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Abstract. For modelling and simulation of pneumatic muscle actuators the mathematical dependence of the muscle 
force on the muscle contraction at different pressures in the muscles is necessary to know. For this purpose the static 
characteristics of the pneumatic artificial muscle type FESTO MAS-20-250N used in the experiments were 
approximated. In the paper there are shown some simulation results of the pneumatic muscle actuator dynamics using 
modified Hill's muscle model, in which four different approximations of static characteristics of artificial muscle were 
used.   

1 Introduction  
Pneumatic muscle actuators for robotics and biomedical 
engineering applications [1,2] are usually designed as 
a kinematic structure, which corresponds to a one degree-
of-freedom (DOF) system with one rotary axis [3]. These 
actuators are characterized by several appealing 
properties such as advantageous power/weight ratio, 
natural compliance, cleanness and structural simplicity. 
They consist of a pair of pneumatic artificial muscles 
(PAMs) arranged in antagonistic configuration (acting 
against themselves) in order to generate a retraction force 
or rotary movement (Figure 1) [4]. 
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Figure 1. Model of antagonistic pneumatic muscle actuator 
using modified Hill's model 

PAMs are made of rubber elastic tube with 
nonextensible braiding made of various materials (e.g. 
nylon), which defines an expansion in the context of 
increasing pressure. Depending on the actual construction 
of PAMs as well as operating condition, the highly 
nonlinear and also hysteretic properties may be more or 
less pronounced. Therefore it is necessary to use 
modeling for the better understanding the design 
parameters of PAMs in order to find dynamic muscle 
characteristics. These models are also important for 
simulation of the movement dynamics of the pneumatic 
muscle actuators and also for their control. 

2 Modified Hill's muscle model 
The modeling of PAMs as a main part of pneumatic 
muscle actuators was the subject of study from the very 
beginning of renewed interest about PAMs [5-9]. One of 
the simplest models of PAM is the simple geometric [10] 
and the advanced geometric [11] muscle model which 
dominate muscle modeling for simplicity and low 
demands on computing power. They depend on the 
geometrical properties of the muscle and physical 
processes running inside the muscle. The modified Hill's 
muscle model uses an engineering approach to muscle 
modeling, it is one of the oldest models and belongs to 
phenomenological models, that consists of a variable 
damper and a variable spring connected in parallel 
(Figure 1) [4]. Dynamic simulation model of antagonistic 
pneumatic muscle actuator using modified Hill's 
model was realized in Matlab/Simulink environment 
(Figure 2). 

 
Figure 2. Simulation model of antagonistic pneumatic muscle 
actuator using modified Hill's model 
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The dynamics of the PAM system consists of the 
series-parallel combination of standard mechanical 
components [12]. It can be described by the following 
nonlinear differential equation based on the Newton's 
second law: 

� � � �� �PFPFF

m

y
dsE

,,1 �� ��� ��� , (1) 

where m is the moving mass, y is the muscle 
displacement [m], � �PF

s
,�  is the nonlinear term 

representing a variable spring force, � �PF
d

,��  is the 
nonlinear term representing a damper force, FE is the 
external force [N], P is the absolute muscle pressure [Pa] 
and κ is the muscle contraction (defined as 

0
0 l

y	� �� , where κ0 is the initial contraction [-] and l0

is the initial muscle length [m]. 
The member FE (external force) represents all forces 

to which a muscle is subjected. It can be for example the 
gravitational force of a load or the frictional force. In case 
of use muscles antagonistic connection, it is the force of 
the other muscle. 

The force of variable spring � �PF
s

,�  represents an 
active member in the modified Hill's muscle model and it 
is described in section 3.

The force of damper � �PF
d

,��  represents a passive 
member in the modified Hill's muscle model and it is 
a nonlinear (due to the multiplication) function of the 
velocity of muscle movement and the muscle pressure 
[12]:

� � �� �� 

� PRPF
d

, , (2) 

where R is the damping coefficient [m2
s], P is the 
absolute muscle pressure [Pa] and ��  is the muscle 
velocity [s-1].

Modified Hill's muscle model does not include 
internal structure and function of the muscle. PAM in this 
model generates two types of forces, active Fs and 
passive Fd, which together form a resultant force of the 
muscle (Figure 3). The contractile member in Hill's 
muscle model is an active source of power which is 
controlled by the muscle pressure. Then the force of 
contractile element is a nonlinear function (f(u) in 
Figure 3) of two variables, contraction and pressure in the 
muscle [13]. 

Figure 3. Subsystem N_PAM_F of the muscle force 
nonlinearity

3 Approximations of the PAM static 
characteristics 
The muscle force dependence on the muscle contraction 
and pressure in the muscle (Figure 4) [14] was 
approximated using available software tools as Matlab 
Curve Fitting Toolbox and four obtained functions are 
expressed and used for modeling of pneumatic muscle 
actuator using modified Hill's muscle model.  
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Figure 4. Static characteristics of PAM type FESTO MAS 20-
200N 12

For practical use, the range of the muscle contraction 
is limited from 0% to 25%. At lower muscle contractions, 
the value of muscle force is already very high and it 
cause excessive stress materials of the muscle. At higher 
muscle contractions, there is decrease in the generated 
force very large. Figure 4 shows that PAM type FESTO 
MAS 20-20xXX can at the pressure of 600 kPa to exert 
the muscle force up to 2 000 N.

On the basis of physical laws and the geometric 
parameters of PAM, relation of the static characteristics 
was derived [7]: 

� � � � � �� �� �bpaprpF
s

�
�




� 22
0 1, ����
�  (3) 

with member μ(κ) to obtain better approximation for 
small values of the pressure:

� � �
�

�
��
 bea
c �
� 
� (4) 

and the member ε(p) to obtain better approximation for 
higher values of the pressure: 

� � ,��� beap
p �
� � (5) 

where p is the pressure in the muscle [Pa], κ is the muscle 
contraction [-], coefficients aε, bε, aκ, bκ, cκ were 
determined using Matlab Curve Fitting Toolbox and 
values a, b have the form [7]:

0
2tan
3
�

�a , (6) 

0
2sin
1
�

�b , (7) 
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where α0 is the initial angle between the muscle axis and 
its fibers.

The muscle force as a function � �PF
s

,�  of the muscle 
contraction for different pressures in the muscles can be 
deducted also from the maximum muscle force Fmax [6]:  

� � � � � � ��
�

�
��
�

� �

���

2

10
maxmax,

a

aa

ppFpF
s

�
�� , (8) 

where pmax is the maximum and p is the actual pressure in 
the muscle [Pa], κ is the muscle contraction [-] and 
coeficients ai, i = 0,1,2, were found using Matlab Curve 
Fitting Toolbox [15].

A fourth-order polynomial function for the response 
at the maximum pressure pmax = 600 kPa was derived for 
the maximum muscle force Fmax and apply [6]:

� � 4
4

3
3

2
210max ����� bbbbbF 				� , (9) 

where coeficients bi, i = 1,2,3,4, were also found using 
Matlab Curve Fitting Toolbox [15].  

The muscle force can be also approximated with 
a good precision using an exponential function with six 
different unknown parameters [16]: 

� � � �
, 

,

654

21
3

apapa

eapapF
a

s

	
	

	
	
	
� 


�
� �

 (10) 

where κ is the muscle contraction [-], p is the pressure in 
the muscle [Pa] and ai, i = 1,..,6 are unknown coefficients 
which values were also found using Matlab Curve Fitting 
Toolbox [15].

The fourth method applied for approximation was 
a polynomial approximation. In order to approximate 
these static characteristics with good accuracy, a fifth-
order polynomial function of two variables was used. 
This polynomial function contains twenty-one 
coefficients and its form is as follows [17]:
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where κ is the muscle contraction [-], p is the pressure in 
the muscle [Pa] and the values of other coefficients in 
(11) were determined also using Matlab Curve Fitting 
Toolbox [15].

4 Simulation results 
The designed simulation model of pneumatic muscle 
actuator based on modified Hill's muscle model was 
simulated in Matlab/Simulink environment [18] for four 
different approximations of static force � �PF

s
,� . The 

simulation results of the actuator arm position for 

different approximations of static characteristics are 
shown in Figure 5 and Figure 6. Responses obtained for 
approximation using an analytical modeling were created 
using (3), responses obtained for approximation deducted 
from the maximum force were created using (8) and (9), 
responses obtained for approximation using an 
exponential function were created using (10) and 
responses obtained for approximation using a polynomial 
function were created using (11).
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Figure 5. Dynamic responses of the actuator arm position for 
different approximations (maximum angle of actuator arm)
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Figure 6. Dynamic responses of the actuator arm position for 
different approximations (different time periods of 
filling/discharging air pressure into/from the muscle)

It can be stated, that dynamic responses of the 
actuator arm position obtained by simulation of 
pneumatic muscle actuator for approximation deducted 
from the maximum force and using an exponential 
function are the similar. On the other hand there are some 
differences in the simulated responses for used analytical 
approximation and approximation using polynomial 
function especially in simulation for different time 
periods of filling/discharging air pressure into/from the
muscle (Figure 6).
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5 Conclusion 
The muscle force dependence on the muscle contraction 
and pressure in the muscles was approximated for PAM 
produced by FESTO Company. Four different 
approximation functions were tested for possible 
approximation of the given static characteristics of 
muscle type MAS-20-200N (Figure 4). Analyses were 
carried out in Matlab Curve Fitting Toolbox. It can be 
stated from the obtained simulation results of the 
pneumatic muscle actuator dynamics using modified 
Hill's muscle model that the process of approximation of 
PAM static characteristics has been chosen correctly. The 
best results were achieved for approximations deducted 
from the maximum force and using an exponential 
function and that’s why these two approximations are 
recommended for using in modeling of pneumatic 
actuators based on artificial muscles. Presented responses 
are highly non-linear which results high demands on the 
control algorithms of such actuators.
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