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Abstract 

This paper deals with the dynamics and control of a two 
degree of freedom robot arm actuated by pneumatic ar-
tificial muscles (PAMs). The high power-weight ratio of 
PAMs justifies their use as actuators in robotics. To 
achieve trajectory tracking performance, controllers are 
constructed based on a dynamic model of the robot arm. 
Due to the high non-linear dynamics of the robotic sys-
tem, fuzzy control is used for trajectory tracking tasks. 
The results in simulation are shown to achieve suffi-
ciently good tracking performance.  

Keywords: Dynamics, Control, PAM, Pneumatic,  

Robot 

1 Introduction 

Modern day robotics shows a shift in trend from stiff 
industrial robots to robots designed to work in a domes-
tic environment. The main research areas of focus in 
robotics today are [1]; autonomous behavior which re-
fers to the robots performing single or multiple tasks 
without human supervision, human functionality which 
refers to the robot adopting human features, and com-
pliant actuation, in which the robot has less rigid struc-
tures, low moving masses and light actuators enabling 
the robot to work in a domestic environment hence pro-
viding useful services to humans. This paper deals with 
the dynamics and control a robotic system having com-
pliant actuators. There are several kind of pneumatic 
actuators [2]- cylinders, pneumatic engines, etc. But a 
less common type of actuator is the Pneumatic artifical 
muscle (PAM). Pneumatic artificial muscles (PAMs) are 
chosen as the actuators in the robot, as they are best 
suited for application in a domestic environment [3]. 

 The advantages that a pneumatic actuator has over 
actuators like the commonly used DC motor is it’s high-
power-weight ratio [4] and compliance, where delicate 
operations like handling fragile objects (as in the case of 
manipulator arms) can be done with ease. 

 The pneumatic artificial muscle shown in Fig. 1 is 
very similar to the biological muscle. A PAM consists of 
a rubber tube surrounded by a braided nylon sheath with 
helical winding. When the rubber tube expands due to 
the increasing pressure, the diameter of the tube changes 
in the radial direction and length of the muscle changes 
in the axial direction. Thus a tensile force is exerted on 
the environment in the axial direction. This force is used 
for actuation in robotics. 

 The shape of the pneumatic muscle changes conti-
nuously as long as compressed air is supplied. Hence, 
there is a need to study the dynamic behavior of the en-
tire system and accordingly develop an appropriate con-
trol strategy for trajectory tracking purposes.  

 The aim of this paper is to propose a mathematical 
model of the robot arm explaining the dynamics of the 
system and to develop a control strategy to implement 
end-effector tracking performance of a two DOF robot 
arm. However, the high non-linear and time varying 
characteristics of the muscle make it difficult to achieve 
good tracking performance. Many control studies have 
been performed on artificial muscle actuators. Chang 
and Wu [5] demonstrated trajectory tracking of a 2 DOF 
robot arm actuated by pneumatic muscle actuators using 
Adaptive fuzzy sliding mode control. Manuel and Carlos 
[6] developed a fuzzy controller for a one DOF flexible 
robot arm using pneumatic actuators. Several other stu-
dies have been made in the control of pneumatic actua-
tion systems [7-11]. In general, Fuzzy control is used to 
control pneumatic actuators.  

 It is necessary to stress on the importance of fuzzy 
control. When considering the commonly used control 
techniques like PID control, etc, these do not show a 
high degree of accuracy in the control of pneumatic ac-
tuators. The pneumatic actuator (PAM) continuously 
changes shape during it’s actuation. Hence, an accurate 
dynamic model may not be developed given such highly 
non-linear characteristics of the muscle. Fuzzy control 
has shown accuracy in dealing with poorly defined dy-
namic processes and it involves the incorporation of 
human knowledge directly into the system. 

 In this paper, fuzzy control is used to control the 
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end-effector of the robot arm in trajectory tracking tasks. 
In the next section, the robotic system is described. 

2  The Robotic System 

In Figure 1, a schematic diagram of the robotic system 
under consideration for this paper is shown. 

  

 

 

Fig. 1:  (a) Schematic diagram of the robotic system, (b) 
Pneumatically actuated artificial muscle 

The robot arm consists of two revolute joints, both of 
which are driven by two pneumatic muscles in an agon-
ist-antagonist set-up. Link 1 rotates about the first joint I, 
driven by muscles C and D. Link 2 is mounted at the end 
of link 1, where the second joint II is located. Link 2 is 
driven by muscles A and B.  The spring K is used to 
stabilize the first link of the robot arm. 

The muscles generate a pull force. The set-up 
of the muscles considered in the work, with two muscles 
working on either side of the hinge, is called an agonist 
and antagonist setting, much like the human’s biceps 
and triceps. The resulting torque exerting on the joint 
determines the system dynamics. The resulting torque is 
constituted by the forces of both muscles and the force 
of gravity working on the arm. The pull force of a mus-
cle is controlled by controlling the pressure in the mus-
cle. The device that enables the control of pressure by 
allowing the flow of air into and out of the muscle is 
called a valve. The valve is actuated by a valve signal v . 
In this paper, the valves are considered to be binary, i.e. 
when 1v = the valve is fully open, and when 0v = the 
valve is fully closed. 
 

Each muscle is driven by two valves, only con-
trolling the flow of air into the muscle and the other con-
trolling the flow of air out of the muscle. Similar to bio-
logical muscles, pneumatic muscles act close to the rota-
tion point. Although this makes it difficult to generate 
large momentum, small elongations of the muscle are 
sufficient to generate large rotations of the joints. The 
model of the robot arm is as given in Fig. 2. 

 
Fig. 2: The model of the robot arm 

When the binary valve signal v  is given as input to the 
pneumatic system, it calculates the flow rate through the 
muscles q . The muscle system then calculates the pres-
sure in the muscles p , and hence the force exerted by 
the muscle F . Using the force, the dynamics of the robot 
arm can be used to find the angle by which the robot 
arm rotatesθ , and also the actual length of the robot 
arm h . This is also used as input to the muscle system to 
calculate the pressure and hence the flow rate. Hence, 
this is a recursive process. 

3  Dynamics of the Robot Arm 

The dynamic model is derived from the multi-body 
approach. Fig. 3 shows the forces exerted by the mus-
cles on the system.  

Here COO is a fixed reference frame. CO1 and C12 are 
the points where links 1 and 2 respectively are hinged. 
CM1 and CM2 are the center of mass of link 1 and link 
2. The forces acting on the system are calculated from 
pressure acting on the artificial muscle. The rate of 
change of pressure in the muscle is given by following 
differential equation 

( ( ) )S abs in out
dVR T q q p
dtp

V

− −
=&            (1)  

     Where p is the pressure in the muscle,V is the vo-
lume of the muscle, ,in outq q are the flow rates of air in 
and out of the muscle respectively, SR is the specific gas 
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constant and absT is the absolute temperature in the mus-
cle. In this work, absT is assumed to be constant at 
293K.The flow of air through the system can be mod-
eled as flow through a throttle valve. This flow of air 
depends on the pressure difference between the two 
sides of the valve. With initial length of the artificial 
muscle as 0h , one may obtain the change in length 
( 0h h− ) of the artificial muscle using Eq (1). 

 
Fig. 3: Forces acting on the system due to the  

              artificial muscles        

       It is important to note that the actual length of the 
muscles h  can be calculated by position vectors of the 
end points of the muscle at all times. Hence, the force 
acting by the ith artificial muscle can be given by 

( )0i i iF k h h ch= − + &                                         (2) 
 Where k is the stiffness and c is the damping con-
stant of the artificial muscle which can be determined 
experimentally. 

 Using forces acting at different points due to the 
artificial muscles as shown in Fig. 3 one may calculate 
the torque acting at the joints. The forces exerted by the 
muscles are shown in Fig. 3 at points 1-6. Now the dy-
namic equation of motion of the robot arm can be given 
by the Lagrange-Euler formulation as [2]: 

, , ,( )q q q i
d T T P Q
dt

− + =&                               (3) 

 Where, T is Kinetic energy of the system, P is the 
potential energy of the system and Q is the generalized 
muscle force acting on the system. 

The generalized force is calculated as:  

1
. ; 1, 2

n
i

k i
i k

r
Q F k

θ=

⎛ ⎞∂
= =⎜ ⎟∂⎝ ⎠
∑

rr
             (4) 

 Where ir
r is the position vector from the center of 

mass of the links to the points where the forces act, 
and iF

r
is the force exerted by the muscles. An example 

of a position vector is shown in Fig. 4. The vector from 
CM1 to point 3 is given by 3r

r . Similarly, all the other 
position vectors can be calculated. Since the system has 
two degrees of freedom, Eq. (3) can be written as: 

[ ], , , 2 12 1 2 1
2 1

( )q q q i
d T T P Q
dt ×× ×

×

⎡ ⎤ ⎡ ⎤ ⎡ ⎤− + =⎣ ⎦ ⎣ ⎦⎢ ⎥⎣ ⎦
&            (5) 

 The detailed derivation can be found in the work 
of Reddy [12]. 

 
Fig. 4: An example of a position vector from the fixed 
frame to the center of mass of the link and to the points 

where the muscle forces act. 

4  Control System Design 

Fuzzy control is used for end-effector tracking perfor-
mance as described in section 1. To control the position 
of the end-effector of the robot arm, it is necessary to 
control the joint angles, i.e. the rotation of the links of 
the robot arm. To control the rotation of the links, the 
pressure in the muscles has to be controlled. There are 
two ways to do that; by controlling the area of the valve 
allowing flow of compressed air into and out of the 
muscle, or by assuming pressure proportional valves [3] 
and directly calculating the pressure in the muscles. 
Thus, the parameters to be controlled are the valve sig-
nals or the pressure in the muscles. Both control strate-
gies are investigated in this paper. The inputs to the con-
troller are the error between the desired and actual tra-
jectory and the derivative of error. The outputs are the 
parameters to be controlled. The control system is as 
shown in Fig. 5. 
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Fig. 5: Control System design 

 The control input to the system u can be either the 
valve signal or the pressure in the muscles. Since the 
valves are assumed to be binary, the valve signals shall 
be referred to as binary valve signals. Considering bi-
nary valve signal, the control input u is given by: 

 , , , ,in A out A in D out Du v v v v⎡ ⎤= ⎣ ⎦    (6) 

 Where, , , , ,, , ,in A out A in D out Dv v v v are the binary valve 
signals allowing flow of compressed air into and out of 
the muscle. Fig. 2 explains how the input u ( in this case, 
the binary valve signals) allows us to calculate the joint 
angles. In this case, no flow of compressed air is al-
lowed into muscles B, C. Hence, the pressure in muscles 
B, C remains constant.  

 For the input error and derivative of error, the 
fuzzy membership functions are given in Fig. 6 and Fig. 
7 respectively. The corresponding inference rules are 
presented in Table 1.  

 

Fig. 6: Fuzzy membership function for input variable e 
(error) 

 

Figure 7: Fuzzy membership function for input variable 
e_dot (derivative of error) 

Table 1: Fuzzy inference rules for muscles A, D 

e_dot NB NS Z PS PB 
e 
NB 0,1,1,0 0,1,1,0 0,0,0,0 1,0,0,1 1,0,0,1
NS 0,1,0,0 1,0,0,0 1,0,0,1 1,0,0,1 1,0,0,1
Z 1,0,0,0 1,0,0,0 0,0,0,0 1,0,0,1 1,0,0,1
PS 1,0,0,1 1,0,0,1 1,0,0,1 1,0,0,1 1,0,0,1
PB 1,0,0,1 1,0,0,1 1,0,0,1 1,0,0,1 1,0,0,1
 

 It is important to note that the fuzzy membership 
functions chosen are triangular membership functions. 
These are the most commonly used membership func-
tions owing to their simplicity in representation. How-
ever, if the membership plots are observed carefully, it 
can be noticed that the outer membership functions, NB 
and PB are sigmoid. The fuzzy inference rules given in 
Table 1 are devised by practice, where they are tried and 
revised constantly until they give high accuracy of the 
control system. Now considering pressure difference as 
input signal, the control input u is given by: 

 [ ]1 2u p p= � �     (7) 

Here 1 2,p p� � are the pressure differences between the 
muscles. It is important to note that only a pressure dif-
ference between the muscles causes the robot arm to 
rotate. Hence, the pressure in the muscles is calculated 
as: 

2 2

1 1

, ,
, .

A A B B

C C D D

p p p p p p
p p p p p p

= + = −
= − = +

� �

� �
   (8) 

 where , , ,A B C Dp p p p  are the pressures in the muscles, 
and 1 2,p p∆ ∆  are changes in pressure as an arbitrary 
function of time. Figure 2 explains how the control in-
put u ( in this case, the pressure in the muscles) allows 
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one to calculate the joint angles. In this case, considering 
Fig. 2, initial calculation of the flow rates and the pres-
sure in the muscle is not required as it directly given by 
Eq. (8). 

  

Fig. 8: Membership function for output variable 1p�  

 

Fig. 9: Membership function for output variable 2p�  

Table 2: Fuzzy inference rules for 1 2,p p� �  

e_dot NB NS Z PS PB 
e 
NB NB NB NB NS Z 
NS NB NS NS Z PS 
Z NS NS Z PS PS 
PS NS Z PS PS PB 
PB Z PS PB PB PB 

 Muscles A, B rotate the elbow joint while C, D 
rotate the shoulder joint. Thus the control system is a 
four input-one output control system, with 1 1 2 2, , ,e e e e& &  as 
input and θ  as the output. For the output va-
riables 1 2,p p� � , the fuzzy membership functions are 
given in Figs. 8, 9 and the inference rules are presented 

in Table 2. The membership functions for the input va-
riables, i.e. the error and derivative of error remain the 
same as in the case when the binary valve signals. 

5  Numerical Simulation and Dis-
cussion 

In this section, the end-effector of the pneumatically 
actuated two link manipulator shown in Fig. 1 has been 
used to trace a straight line. The physical parameters for 
the considered muscle are shown in Fig. 10 and Table 3. 
Figure 10(b) is a representation of what the braid would 
look like if it was spread out on a 2-D plane, and n de-
notes the number of windings of the braid.  
 

 

Fig. 10: Dimension of the Pneumatic muscle 

 
Table 3: Characteristics of the Pneumatic muscle 

 
Physical Characteristic  
Inner Diameter 1d  0.025 m  
Maximum Length of the 
muscle maxh  

0.235 m 

Pressure at which the mus-
cle is able to deliver force 

0.3 bar 

Maximum working pressure 
of the muscle 

3.5 bar 

 
From table 3, it is evident that if the length of 

the muscle goes beyond the maximum length, then it 
will be unable to exert any force on the robotic manipu-
lator as given by Eq. 2 and thus will be incapable of act-
uation. Also, when the pressure in the muscle is gradual-
ly increased, only at 0.3 bar will the muscle be able to 
deliver force. Beyond 3.5 bar, the properties of the mus-
cle may change, and it may not conform to the model 
given in this paper. So, the working pressure is kept be-
low 3.5 bar. 
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The diameter 2d of the muscle can be calculated 
from Figure 10 as: 

2 2

2
4L hd

nπ
−

=                 (9) 

Also, assuming the muscle is barrel shaped, the 
volume of the muscle is given by: 

2 2
1 1 2 2(3 4 8 )

60
hV d d d dπ

= + +             (10) 

Then the pressure in the muscle and the force 
exerted by the muscle can be calculated using Eqs. (1-2).
  

In this numerical simulation, the end-effector of 
the robot arm has to trace a straight line from point (0.52, 
0.352) to (0.32, 0.352) in one second.  The desired tra-
jectory for the x co-ordinate can be assumed as a cubic 
trajectory which is obtained as 

2 30.52 0.6 0.4
0.352

d

d

x t t
y

= − +

=
                                     (11) 

The desired trajectories of the joint angles are 
calculated by using inverse kinematics. Now, the joint 
angles are calculated as: 

2 2 2 2
1 1 2

2
1 2

1 1 2 2
1

1 2 2

cos ( )
2

sin( )
tan ( ) tan ( )

cos( )

d d
d

d
d

d

x y l l
l l

y l
x l l

θ

θ
θ

θ

−

− −

+ − −
=

= −
+

          (12) 

Here length of link 1 1l =0.52 m, length of link 
2 is 2l =0.352 m. Joint constraint on 1θ =-450 to 500, and 
same constraint for link 2 i.e., 2θ = 400 to 1400 . Now, 
the results in simulation of the control of a two DOF 
robot arm are presented. Even for a two DOF robot arm, 
there are two ways to approach the problem, i.e. by con-
sidering the pressure in the muscles as the controlled 
parameter or by considering the binary valve signals as 
the control parameter. 
 
CASE 1: With binary valve signals as the controlled 
parameters. 
 
 Fig. 11 shows the desired and the actual trajec-
tory traced by the joint1 of the robot arms using fuzzy 
control. Fig. 12 shows the error between the desired and 
actual joint angle trajectories which is found to be of the 
order of 10-4. Similarly Fig. 13 shows the desired and the 
actual trajectory traced by the second joint of the robot 
arms using fuzzy control. Fig. 14 shows the correspond-
ing error between the desired and actual joint angle tra-
jectories which is found to be of the order of 10-4. 
The end-effector tracking responses are as shown in Fig. 
11-14. The maximum tracking errors of the end-effector 
of the robot arm when the binary valve signal are the 
controlled parameter is 48 10−− × degrees for joint angle 1 
and 34.5 10−− × degrees for joint angle 2. 

 
Fig. 11: Desired and Actual Joint Trajectories of joint 
Angle 1. 

 
Fig. 12: Error Profile of joint Angle 1 
 
CASE 2: With pressure in the muscles as the controlled 
parameters. 

 
Similarly, the maximum tracking errors for the end-
effector of the robot arm when the pressure differ-
ence p� is the controlled parameter is 48 10−× degrees for 
joint angle 1 and 42.5 10−× degrees for joint angle 2. To 
trace the desired curve, it can be observed from Fig. 11, 
13, 15, 17, that link 1 has rotated by approximately 60 
and link 2 has rotated by approximately 270 in the time 
span of one second. For such a fast motion, the fuzzy 
controller shows accurate tracking responses with both 
binary valve signals and pressure difference in the mus-
cles as the controlled parameters. 

 It can be observed from Fig. 12, 14, 16, and 18 that 
the error in the joint angle trajectories increases with 
time. This shows the robot arm is not able to maintain its 
positional accuracy with time. This is because the fuzzy 
controller implemented has fixed fuzzy rules. Hence, it 
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cannot overcome the non-linearity of the pneumatic 
muscle over a period of time. The fuzzy rules should be 
modified to improve tracking performance. 

 
Fig. 13: Desired and Actual Joint Trajectories of joint 
Angle 2. 

 
Fig. 14: Error Profile of joint Angle 2 
 

 
Fig. 15: Desired and Actual Joint Trajectories of joint 
Angle 1 

 
Fig. 16: Error Profile of joint Angle 1 

 
Fig. 17: Desired and Actual Joint Trajectories of joint 
Angle 2. 

 
Fig. 18: Error Profile of joint Angle 2 
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6  Conclusion 

The motion control of a two DOF robot arm in trajectory 
tracking tasks was studied. A fuzzy controller was used 
to control the end-effector of the two DOF robot arm 
actuated by highly non-linear pneumatic muscle actua-
tors. To get a better system response, PID algorithm 
must be used in combination with fuzzy logic. Also, the 
fuzzy rules can be modified to reduce the tracking errors. 
It may also be suggested for future work, that other con-
trol techniques like neural networks and adaptive control 
or a combination of these can be used to control the end-
effector of the robot arm in trajectory tracking tasks. 
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