematic 

point real-time temperature measurement of PAMs surface. The original measurement method was replaced by an 

alternative thermovision measurement. Thermal images were created at predefined times of operation of the device 

and its predefined operating states. Experimental measurements have shown that the temperature range of the 

PAMs is within the temperature range that limits the safe operation of the device. 
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1 Introduction 

In the area of manufacturing facilities using 

manipulators designed to perform monotonous tasks 

with an increased risk of injury or damage to common 

types of manipulators or areas where it is necessary to 

replace or strengthen the human muscular system 

pneumatic artificial muscles (PAMs) are used. The 

reason for an increasingly intensive research into the 

properties of PAMs and their application is their high 

power-to-weight ratio, with sufficient inherent safety 

and high strength. Thanks to their clean operation, 

simple maintenance, low procurement costs, 

maintenance costs and long service life, they are a 

possible alternative to replacing conventional drives 

(hydraulic and electric drives) in the production 

facilities. Contrary to conventional drives, there is no 

risk of sparking or electric drive on PAMs, and their 

operation is cleaner than hydraulic cylinders [1] [2] [3] 

[4] [5] 

In the field of the pneumatic artificial muscles and 

their implementation into manufacturing facilities, 

prevailes the research in antagonistic involvement of 

pneumatic artificial muscles (PAMs). 

For the further extension of the use of these drives, it 

is necessary to master accurate position control. This 

requires a control system that is capable of responding 

to changes in device performance characteristics at a 

sufficient speed. For position control, mathematical 

and statistical methods are often applied to create a 

mathematical model of the system with an estimate of 

optimal controller parameters. However, the control 

system must in practice control the positioning of the 

manipulator, which may be very non-linear, for 

example due to reduced performance of the transition 

phenomenon due to changes in external load or 

working media compression problems. When changing 

the external load, it is not easy to provide high-

precision position control. [1] The modeling and 

design of a precise, stable and robust positioning 

control system for PAM applications is challenging 

due to the non-linearity and time variability of the 

control system due to air compressibility, air flow 

through the valves, problems with time scatter, 

compliancy, high hysteresis, etc.. To overcome these 

drawbacks, a number of new pneumatic actuators have 

been developed, such as McKibben's Muscle or 

Braided and Rubber Actuator. [1] Some of the above 

shortcomings still persist. [6] 

In order to overcome some of these deficiencies 

described above, the Department of Process 

Engineering (KPT), Faculty of Manufacturing 

Technologies with a seat in Prešov (FVT), focused on 
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the design of a control system for real-time monitoring 

and diagnostics of the manipulator with antagonistic 

PAMs using a control algorithm modified for the use 

of hardware and software that enables real-time work. 

The functionality and effectiveness of the proposed 

management algorithm is verified by carrying out a 

series of experimental measurements on the proposed 

device. The operational characteristics of the device 

were described by the experimental measurements 

executed mainly in for the reason to study the terms of 

the influence of the individual process variables on the 

positioning accuracy of the propulsive actuated arm 

with a drive consisting of two pneumatic muscles in 

the antagonistic connection in the vertical position. The 

ambient temperature and the drive temperature were 

within the operating conditions defined by the 

manufacturer as safe for the operation of pneumatic 

artificial muscles, temperature was not taken into 

account when assessing the experimental 

measurements. However, this article describes the 

temperature ratios in the drive from antagonistic 

engagement of pneumatic artificial muscles during 

their short and long-term operation. 

2 Description of the Experimental Device  

The experimental assembly includes the antagonistic 

engagement of pneumatic artificial muscles mounted 

on the support structure and the weight loaded on the 

support arm, as well as equipment for sensing, 

processing and recording of characteristics,which are 

changing during operation of the device with the 

possibility of controlling the real-time interventions. 

 

Figure 1 Experimental assembly with PAMs in antagonistic 

involvement. [4] 

Scheme description: PAML – left pneumatic artificial muscle, 

PAMP – right pneumatic artificial muscle, M - weight, RE – 

position sensor, α – arm rotation angle, Tc - thermocouple, R 

– electric resistance, PC – computer (workstation), PL – left 

pressure sensor, PP – right pressure sensor, P - pressure, I – 

electric current, V1L, 3P – inflating electropneumatic valve 

left/right, V2L, 4P - deflating electropneumatic valve 

left/right, PK – vessel pressure. 

In the above scheme are monitored, the constant 

pressure in PAMs, the size of the carrier arm and the 

temperature at the left muscle, during the operation of 

the device. 

Experimental facility management is provided by a 

real-time control system, consisting of NI CompactRIO 

components, designed for real-time monitoring, 

diagnostics and control. The control system algorithm 

itself was designed in the LabVIEW Real Time 

LabVIEW graphical development environment. The 

PC provides the user with the ability to monitor the 

progress of the measured variables while controlling 

the facility in the user environment of the program. 

3 Description of the Experimental 

Measurements  

3.1 Measurement 1 - Left PAM pressure 

control measurement 

In Fig. 2 there are shown measured pressure patterns at 

ambient temperature of 25.5 °C, regulation without 

PWM modulation, arm position and left muscle 

temperature. Under the set initial conditions according 

to Tab. 12, a no-load measurement for three different 

pressures in the left artificial muscle was performed. 

From the pressure behavior, it can be seen that the 2 

bar pressure is maintained on the right PAM with the 

precision about 0,05 bar. The pressure in the left PAM 

was changed from 2 bar to 3 bar, 4 bar and 5 bar 

sequentially. By increasing the left-hand pressure to 3 

bar, we observe a relatively linear course at the leading 

edge of the left-hand pressure curve, given by the 

permeable capacity of the left-hand intake air valve 

and the low force of the right PAM. The relative 

linearity phenomenon can only be observed in the left 

PAM at low pressure, with a multiple pressure 

differential on the left charging valve during pressure 

increase (between the muscle and the compressed air 

source) and the small reaction (reverse) force of the 

right muscle. With higher pressure in the left-hand 

muscle, there is a smaller pressure differential between 

the left filling valve and the right muscle's reaction 

force, which increases the stiffness of the entire 

mechanism, and the linearity of the stroke is lost. With 

a decreasing angle of inclination of the left pressure 

curve, there is an increasing amount in muscle filling 

cycles in time as seen at the curve of the pressure rise 

to 5 bar. Holding muscle pressure to the desired value 
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is within the tolerance of 0.05 bar defined in the mode 

of the pressure control program. Any out-of-tolerance 

pressure is compensated by a short increase or decrease 

in muscle pressure. The pressure fluctuations are due to 

the elasticity of the whole experimental device. The 

vibration damping is formed by the stiffness of the 

antagonistic engagement, and the friction of the chain 

transmission has negligible effect.  The decreasing 

curves of the left PAM pressure during pressured air 

discharging have higher non-linearity and a longer time 

course compared to the pressure increase due to faster 

decreasing of the pressure variation on the left 

emptying valve. 

The second graph in Figure 2 shows the valve 

switching patterns for the left muscle, and the third 

graph shows the switching patterns of the right muscle 

valves. The left PAM valve performance exactly 

matches the time of the filling of the left PAM and the 

short pulse to adjust the muscle pressure in pressure 

tolerance. The left muscle deflating valve, with its 

performance, naturally copies the progress of the 

decreasing curve of left muscle pressure, and by 

narrow impulses, it also leverages the left muscle 

pressure tolerance. 

The graphical dependence of the opening and closing 

of the valves function for operation of the right PAM 

shows the constant muscle compensation pattern in the 

right muscle. Constant right PAM pressure is disturbed 

by left muscle activity and is therefore constantly 

compensated by valves of the right PAM. Frequent 

right muscle compensation occurs at times when the 

left muscle is inflated, less often the right muscular 

pressure is compensated for the leakage of the left 

muscle, and at a time when the pressures are 

maintained at a constant value, there is only a small 

amount of pulses that compensates for the muscle's 

compliance or leaks. 

With very tight pulses in their top part, despite the 

regulation without PWM modulation, a constriction 

can be seen, which may be due to the decimation of 

data for plotting, and these impulses will be considered 

rectangular. 

Positioning is the resulting load and pressure control 

function. The course is seen to be very responsive to 

changes in pressure. During measurements with 

position control we do not interfered with position 

because the position is a dependent variable for this 

measurement. 

 

 

 

 

Figure 2 Graphic Dependencies - Measurement 1 

The temperature is recorded on the surface of the left 

muscle and, as seen in connection with increasing 

pressure in the muscle, tends to rise slightly, and then it 

is possible to subtract the decrease in the temperature 

of the compressed air with the muscle. Overall, the 

average muscle temperature is clearly higher in 

contrast to the indoor temperature. The temperature 

flow in the PAMs during their operation corresponds to 

the work done by the muscles. However, the 

temperature measurement in this way did not take into 

account the design of the experimental device, with the 

placement of the inlet and outlet valves at the bottom 

of the device. In the vertical placement of PAMs, even 

though air is mixed inside the PAM, air is mainly 

discharged from the bottom of the filled PAM volume. 

At the same time, the mechanical stress at the ends of 

pneumatic artificial muscles, which could have caused 

uneven distribution of the temperature field on the 

PAM surface, was not taken into account. The 

placement of the thermocouple for measuring the 

temperature itself was not correct and the selected 

technical means caused a significant deterioration of 

the measured data. This means that a more appropriate 

method has to be used to measure the temperature. 
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3.2 Measurement 2 - Thermovision 

Measurement 

In order to provide a better overview of the 

temperature of the surface of both PAMs installed on 

the experimental device changes, measurement with 

the use of thermocamera was selected. Measurements 

with thermocamera were performed during operation 

after the device was started, in selected operating states 

of the device, and after several hours of operation of 

the device. At Fig. 3 is a thermal image of the 

temperature of the device after the first thirteen 

minutes of its operation. The highest surface 

temperature of the PAM was manifested in the right 

PAM, which is in this case the working muscle, when 

the support arm is positioned at 75 °. Muscle 

temperature is highest at the junction of the elastic part 

of the pneumatic muscle with the nut coupled to the 

chain drive. The ambient temperature was 23,5 °C and 

the maximum PAM surface temperature was 26,4 °C. 

That is the reason that temperature differences were so 

pronounced. 

The following figure shows the temperature of the 

carrier arm which was positioning to 83°, after 

approximately one and a half hours of operation. The 

maximum surface temperature of the muscle was at 

32.7 °C. 

Fig. 5 shows the temperature of the device after the end 

of its operation and after it has been restored, including 

controlled reset of its position and the release of the 

working medium from the PAMs. 

 

 

Figure 3 Measurement of PAM surface temperature with a 

thermal camera after 13 minutes of operation. 

 

Figure 4 Measurement of PAMs surface temperatures with a 

thermal camera after 138 minutes of operation. 

 

Figure 5 PAMs surface temperature measurement with the 

thermocamera after 193 minutes of operation of the device 

and discharge of working medium from PAMs. 

The maximum PAM surface temperature during this 

measurement was 26.1 ° C, which does not correspond 

to the difference of three degrees to ambient 

temperature. 

Figure 6 shows the operating temperature range to 

ensure optimum PAM life. It can be seen from the 

figure that the optimal temperature for the PAM life is 

in the range of 30 to 60 °C. This means that the 

operating temperature of the PAMs surface in the 

experimental device could have been higher, for 

example due to higher drive load or higher ambient 

temperature. 
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Figure 6 PAM operating temperature range specified by the 

manufacturer. 

 

4 Conclusions 

In terms of operating variables, account must be taken 

not only of the basic ones, such as working pressure, 

position of the end member, acceleration, and the like. 

For a more accurate description of the experimental 

device operation, it is also necessary to take into 

account the temperature of the device, which may 

affect the temperature of the PAM working medium 

and thus its other operating characteristics. It is not 

appropriate to monitor the PAM temperature at its 

surface points, that is to say, at the permanent 

measurement sites on the PAM surface, except for 

creating a mathematical model that would allow us to 

determine the PAM temperature at other points of its 

surface during work. 

Another alternative is to measure the temperature in 

precisely defined conditions thermographically. 

Thermography measurement allows to perform PAM 

surface temperature control and thus control its 

operation to ensure its longer life. 

As mentioned in the introduction to this article, the 

solution of precise positioning of devices with a drive 

operating with the antagonistic involvement of 

pneumatic artificial muscles is a challenging task. 

However, this article showed that during operation of 

the PAM, the surface temperature increased up to 6.5 

°C, compared to the temperature at the beginning of 

the measurement. The surface temperature of the 

device may affect the temperature of the working 

medium and therefore it is necessary to take into 

account this operating variable, when developing 

mathematical models for advanced control of similar 

devices, and when designing their basic control. 

Deficiencies removed prior to the introduction of 

advanced control functions should increase the 

positioning accuracy. 
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