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The article is devoted to the description of the validation of the
dynamic model of an angular manipulator with three degrees of
freedom of movement based on the chosen course of excitation
of pneumatic artificial muscles from the manufacturer FESTO.
The dynamic model consists of the dynamics of the manipulator
arm and the dynamics of the pneumatic part of the experimental
system. The motion equations were derived based on
Lagrangian formalism and the dynamic of muscle contraction
can be described using Newton's second law. The overall model
of the system was implemented in the Matlab Simulink
environment. The outputs of the validations were compared
with the measured data from the real system. The observed
parameter was the angle of rotation of the joint. Two statistical
indicators were used to compare the simulation outputs (model)
with the system outputs (measurements), namely NRMSE
(Normal Root Mean Square Error) and MAE (Mean Absolute
Error).
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1 INTRODUCTION

Traditional robotics has undergone a fundamental paradigm
shift in recent decades, both in research and development, but
also in real applications. Initially, industry was dominated by
potentially dangerous rigid robots that perform typical
automation tasks without humans in their immediate vicinity.
Robots use rigid drives and elastic deformation in their
transmission system is considered undesirable. The
development of industry, medicine and the increasing demands
of society have triggered the need to develop a new generation
of safe robots of light construction that exceed the capabilities
of existing industrial robots. Robots are expected to work in
close proximity to humans or in collaboration with humans in
dynamic conditions where the work environment is unknown
and changeable. The ability to perceive physical interaction, plan
movements and cooperate with people in mind, represents new
application possibilities and progress in the field of safe and
seamless human-robot interaction. [Albu-Schaffer 2016]

Artificial muscle technology is a highly interdisciplinary field of
research that overlaps with various fields such as materials
science, chemical engineering, mechanical engineering,
electrical engineering, and chemistry. Simulating muscle-
generated movements such as moving, lifting, turning, and

bending presents interesting application possibilities in robotics
and electromechanical systems. Artificial muscle is a general
term for a class of materials and devices that can reversibly
contract, rotate, or expand as a result of an external stimulus
(such as voltage, current, pressure, temperature, light, etc.). The
three basic reactions to compression (contraction, expansion,
and rotation) can be combined within a single component to
create other types of motion (eg, bending, contracting one side
of the material and expanding the other side). [Mirvakili 2018]

Effective use of robots in various applications of industrial
production and safe human-robot interaction is currently an
important aspect of robotics research. The desired movement of
the robot or manipulator is based on a detailed description of
their individual properties, the derivation of kinematic and
dynamic models or a complex process of simulating their
movement. The required control of the manipulator is based on
the correct description of the real system in the form of its
model. The authors deal with the issues of kinematic and
dynamic modeling of systems in the publications [Siciliano 2016]
and [Kurfess 2018].

Dynamic modeling was used to describe the behavior of the
investigated system (experimental manipulator), which serves to
determine the basic relationship between force and movement
of the respective system. Within dynamic modeling, the system
model can be derived based on two basic principles described in
[Spong 2020], namely the Euler-Lagrange formulation (the
system is described as a whole based on the difference in kinetic
and potential energy) and the Newton-Euler formulation (the
derivation of the dynamic model is more demanding as each
member of the system is described separately). The selection of
the method takes into account aspects such as the number of
degrees of freedom, joint spacing and others. [Trojanova 2021].
The authors of the article [Al-Shuka 2019] used the Euler-
Lagrange formulation and the Newton-Euler formulation to
derive the motion equations of a biped robot during different
phases of walking. In another work [Azar 2022], use the Euler-
Lagrange formulation to derive a dynamic model of a two-link
robotic manipulator.

In order to obtain a complete dynamic model, it was also
necessary to derive a drive model. Unlike commonly used
actuators in robotic applications, pneumatic artificial muscles
have specific properties that complicate their modeling and
control. The authors of the article [Kalita 2022] deal with the
basic issue of pneumatic artificial muscles. The dynamics of
muscle contraction is expressed using Newton's second law. For
the derivation of the dynamics, the publication [Hosovsky 2016]
was used, where the authors deal with the dynamic
characterization and simulation of a two-link soft robot arm with
pneumatic muscles. Lagrangian formalism was also used to
create a dynamic model in publications [Trojanova 2020]. The
investigated system is a planar robotic arm with two degrees of
freedom of movement.

With the progress of research in the given issue, the dynamics of
an experimental manipulator with three degrees of freedom
based on the Lagrangian formalism, which considers the
difference between the kinetic and potential energy of the
system, is described in the corresponding article. The
mathematical model was implemented in the Matlab Simulink
environment. The created model (diagram) was used for
subsequent simulations - the validation process. The main goal
of the research described in the article is the derivation of a
dynamic model for an angular mechanism with three degrees of
freedom and the subsequent validation of the model, which was
to test the functioning and accuracy of the model based on the
comparison of simulation outputs and measured data from the
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real system. The article is divided into 6 chapters. After the
introduction, the second chapter deals with the description of
the experimental manipulator. In the third chapter, the dynamic
model of the system is defined. The fourth chapter presents the
measured data, and the fifth chapter presents the validation
results from the Matlab Simulink environment. The last chapter
provides a summary of the concerned research.

2 EXPERIMENTAL SETUP

The subject of the research is an angular robotic arm with three
degrees of freedom of movement shown on Figure 1. The
movement of the arm is ensured by means of pneumatic
artificial muscles in an antagonistic connection. The researched
experimental manipulator was designed and constructed at the
workplace of the authors for the purposes of research into
actuation based on artificial muscles.

LINK1

LINK 2

JOINT 3

LINK 3,

LOAD

Figure 1. Experimental manipulator

The experimental manipulator consists of a support construction
and an arm. The construction of the manipulator is represented
by aluminum profiles forming the lower, upper base, stand and
links of the manipulator. The arm consists of three rotary joints
and three links. The actuation of the arm is ensured by three
pairs of pneumatic artificial muscles from the manufacturer
FESTO in an antagonistic connection. Joint 1 is driven by a pair of
muscles FESTO DMSP 20-400N-RM-CM, Joint 2 by a pair of
muscles FESTO DMSP 40-400N-RM-CM and Joint 3 by a pair of
muscles FESTO DMSP 20-350N-RM-CM. The principle of
operation of the drive of pneumatic artificial muscles consists in
their contractions, which occur when the muscle is pressurized
by the working medium (compressed air). During the contraction
of the muscle, a tensile force is created, and based on their
antagonistic connection and the pulley-toothed belt subsystem,
results in a rotational movement. The individual components

thus ensure the transmission of the torque. The supply of
compressed air is provided by the AIRSTAR AC 401/50
compressor, and the pressure in individual muscles is regulated
using MATRIX ERP50 pressure regulators, which also contain
muscle pressure sensors. The KORAD KD3005D is used as a
source, and the control of the arm is provided using the Matlab
Simulink program. Control signals are processed by the I/0 PCI
card Humusoft MF624.

3 DYNAMIC MODEL OF THE SYSTEM

The experimental manipulator represents one of the basic
kinematic structures, namely an angular arm with three rotating
joints. The diagram of the kinematic structure is shown in Figure
2. It serves to show the basic elements of the manipulator, their
location within the entire system, but also to indicate the basic
parameters. An overview of the parameters used in the diagram,
but also the mathematical formulation, is contained in Table 1.
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Figure 2. The scheme of angular robotic arm with 3-DOF

01,0,,0; |Joint1,2,3angle
my, my, ms | Link 1, 2, 3 mass
Iy, I, I3 Link 1, 2, 3 length
lea, b2, le2 Link 1, 2, 3 center of mass
T1, T2, T3 Joint 1, 2, 3 generalized force
b2, Ix3 Link 2, 3 moment of inertia about axis x
ly2, ly3 Link 2, 3 moment of inertia about axis y
l21, 122, 13 Link 1, 2, 3 moment of inertia about axis z
g Gravity constant

Table 1. Overview of parameters listed in the dynamic model

3.1 Manipulator arm dynamic

The dynamic model of the described system was derived using
Lagrange's equations. The Lagrangian equations for a 3 degree
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of freedom manipulator are generally given in Equation 1 [Kelly
2005], where L is the Lagrangian, ¢; is the joint position,
derivation of the joint position is joint velocities, and T is the
force term.

d oL daL ]
al:a—(pl] —a—(pi—‘[i L= 1,2,3 (1)
By calculating the Lagrangian and applying Equation 1, we get
three nonlinear differential equations that represent the
dynamics equations of the described manipulator. For Link 1, 2
and 3, the force components T3, T2 and 13 are determined in the
final form consciously in Equation 2, Equation 3 and Equation 4.
[Murray 1994]

T = [(Iyz — I — mzl?z)czsz + (Iy3 - 1z3)023523 -
ma(lycy + le3ca3) (15, + lc3523)]9192 + [(Iyz -
Iy — mzl?z)czsz + (Iy3 - Iza)C23523 —mz(lycy +
lescz3)Ups, + lc3523)]9192 + [(1y3 - Iza)C23523 -
M3le3823(lzc; + lc3023)]9193 + [(1y3 - (2)
I;3)C23523 — M3le3sa3(1cs + Le3C3)]6163 +
[1y2522 + 1y35223 + Iy + Ippcd + Lpzcss + myldcs +
ms(lyc; + lc3cz3)2]

Ty = [l + m3l2; + malylezes]s + [(Izz — L, +
mzlgz)czsz + (123 - Iy3)C23523 +m3(lyc, +
leaca3) Ups; + lc3523)]é% — [lymsl 35510,65 —
[Lam3le35310,05 — [1;m3less3105 + [Ley + s +
mals +myld, +m3le; + 2mslylescs] — (Magle; +
magly)cy; —mglescys

(3)

T3 = [Lyz + m3lZ + m3l2lc3c3Jé2 + [(123 - 13{3)023523 +
m3le3Sa3(lac; + lc3c23)]9f + omgless0; + (s + (4)
m3lf3) —mzglcscys

The dynamic model of the experimental manipulator expressed
in Equation 2, Equation 3 and Equation 4 can be written in a
compact form by Equation 5 [Ashagrie 2021]. The relevant
formulation needs to be supplemented with a friction
component, which represents friction in the joints during links
movement. The final form of the Lagrangian dynamic model is
expressed by Equation 6 [Ashagrie 2021]. The friction force F(8)
is defined by Equation 7, where used friction model is based on
the extended Coulomb model [Liu 2015]. It might include the
Stribeck effect, and it may assume the following polynomial
form, which is a generalization of the Coulomb and viscous
model. Constants fg, fai, fei, fgi where i = 1, 2, 3 are parameters
obtained with a identification and 6 is the angular velocity. [Lei
2021]

M©)6+C(6,0)6+G6(0) =1 (5)
M©)6+C(6,0)0+G6@O)+F(8) =1 (6)
F(é) = fa-sgn(é) + f1:0 + fei0?sgn(6) + fgi93 (7)

3.2 Actuator dynamics

For the derivation of a complete dynamic model of the
experimental manipulator, we have to derive also dynamic
model of actuators. The dynamic of muscle contraction can be
described using Newton’s second law by Equation 8 [Hosovsky
2016]:

my + Fp($,Py) + Fs({,Py) =F. — F, (8)

where m — moved mass [kg], ¥ — muscle displacement [m],
Fp(¢,Py) — nonlinear damper force [N], Fg({,Py) — nonlinear
spring force [N], P, - muscle pressure [kPa], T — muscle
contraction [%], F, — external (opposing) muscle force [N] and F}

is gravity force [N]. One rotary joint driven by a pair of PAMs
under the influence of gravity can be seen as two parallel
connections of a nonlinear spring and damper with one spring-
damper system acting against gravity and the other supplying
gravity. Then can be written Equation 9 and Equation 10 for
muscles movement. These equations are applied in the
movement of Joint 2 and Joint 3. In the case of Joint 1 the effect
of gravity is not considered. [Pitel 2013]

my;, + FDl(('er) + FSI(('.Pm)
_ =FD2(§'Pm)+F52(§'Pm)+Fg

mij, + Fpp (¢, Pn) + Fs2(, P)
= Fp1(¢, Pn) + Fs1(¢, Pn) — K
The nonlinear spring force term corresponds to a static force
function of PAM that depends on muscle pressure and its
contraction and which is commonly identified from the
experimental data. This function was approximated using MLP (A
multilayer perceptron - a feedforward network of simple neurons
that maps sets of input data onto a set of outputs). Based on a
linear combination of the real inputs, the perceptron calculates
the output using a non-linear activation function (Equation 11),
where w is weights vector, x is the input vector, b is the bias, and
@ represents the activation function. As the activation function
MLP system use hyperbolic tangent. The mathematical formula
for the approximated function is then given by the Equation 12.

[Awad 2015]

(9)

(10)

y=9@ =9 (Z Wi + b) (11)
i=1
2
y = ¢(2) = tanh(2) = Ate )1 (12)

In Matlab Simulink was used an MLP network with one hidden
layer and ten neurons was for muscles with a diameter of 40 mm
and an MLP network with one hidden layer and thirty neurons for
muscles with a diameter of 20 mm. For the nonlinear damper
force term, were used a relationship where the force is directly
proportional to the product of muscle pressure and muscle
contraction velocity (Equation 13), where u is a damping
coefficient [m2-s].

FD(z'Pm) =#me (13)
Because both nonlinear terms in Equation 8 directly depend on
the muscle pressure, it is also necessary to describe the dynamics
of the pneumatic part of the PAM to obtain its behavior in time.
Assuming an ideal gas confined to a closed space, the time
derivative of the PAM pressure can be derived using the Boyle-
Marriott law, which states that the product of the gas pressure
and its volume is constant if the temperature in the closed system
does not change. This terms is given in Equation 14, where P, —
atmospheric pressure [Pa], V, — volume of compressed air within
muscle [m3], P, —absolute muscle pressure [Pa] and V,,, —muscle
volume [m3]. Solving for P, and taking the time derivative gives
Equation 15. [Tipler 2007], [Hosovsky 2016]

PoVa = PV (14)
. oW,
Bp=P——P,— 15

To complete Equation 15, it is necessary to determine the volume
of the muscles 1;,,(¢) given by Equation 16. The time rate of
change of muscle volume V, ({, {) expressed by Equation 17. This
equation is given by time derivate of Equation 16. [Hosovsky
2016]

Vn(Q) = a103 + ap0% + az{ + ay

Vm((:é) =3a,0%¢ + 2a,0¢ + as¢

(16)

(17)
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We used n = 3 and the following values of polynomial
coefficients determined using Curve Fitting Toolbox in Matlab.
The coefficient values for individual muscle volumes are shown
in Table 2.

20-400N 40-400N 20-350N
a, -1.778*10°3 -1.538*102 -1.543*103
a; 1.583*10° 1.581*10°3 -5.312*107
as 7.815*10* 2.994*103 6.832*10*
a, 1.256*104 5.036*10* 1.099*104

Table 2. Values of polynomial coefficients

The volume air flow through a valve which describes 1,
expressed by Equation 18 and Equation 19, represent the last
term that needs to be defined to complete the muscle pressure
dynamics model. This model expresses the mass flow using two
valve parameters which are sonic conductance and critical ratio
[Beater 2007], [Hosovsky 2016]:

(18)

(19)

where P; is upstream pressure [Pa], P, is downstream pressure
[Pa], Ty — temperature of air at reference conditions [K], T; —
upstream temperature of air [K], b — critical ratio [-], C — sonic
conductance [m3-s71-Pa-1].

JOINT 1

—— = = g

LINK 1

JOINT 2

Figure 3. Muscles forces for Link 1 of 3-DOF robotic arm

When driving rotational joints, we consider the torque
developed by a pair of pneumatic artificial muscles. In this case,
the gravity is manifested through torques that need to be
compensated by the muscles. From Equation 8 we can observed
that the muscle contraction dynamics depend on two nonlinear
terms corresponding to nonlinear spring force and nonlinear
damper force. Then is torque expressed by Equation 20, where
F;,F, are muscles forces and d is sprocket diameter. The
direction of effect of the forces is shown on Figure 3.

t=(F,—-F)*d/2 (20)

At steady-state and with respect to Equation 20, the muscles
must generate a force difference to compensate for the torque
due to gravity. The relevant forms are given in Equation 21 and
Equation 22, where k = g/r and g —gravity constant [m-s~2] and
r — sprocket diameter [m]. [Hosovsky 2016]

AF; = [(mg * 1, + my * 15)cos0,
+ m3lC3COS(92 + 93)]k

AFZ = m3lc3COS(62 + 93)]( (22)

(21)

4 MEASURED DATA

The data necessary for the subsequent validation of the model
were obtained based on muscle excitation using the control
signals of the Signal Builder tool of the Matlab Simulink program.
During the measurements, an initial pressure value of 550 kPa
was chosen for individual muscles, and for specified time
intervals, one of the pair of muscles was subsequently deflated
by a certain value of pressure in the muscle and again
pressurized to a value of 550 kPa. The purpose of the
measurements was to obtain the waveforms of the monitored
output parameter — the Joint angle of the manipulator’s arm.
The total number of measurements for the selected method of
muscle excitation was 10, and the courses of these
measurements were subsequently averaged. The total
measurement time was set at 120 seconds.

For the upper pair of muscles that drives Joint 1, the value of the
pressure by which one and then the other muscle is deflated in
the given interval was chosen to 350 kPa. The course of the
control signals for the right and left muscles is presented in
Figure 4. The average course of pressure values in the muscles
are shown in the Figure 5.

Right muscle - inflation valve

1
0k — . E— )
Right muscle - deflating valve
0 .
Left muscle - inflation valve
1 —_—
ok | | : |
3 Left muscle - deflating valve
0 1 |

0 10 20 30 40 50 60 70 80 90 100 110 120
Time [sec]

Figure 4. Control signals for a pair of muscles of Joint 1
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—mean response (right muscle)
—mean response (left muscle)
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Time [s]
Figure 5. Response of mean pressure in muscles for Joint 1
The value of the pressure by which the muscles of Joint 2 were
deflated was 250 kPa. Figure 6 shows the corresponding control

signals. The average course of pressure values in the muscles are
shown in the Figure 7.
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Right muscle - inflation valve
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ok 1 1 |
1 Right muscle - deflating valve
0 | .
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0 10 20 30 40 50 60 70 80 90 100 110 120
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Figure 6. Control signals for a pair of muscle of Joint 2
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Figure 7. Response of mean pressure in muscles for Joint 2

The third lower pair of muscles for Joint 3 was deflated by 450
kPa. The control signals are shown in Figure 8. Figure 9 shows
the pressures in the lower pair of pneumatic artificial muscles
based on the selected excitation signal.

Right muscle - inflation valve

1
ok ! : | | | L )
Right muscle - deflating valve
1
0 : : ;
Left muscle - inflation valve
1 —
oL ] | ! )
5 Left muscle - deflating valve
0 T T - - - - ! L —_—
0 10 20 30 40 50 60 70 80 90 100 110 120

Time [sec]

Figure 8. Control signals for a pair of muscles of Joint 3

700 T

—mean response (right muscle)
—mean response (left muscle)

0 | | |
0 10 20 30 40 50 60

Time [s]

70 80 90 100 110 120

Figure 9. Response of mean pressure in muscles for Joint 3

The average course of the output monitored parameter
determined on the basis of the measurements made using the
drive by pneumatic artificial muscles is shown in the Figure 10,
Figure 11 and Figure 12. The size of the angle of deviation of
individual links depends on the pressure value by which the
corresponding muscle is deflated while maintaining the
determinated pressure value of the other muscle. With the

increasing value by which the muscle is deflated, the size of the

deflection of the links also increases.
40 . " . . : ‘

——mean response

Joint angle [deg]
IR VRN = N W
Q o O o o o o

40 | | | | | | | |
0 10 20 30 40 50 60 70 80 90

Time [s]

100 110 120

Figure 10. Response of mean measured angle for Link 1

25 | v ;

|—mean response,
20 |

Joint angle [deg]

25 I I I
0 10 20 30 40 50 60 70

Time [s]

80 90 100 110 120

Figure 11. Response of mean measured angle for Link 2
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40 | I I | |
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Figure 12. Response of mean measured angle for Link 3

5 RESULTS OF VALIDATION FROM SIMULINK

For the purposes of validation, a scheme was created in the
Matlab Simulink environment that represents the dynamic
model of the real system described in the chapter entitled
Dynamic Model of The System. The basic physical parameters of
the system were exported from the CAD software, which was
used to make a 3D model of the system. The individual constants
for the respective friction model were obtained by identification.
Designations, values and units of input parameters are given in
Table 3 and Table 4. A simulation was performed, while its time
was identical to the time of measurements.

Designation Value Unit
Ix2 0.0514 kg.m?
[ 0.0661 kg.m?
ly2 0.0037 kg.m?
Iy 0.0003 kg.m?
I1 0.0037 kg.m?
Iz 0.0036 kg.m?

Table 3. Overview of values of input parameters of Simulink model — part
1.
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Designation Value Unit
Is 0.0003 kg.m?2
| 0.8099 m
m; 11.7805 kg
m; 4.8147 kg
le2 0.5550 m
le3 0.1910 m
fa 0.2082 N.m.s.rad?
fa1 0.1322 N.m
fe1 0.5148 N.m.s.rad*
fa 7.7218 N.m
fo 0.1956 N.m.s.rad?
faz 0.0349 N.m
fe2 0.0532 N.m.s.rad?
fo 0.2263 N.m
fes 0.0524 N.m.s.rad*
fas 0.0176 N.m
fe3 0.4850 N.m.s.rad?
fes 0.3041 N.m
b 0.4330 -
C 12.2891 m3.s~1.Pa-1

Table 4. Overview of values of input parameters of Simulink model — part
2.

The outputs of the validation are matrices exported from the
Simulink environment to the Matlab environment. The exported
outputs of the simulations were compared with the data
waveforms processed from the measured data. To compare the
simulation outputs (model) with the system outputs
(measurements) were used two statistical indicators, namely
NRMSE (Normal Root Mean Square Error) and MAE (Mean
Absolute Error). NRMSE compares the degree of agreement of
the simulated output with the measured data. The mathematical
formulation of NRMSE is given in Equation 23, where y; is system
output on the k-th sample, §; represents model output on the k-
th sample and n is number of samples. The desired value is for
NRMSE = 100%, when the model and system output are identic.
The MAE indicator is based on a numerical value, represents the
size of the error created during the simulation compared to the
measured values (Equation 24). [Trojanova 2021]

12
JZkal - 9]
NRMSE = 1—
n 1yn z
Zj=1[Yj_; j:13’j]
n

1
MAE =23 |y 3| (24)
j=1

X 100% (23)

5.1 Muscle dynamics model validation

In the first test was performed the validation of the pneumatic
part of the dynamic model of the experimental manipulator. The
pattern of the excitation signal of the simulation corresponded
to the description from the previous chapter. The validation
results based on the selected criteria for individual pairs of
muscles are shown in the Table 5. The value of the statistical
indicator NRMSE was around 90%. The highest was for the left

muscle of Link 3, specifically 91.14%, and the lowest for the right
muscle of Link 2, inde 86.93%.

Link 1
Right muscle Left muscle
NRMSE 90.52 % NRMSE 90.77 %
MAE 7.0587 MAE 5.2831
Link 2
Right muscle Left muscle
NRMSE 86.93 % NRMSE 89.13 %
MAE 9.3672 MAE 7.7046
Link 3
Right muscle Left muscle
NRMSE 90.72 % NRMSE 91.14 %
MAE 8.7856 MAE 6.8563

Table 5. Overview of results of validation based on criteria NRMSE and
MAE for single links

Comparing the simulation outputs, scheme of the pneumatic
part of the dynamic model of the experimental manipulator,
pointed out that the pneumatic part is modeled very well. The
model is able to satisfactorily simulate real pressurization and
de-pressurization of muscles with minor deviations from the real
system. A comparison of the pressure curves of individual
muscles is shown in the Figure 13, Figure 14 and Figure 15. The
main purpose of validation the pneumatic part by pressurizing
and depressurizing all muscles was to find out if there is a
significant asymmetry associated with the pneumatic
configuration of the system. The source of deviations between
individual courses can be errors in the modeling of airflow
dynamics, as well as the dependence of the muscle volume on
contraction and its time derivative.

700 |
—mean response (right muscle) —model output (right muscle)
—600 \|=—mean response (left muscle) —model output (left muscle)
=,500
g
7 400
& 300
3 W N
$ 200 1
s
100
0 1 1 I 1
0 10 20 30 40 50 60 70 80 90 100 110 120

Time [s]

Figure 13. Model output of validation for the Link 1

700 T T - . . _ . 2 :
—mean response (right muscle) —model output (right muscle)
— 600 —mean response (left muscle) —model output (left muscle)
© I K
o v
=.500 \
o
2 400 \
2 !
5300 A
@O
2 200
=)
= 100
0 | | | I |
0 10 20 30 40 50 60 70 80 90 100 110 120

Time [s]

Figure 14. Model output of validation for the Link 2

MM SCIENCE JOURNAL 12022 | DECEMBER
6144



—rr{ean response (righllmuscle) model oixtpul (right muscle)L
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0 10 20 30 40 50 60 70 80 90 100 110 120
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Figure 15. Model output of validation for the Link 3

5.2 Complete model validation

In the second test was performed the validation of the complete
dynamic model of the experimental manipulator. Validation of
the model was carried out with the simultaneous drive of all
joints. The course of control signals and pressure values for
individual muscles are identical to the description from the
previous chapter. The compared parameter was the size of the
deflection angle of individual links. The validation results based
on the selected criteria for individual links are shown in the Table
6. The best value of the statistical indicator NRMSE was for the
deviation of Link 1, namely 93.33% and the lowest for the
deviation of Link 2, inde 82.02%. This value follows the lower
values of the NRMSE indicator in the validation of the pneumatic
part of the model for Link 2.

NRMSE 93.33%

Link 1
MAE 1.0046
NRMSE 82.02 %

Link 2
MAE 1.4564
NRMSE 92.34 %

Link 3
MAE 1.4377

Table 6. Overview of results of validation based on criteria NRMSE and
MAE for single links - Complete model validation

A comparison of the simulation outputs, the scheme of the
dynamic model of the investigated manipulator pointed out that
the deflection of the links using pneumatic artificial muscles is
modeled at a sufficient level. The model is able to satisfactorily
simulate the movement of the links manipulator with minor
deviations from the real system. A comparison of the measured
curves and the simulation outputs is in Figure 16, Figure 17 and
Figure 18. As a whole, the model captures the nature of the
system dynamics, taking into account the interaction between
the drive and the manipulator arm as well as the individual joints
of the arm.
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Figure 16. Complete model output of validation for the Link 1
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Figure 17. Complete model output of validation for the Link 2
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Figure 18. Complete model output of validation for the Link 3

6 CONCLUSIONS

The subject of research in the given article was the complete
dynamic characterization of an angular robotic arm with three
rotary joints driven by pneumatic artificial muscles. The goal was
the creation of a complete dynamic model and its
implementation in the Matlab Simulink environment, for the
purpose of validation based on measured data from a real
system. We used the Lagrangian formalism to derive the
dynamics of the links movement. When describing the
pneumatic part, we used the parallel nonlinear spring-damper
analogy to derive the mechanical part of the pneumatic artificial
muscle model and the Boyle-Mariott law to derive the nonlinear
differential equations describing the pressure dynamics in the
muscle. The subject of the research was obtaining
representative courses of the angle of rotation of individual Links
based on the measurements. Finally, compare the simulation
outputs and the average measured waveforms based on the
statistical indicators NRMSE (Normal Root Mean Square Error)
and MAE (Mean Absolute Error).

The results of muscle dynamics validation show that for the
NRMSE statistical indicator, the highest value was 91.14% for the
left muscle of Link 3 and the lowest was 86.93% for the right
muscle of Link 2. On average, the value is around 90%. The limit
values for the MAE indicator were 5.2831 for the left muscle of
Link 1, representing the best value, and 9.3672 for the right
muscle of Link 2, representing the worst value. From the point of
view of the validation of the complete model of the investigated
system, we achieved the best values of the relevant statistical
indicators for Link 1, namely NRMSE equal to 93.33% and MAE
representing a value of 1.0046. On the other hand, we achieved
the worst values for Link 2, for NRMSE it was 82.02% and MAE
was 1.4564. Taking into account the presented results, the
dynamic model of the experimental manipulator sufficiently
describes the behavior of the real system under specific
conditions.
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