
http://www.diva-portal.org

Postprint

This is the accepted version of a paper presented at Mediterranean Conference on Control
and Automation (MED).

Citation for the original published paper:

Andrikopoulos, G., Nikolakopoulos, G., Manesis, S. (2015)
Incorporation of thermal expansion in static force modeling of Pneumatic Artificial
Muscles
In: 2015 23rd Mediterranean Conference on Control and Automation (MED) IEEE
https://doi.org/10.1109/med.2015.7158784

N.B. When citing this work, cite the original published paper.

Permanent link to this version:
http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-314357



  

  

Abstract—In this article, the thermal expansion effect is 

considered as the main cause of the gradual shift in the force-

displacement relationship, which describes the operation of 

Pneumatic Artificial Muscles (PAMs). A modified static force 

modeling approach is proposed, based on fundamental PAM 

modeling techniques, while incorporating the geometrical 

properties that are being affected by the thermal build-up 

occurring during PAM’s continuous operation. The effects of 

thermal expansion are documented via experimental studies and 

the acquired data are utilized for the validation of the proposed 

modeling method.  

 
Keywords—Pneumatic Artificial Muscles, Static Force 

Modeling, Thermal Expansion. 

 

I. INTRODUCTION 

In cases where a thin-walled cylinder is undergoing 
temperature changes during stressed states, the thermal 
expansion effect, i.e. the tendency of matter to change in 
dimensions when heated [1], must be taken into account. In 
the case of the Pneumatic Artificial Muscle (PAM), a tube-
like actuator, which, when pressurized, decreases in 
actuating length [2], it has been experimentally verified that 
a thermal concentration occurs during its continuous 
operation [3]. This thermal build-up is caused by friction 
phenomena generated from the relative motion of the threads 
forming its actuating section and the respective dissipated 
energy, as well as the viscoelastic molecular properties of the 
utilized materials, which create a gradual shift in the force-
displacement relationship that describes its operation [4]. 
This shifting phenomenon creates the need of incorporating 
the thermal expansion effect into the PAM’s basic 
geometrical characteristics, in order to increase the static 
force modeling accuracy. 

During the past two decades, a series of static force 
modeling approaches have been presented in PAM-related 
bibliography [5]-[15]. Most of these approaches were based 
on a simplified geometrical analysis of the PAM and 
incorporated theoretical elements describing the friction 
phenomena and the effects of the PAM’s complex 
geometrical shape during operation. While the theoretical 
understanding of this actuator’s structure and the force 
modeling accuracy have been increased [11], [12], their 
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growing mathematical complexity and need for estimation of 
multiple parameters [13]-[15] increased the difficulty in 
incorporating and applying these models into different types 
of PAMs. In addition, none of the aforementioned models 
provided sufficient information regarding the force-
displacement curve shift to greater values during the PAM’s 
continuous operation, which has yet to be analyzed and 
incorporated in the PAM-related static modeling theory. 

The novelty of this article is dual. First, a modification on 
force modeling of PAMs is proposed, increasing the 
accuracy in estimating the PAM’s force-displacement curve, 
while keeping the mathematical complexity at a minimum. 
The modified model is validated with the utilization of 
experimental data and is compared to the accuracy of 
fundamental force modeling approaches. Secondly, the 
thermal expansion effect is considered as the main cause of 
the force-displacement curve shift. The incorporation of the 
thermal expansion effect is validated in both the proposed 
and the fundamental static force model, against the 
experimentally acquired data.  

The rest of this paper is organized as follows. Section II 
presents an overview of the PAM’s fundamental static force 
modeling approaches and a modified modeling expression is 
proposed. In Section III, the thermal expansion effect on the 
PAM’s geometrical properties is analyzed and it is 
incorporated in the proposed modeling approach to account 
for the force-displacement curve shift during continuous 
operation. Section IV presents the experimental procedure 
that analyzes the thermal shift phenomenon and the acquired 
force-displacement data for a specific test pressure. The 
extracted data are utilized in Section V for the proposed 
model’s validation and the comparative study regarding the 
accuracy of the presented models in estimating the 
experimental force-displacement curve. Finally, a summary 
of the main contributions of this work is presented in 
Sections VI. 

II. STATIC FORCE MODELING OF PAMS 

A. Fundamental Static Modeling Approaches 

The PAM’s static modeling approaches have been developed 
in order to theoretically connect its main characteristics: the 
pressure of the supplied air, the resulting actuator’s 
displacement and its contractile force. Most of these models 
are based to the PAM’s geometrical properties, mainly 
because of their mathematical simplicity and their relativity 
to its physical behavior. Among these static modeling 
approaches, the ones presented in [5]–[8] are being  
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Figure 1. Cross-sectional view of the simplified geometrical model of PAM. 

considered as fundamental, since they are based on the basic 
properties of the PAM’s geometrical description. 

Specifically, the actuating section of a PAM can be 
geometrically approximated as a cylindrical vessel, whose 
simplified cross-sectional view is shown in Fig. 1, where L is 
the actuating length, D is the internal diameter, t is the 
thickness of the elastic tube, θ is the angle of the threads and 
the longitudinal x axis, b is the length of the braids and n is 
the number of thread turns. For the purposes of the following 
geometrical analysis, the effect of the tube thickness is being 
neglected (t=0). 

The expressions for the PAM’s length and diameter can 
be formulated as: 

 
sin

cos , ,
b

L b D
n

θ
θ

π
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where the thread length b can be calculated as: 
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In related literature, (2) is referred as the PAM’s geometric 
relationship, while its volume is provided by: 
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where A is the circumferential internal PAM area. 

Utilizing the energy conservation principle, the PAM 
simplified geometric force can be calculated as the gauge 
relative pressure P multiplied by the change in volume with 
respect to length [7]: 
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In (4), the tension is described as linearly proportional to 
internal pressure P and a monotonic function of the braid 
angle θ, while its expression is mathematically equivalent to 
the ones presented in [1], [6]. 

Introducing the idle state where L0, D0 and θ0 are the 
PAM’s initial values of the length, diameter and braid angle 

respectively, the n turns of the PAM’s fibers can be easily 
computed via utilization of (2) for both idle and contracted 
states: 

 
2 2 1/ 2

0

2 2 1/ 2

0

( )
,

( )

L L
n

D Dπ
−

=
−

  (5) 

whereas utilization of (1) in the idle state leads to the 
following geometrical expression: 
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Substitution of (5) to (6) gives an analytical expression for 
the initial braid angle θ0: 
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Incorporation of (5) and (6) into (4) yields an equivalent 
expression of the force model: 
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By introducing the geometrical expressions 
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longitudinal l direction, where x=L0-L is the PAM’s 
displacement, the static force model becomes: 
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which takes the identical form of the widely utilized model 
of Tondu and Lopez [8] that can also be derived via the 
theorem of virtual work. 

The aforementioned geometrical analysis, follows a 
simplified approximation of the PAM’s physical model, as it 
is based on the hypothesis of a continuously cylindrical-
shaped actuator and it does not take into account a) the non-
cylindrical ends formed when it contracts, b) the non-zero 
thickness of the elastic tube, c) the friction forces generated 
due to the relative motion of the braids against the tube and 
against each other, d) the viscoelastic properties of the 
elastomers that form the tube and are affected by the thermal 
concentration, and e) the effect that the bearings, which are 
attached to its ends, have on the length change during 
operation. For these reasons, the static model of (9) has been 
documented to estimate much higher contractile force values 
than that generated by the physical model [4]. 

In an attempt to increase the accuracy of the static force 
model, Tondu and Lopez incorporated the constant 
parameter k into (9) to counteract the non-cylindrical form of 
the PAM’s ends during actuation: 
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while to further increase the modeling accuracy in low 
pressures due to the elasticity of the tube and the increased 
compressibility of the pressurized air, the parameter k was 
defined as a linear function of pressure. 

Finally, an expanded force expression was derived by 
formulating a friction model that resists the actuators motion, 
as a function of pressure and the surface area of the braids, 
resulting in the following model: 
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where f defines the dynamic dry friction coefficient and x� is 

the motion velocity. 

B. Proposed Static Force Model 

In order to acquire an accurate force modeling 
expression, while keeping the complexity at a minimum, the 
forces generated by the friction phenomena and the 
viscoelastic resistance of the elastomers that form the 
actuating section, which resist its movement while under 
contraction, can be incorporated as an empirical constant q ϵ 
[0,1] into (10) as shown below: 
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The role of the introduced q parameter is to decrease the 
resulting curve enough to compensate for the resisting 
forces, which are not taken into account in the fundamental 
static force model of (9). 

III. INCORPORATION OF THERMAL EXPANSION 

Considering the geometrical approximation of the PAM’s 
actuating section as a zero-thickness cylindrical vessel while 
subjected to internal pressure, the generated strains along the 
longitudinal l and circumferential h directions are related to 
the alterations in length x=L0-L and diameter y=D0-D as 
follows: 
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The alterations in the PAM’s dimensions due to thermal 
expansion are affected by linear coefficients respective to the 
changes in the l and h dimensions [16]. Assuming a 
proportional relationship of the thermal-affected material 
strain in l and h dimensions and the change in temperature, 
the strain alterations can be approximated as: 
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where al and ah are the linear coefficients of thermal 
expansion and ∆T is the change in the PAM’s surface 
temperature. Thus, the formulas of the updated strains 
become: 
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with the subscript symbol (th) denoting the inclusion of the 
thermal expansion effect. Assuming that the idle parameters 
D0 and L0 remain constant during thermal expansion, the 
utilization of (13) for the updated strains and its 
incorporation into (15) yields the alterations in the length Lth 
and diameter Dth due to thermal expansion as: 

 0 ,
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L L L a T= − ∆  (16a) 

 0 ,
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The new instantaneous PAM length and diameter cause 
an alteration to geometrical expressions describing the turns 
of the PAM’s fibers and the length of each fiber. 
Incorporation of (16) into (5) and (7) derives their updated 
analytical expressions: 
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The altered geometrical properties that contain the 
thermal expansion effect can be inserted into the static force 
models presented in the previous Section. The extended 
force expression (11), which will be utilized in the next 
section for comparison reasons, is updated via the 
incorporation of (15a) and (18) into (11) forming the 
following equation: 
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while substitution of (15a) and (18) in (12) yields the 
thermally affected version of the proposed model: 
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geometrical expressions. At the PAM’s idle condition, where 
∆Τ = 0 oC, the updated models (19) and (20) are restored to 
their initial mathematical descriptions, presented in (11) and 
(12), respectively. 

IV. EXPERIMENTAL STUDY 

A.  Setup Components 

For the purposes of validating the modeling approach 
described in the previous Section against experimental force-
displacement data, a rotational antagonistic test-bed 
configuration was constructed as the main part of the setup 
depicted in Fig. 2. This setup consists of two PAMs on the 
vertical position with their upper end cap fixed on duralumin 
plates; and their lower end cap attached to each other via 
steel wire that is wrapped around a pulley. The PAM on the 
right side of Fig. 2 is the PAM under study and the one on 
the left side will play the role of a variable load. The setup 
also utilizes two proportional pressure regulators with 
integrated pressure sensors, a laser distance sensor, a load 
cell, an infrared thermal imaging camera and a data 
acquisition card. 

The wide utilization in automation industry, the 
commercial availability, and the highly nonlinear phenomena 
during operation made the Fluidic Muscle type the most 
suitable choice for validating the proposed model. 
Specifically, the PAMs utilized for the experimental studies 
are two Festo DMSP-40-305N-AM-CM Fluidic Muscles 
with 40 mm internal diameter, 305 mm nominal length. 840 
g mass, and operating pressure range between 0 and 6 bar. In 
contrast to the custom-made PAMs utilized in the most 
PAM-related modeling articles [9]-[13] that incorporate a 
separate elastic tube, placed inside a braided mesh, the 
Fluidic Muscle consists of a double-helix aramid netting at 
predetermined angle, which is coated with a neoprene 
threaded coating.  

In addition, two Festo VPPM-8L-L-1-G14-0L10H-V1N-
S1 proportional pressure regulators were used to regulate the 
supply and pressure of the compressed air supplied into the 
PAMs. A Festo SOEL-RTD-Q50-PP-S-7L laser distance 
sensor was utilized to measure the under study PAM’s 
displacement in the vertical axis. Thermal images of the 
setup were captured throughout the experiments by an Irisys 
IR16DS thermal imaging camera. The control of the setup’s 
operation, as well as the data acquisition, was achieved by 
utilizing a National Instruments USB-6215 data acquisition 
card, while the setup’s programming was carried out in 
National Instruments Lab-VIEW and Mathworks MATLAB.  

B.  Forced Stretching Experiments under Constant Pressure 

It has been documented that continuous operation of the 
test-PAM under variable loading shows a non-uniform 
increase in surface temperature and this uneven thermal  
 

 

Figure 2. Main components of the experimental setup. 

distribution becomes more intense as the operation time 
increases. Detailed insights on this phenomenon have been 
given in [4]. The goal of the experimental sequence 
described in this subsection, is the construction of the force-
displacement relationship for a specific test pressure and 
under different PAM surface temperatures.  

For the purposes of this article, the test PAM, initially at 
relaxed state, with its surface temperature equal to the 
environment temperature, remains contracted under the 
constant test pressure of 2 bar and is subjected to sequential 
forced stretches by the antagonistic PAM, which contracts 
under pulse pressure inputs that steadily increase in 
amplitude, playing the role of a static load. The experiment 
continues until the test PAM is forced to reach its nominal 
length and is repeated after specific time intervals. During 
these intervals the test PAM is subjected to sequential 
contractions-extensions under sinusoidal pressure input of 0 
to 5 bar outlier range, 4 sec period and 50 % duty cycle, 
while the antagonistic PAM remains contracted at 3 bar and 
acts as a variable load, causing the test PAM’s surface 
temperature to rise. After a specific operation time, the 
forced stretching experiment is repeated and the whole 
experimental process starts again in the same way and for 
several repetitions.  

Thermal images of the test PAM were captured 
throughout the experimental sequence and by assuming that 
the PAM’s surface temperature is uniformly distributed 
along circular cross-sections of the tube, the temperature 
data extraction and analysis was focused on a vertical line of 
thermal pixels that aligns with PAM’s longitudinal axis from 
the camera’s optical viewpoint, as shown in Fig. 3.  

Fig. 4 shows the force-displacement relationship, which 
is extracted from the data of the forced stretching 
experiment, for the test pressure of 2 bar. The repetition of 
the forced stretching procedure after short intervals of 
operation shows a measurable increase in the resulting curve  
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Figure 3. Thermal image of the setup displaying the test PAM (right) and 

antagonistic PAM (left). The dashed black rectangular depicts the thermal 

data extraction area for the test PAM. 
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Figure 4. Force-Displacement shift with respect to the relative mean surface 

temperature of the test PAM. 

with respect to the relative mean surface temperature ∆Tm, 
which is defined as: 

 ,0m m mT T T∆ = −  (21) 

where Tm is the instantaneous mean surface temperature of 
the test PAM and Tm,0 the mean surface temperature during 
the idle state prior to the initialization of the experimental 
sequence.  

The maximum force and displacement shift is measured 
at 150.43 N and 3.21 mm respectively, which occur at 
approximately ∆Τm = 10.43 oC, where the test PAM appears 
to have reached a point of thermal saturation. These 
experimental results prove the need of formulating a static 
force model capable of estimating the PAM force-
displacement alterations, with respect to its surface 
temperature, and are utilized in the next section for the 
validation of the proposed model as well as its comparison to 
the existing fundamental static force models. 

V. COMPARATIVE STUDY AND MODEL VALIDATION 

In this section, a comparative study between the static 
force models FTL,1, FTL,2, FTL,th and FA,th as defined in (9), 
(10), (19) and (20) respectively, is presented, so as to 
evaluate the simulated curves and their accuracy in 
estimating the force-displacement values of the experimental 
data. Since FTL,3 and FA are sub-cases of FTL,th and FA,th, 
respectively, they are omitted from the comparative study. 
The analysis is first concentrated on the estimation of the 
PAM’s experimental data during the idle thermal state  
(∆Τm = 0 oC), given the fact that the fundamental models lack 
the theoretical ability to account for the thermal expansion 
effect. Then, the analysis is expanded on the force-
displacement data during the thermal shift, giving more 
emphasis in the evaluation of the accuracy of the proposed 
model FA,th and the updated Tondu-Lopez model FTL,th. 

The presented static force models FTL,1, FTL,2, FTL,th and 
FA,th were simulated in MATLAB for comparison against the 
experimental data, denoted as Fexp. The empirical parameters 
and theoretical constants incorporated in the simulated 
models were fine-tuned and evaluated in order to acquire the 
best possible performance from every curve and thus, 
achieve a valid comparison between these models’ accuracy.  

Specifically, the parameter k introduced in FTL.2, which 
ultimately controls the slope of the resulting curve, was fine-
tuned to the value of k = 1.7 for the test pressure of  
P = 2 bar. In FTL,th, the incorporation of the friction model, 
with the dynamic dry friction coefficient evaluated at  
f = 0.075, leads to the alteration of the parameter k, which 
was reduced at k = 1.3, in order to correct and achieve the 
appropriate slope. In the case of the proposed model FA,th, 
the parameter k was set at k = 1.67 to adjust the slope of the 
resulting curve in correspondence with the effect of the 
empirical constant q, which leads the force-displacement 
curve to lower values, and was adjusted to q = 0.79.  

For both FTL,th and FA,th, the PAM’s relative mean surface 
temperature ∆Τm  is utilized as the incorporated temperature 
difference ∆T and the coefficients al and ah are estimated via 
the Fluidic Muscle’s material properties. The complex 
aramid-neoprene threaded formation of its actuating section 
increases the difficulty of specifying the thermal coefficients, 
since a large number of reports provides different values 
depending on experimental conditions like initial surface 
temperature, loading, material dimensions and the exact 
chemical type of the tested compound. The fibrous aramid 
utilized in the braids has been documented to experience a 
negative coefficient of thermal expansion ranging from -
6×10-6 to -2.4×10-6 /oC [17], while the neoprene forming the 
elastic coating has been reported of featuring a larger 
coefficient ranging between 4×10-4 and 1×10-3 /oC [1], [18], 
[19]. For the validation of the thermal effect modeling 
consideration, with respect to the largest coefficient of the 
neoprene coating, the thermal coefficients were properly set 
to al = 1×10-3 /oC and ah = -1×10-3 /oC. 

Given the fact that the thermal shift is not taken into 
account by the fundamental static force models FTL,1 and 
FTL,2, the initial analysis is concentrated on the data 
describing the PAM’s properties during the idle thermal state  
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Figure 5. Force-Displacement curves with the test-PAM in the idle thermal 

state (∆Tm=0). 

∆Tm = 0 oC. The results of the comparative study for the test-
PAM in its initial thermal state are shown in Fig. 5. In 
addition to the aforementioned force model curves, the 
force-displacement data provided by Festo Co. via the 
MuscleSim software for the utilized Fluidic Muscle, denoted 
as FFesto, are also being presented in the same figure. 

Fig. 5 depicts the expected high divergence of the 
fundamental static model FTL,1 from the physical PAM 
model, as well as the gradual improvement in accuracy, 
which the additional modeling considerations resulted in the 
cases of FTL,2 and FTL,th. Specifically, the addition of the 
parameter k in FTL,2 decreased the distance to the 
experimental curve, while the integration of the friction 
model in FTL,th led to increased convergence, while being 
characterized by an under-estimation of force in small values 
of displacement. The proposed model FA,th further improves 
the accuracy, managing to successfully estimate the 
experimental force-displacement values, while experiencing 
a small-in-amplitude over-estimation of force, close to the 
maximum values of displacement for the specific test 
pressure. It has to be noted that the force-displacement curve 
FFesto provided by the manufacturer of the utilized Fluidic 
Muscle is characterized by estimation divergence throughout 
the displacement range and fails to accurately approximate 
the physical behavior of the PAM. 

In order to validate the thermal expansion modeling 
concept, the updated Tondu-Lopez model FTL,th and 
proposed model FA,th are simulated for the PAM’s relative 
mean surface temperatures ∆Τm = 0, 3.94, 9.05 and 12.65 oC 
extracted from the force-displacement shift experiments 
presented in Fig. 4. The results regarding FTL,th are presented 
in Fig. 6, while Fig. 7 depicts the performance of the 
proposed model FA,th in comparison to the experimentally 
acquired data. Since FFesto, FTL,1 and FTL,2 remain unaltered 
with respect to temperature, their respective curves are 
omitted from these figures for presentation purposes. 

The results presented in both Figs. 6 and 7 are 
characterized by model convergence to the force 
displacement curve alterations with respect to the PAM’s  
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Figure 6. FTL,th performance with respect to relative mean surface 

temperature of the test PAM. 
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Figure 7. FA,th performance with respect to relative mean surface 

temperature of the test PAM. 

surface temperature, proving that the thermal expansion 
effect can be utilized to model the shifting phenomenon, 
while the proposed model FA,th appears to have greater 
accuracy in estimating the PAM’s force values than the 
respective performance of FTL,th. 

To quantify and expand the results presented in this 
section, the RMS error values of the simulated models from 
the experimental data, as well as the respective normalized 
values to the maximum RMS are being presented in Table I 
with respect to the PAM’s surface temperature ∆Tm. The 
small error values of FTL,th and FA,th despite the alterations in 
surface temperature proves the validity of the thermal 
expansion concept as the cause of the force-displacement 
curve shift. In addition, the proposed model FA,th is 
characterized by the smallest RMS errors ranging between 
10.3 to 13.7 N with the NRMS computed at 1.4 to 1.9 %, 
which are smaller than half of the respective FTL,th results, 
providing an up to 98.1 % improvement when compared to 
the fundamental static force model FTL,1. 
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TABLE I.  ACCURACY RESULTS 

∆Τm (oC)  
Static Force Models 

FFesto FTL,1 FTL,2 FTL,th FA,th 

0 

RMS  

(N) 

92.4 709.5 263.9 29.0 13.7 

3.94 102.2 679.7 234.6 31.6 10.3 

9.05 122.7 650.7 210.0 27.2 13.2 

12.65 137.5 625.4 180.0 48.0 13.6 

0 

NRMS 

(%) 

13.0 100.0 37.2 4.1 1.9 

3.94 14.4 95.8 33.1 4.5 1.4 

9.05 17.3 91.7 29.6 3.8 1.8 

12.65 19.4 88.1 25.4 6.7 1.9 

 

The overall performance of the proposed model, 
regarding its difference from the experimental data and the 
under-estimation of force at high values of displacement, 
could be improved by taking into account the non-zero 
thickness of the PAM’s actuating section and the effect of 
the metallic end bearings during contraction. Also, existing 
errors connected to the incorporation of the thermal 
expansion effect could be based on the utilization of the 
mean surface temperature, whereas the PAM’s temperature 
increases non-uniformly, as well as the increased difficulty in 
accurately specifying the thermal coefficients of the elastic 
section. 

VI. CONCLUSION 

This paper presented a novel consideration in the 

modeling problem of the PAM’s static force relationship. 

Based on fundamental PAM modeling approaches, a 

modified static model was proposed in an attempt to 

decrease the mathematical complexity while maintaining the 

modeling accuracy. The force-displacement shifting 

phenomenon was modeled as a result of the thermal 

expansion effect and was incorporated in the geometrical 

properties that form the proposed modeling strategy.  

Validation of the aforementioned model against 

experimentally acquired data and its comparison to the 

fundamental modeling approaches showed increased 

accuracy and successful estimation of the force-displacement 

curve alteration via the consideration of the thermal 

expansion effect. Given the presented results, the proposed 

modification led to a force model which provided high 

performance against this complex thermal phenomenon 

while keeping the mathematical complexity to a minimum. 
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