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COMPUTER MODELING IN MSC ADAMS/VIEW AS PART
OF A MODERN APPROACH TO THE DESIGN
OF MECHANICAL SYSTEMS OF ROBOTS

The presented paper deals with the use of computer simulation in the design of a robot model with 4 degrees of freedom of
movement. The MSC Adams program is used in the computer simulation, and the use of the Matlab program is also shown.
The robot's mechanism is an open kinematic chain. During kinematic analysis, attention is paid to solving the direct problem
of kinematics in MSC Adams and in Matlab. The result of the solution is the calculated trajectory of the movement of the
selected point of the end effector. The trajectory is shown in graphical form. In Matlab, the magnitude of the position vector of
the effector point is calculated as a function of time at the selected course of angular deflection in individual kinematic pairs
at constant angular velocities in individual joints of the robot.
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Fig.: 10. Table: 2. References: 13.

Urgency of the research. The development of computer technology brings to the forefront
the use of computer simulations of models of mechanical objects. This allows us to get a
realistic view of the behavior of the created computer model, which represents a real object
during the simulated motion. We can assess its functionality during the work process and make
interventions in the model in order to improve its properties. The outputs of the quantities during
the simulation obtained in graphical form allow us to assess the behavior of the model in real
time during the work cycle.

Target setting. When working with computer modeling, we work with mathematical models.

A mathematical model is an abstract model that uses mathematical notation to describe the
behavior of a system.

Mathematical models can be classified in several ways, some of which are:

- Linear and nonlinear. If the functions (conditions) and constraints are represented by linear
equations, we denote the model as linear. If at least one of the conditions or constraints is
represented by a nonlinear equation, the model is called nonlinear.

- Deterministic and stochastic. The deterministic model shows the same behavior after
repeating the experiment under the same initial conditions, while in the stochastic model there
is a coincidence, even if the initial conditions are the same.

- Static and dynamic. A static model does not consider an element of time, while a dynamic
model does. Dynamic models are usually represented by recurrent or differential equations.

- Concentrated and decomposed parameters. If the model is homogeneous (in a consistent
state in each part of the system), the parameters are concentrated. If the system is heterogeneous
(different state in different parts of the system), the parameters are distributed. Distributed
parameters are usually represented by partial differential equations [1-7].

Mathematical models can be further divided into two categories. The first is descriptive
models that indicate the relationship between variables at a particular point in time, without
explaining in themselves why this relationship occurs. The second category consists of dynamic
models that describe how the values of variables change over time. These are differential
equations. These models are also called analytical models. We try to solve the system of
equations and find an equilibrium position. The equations show how the value of the variables
changes. We can make this change in discrete time steps or continuously. In both cases, we can
further investigate the behavior of the model defined by the equations in two ways. First, we
can use an exact mathematical analysis of the problem to find a general solution of the equations
or values of the variables for which the behavior of the model has stabilized. Second, we can
use simulation, so we choose the initial values of the variables and determine the further
behavior of the model by numerical calculation [1-7].

© Hroncova D., 2021
23



Ne 2(24), 2021 TEXHIYHI HAYKH TA TEXHOJIOI'T
TECHNICAL SCIENCES AND TECHNOLOGIES

Actual scientific researches and issues analysis. Computer analysis of robot models.
Computer modeling can be divided according to the modeling process to mathematical
modeling and "multibody" modeling. Mathematical modeling describes the whole model and
its behavior using mathematical equations and algorithms. Mathematical equations defining the
motion — equations of motion and equations describing kinematic dependencies between the
individual chain members are used to define the properties of the elements of the solved model.
However, derivation of these equations is time consuming and laborious and therefore this
procedure is only suitable for simple models, for models with a low degree of freedom. Matlab,
Maple, Mathematica are kinds of software used here.

Matlab is an environment that allows doing numerical computations, modeling and simulation.

Maple is a comprehensive computational software that allows analytical calculations, numerical
calculations, graphical display of results and creation of a document describing the workflow.

Mathematica is focused on numerical and matrix tasks in various areas of engineering issues.

In multibody modeling we do not directly describe a mathematical model of the whole
system. By using multibody modeling software, we can model the real elements of the system
by using predefined bodies of respective geometry. There is a number of softwares that have
different hardware and designer skill requirements. Some of them are Matlab/SimMechanics,
Matlab/Simulink, Dynast, MSC Adams.

Matlab/SimMechanics — this Matlab extension was developed to address kinematics and
rigid body dynamics.

Matlab/Simulink — this Matlab module was developed to create and solve dynamic systems
using block diagrams.

Dynast allows simple mathematical calculations and simulations.

MSC Adams uses object-oriented programming environment with graphical output.
Systems are defined directly by geometry of bodies, kinematic bonds, force effects and motion
generators [8-10].

Analysis of existing research and publications. There is a variety of machines and devices
consisting of spatial mechanisms and space-bound mechanical systems. We find them in
material-handling machines as well as in precise mechanics products. They are also parts of
various manipulators and robots. In order for the spatial mechanisms to be introduced more
rapidly into practice and in order to increase their performance we need to replace the old
computational practices that were largely intuitive and suitable for individual cases or small
groups of mechanisms with more general, accurate and easily algorithmizable methods which
are suitable for use with computing. The following chapters of the paper illustrate the matrix
methods of compiling equations of motion. The matrix notation is an optimal approach due to
its compactness, efficiency of applying various transformations and the suitability for using
computers in numerical calculations. Structured mechanics were dealt with in works [1-3],
more recently in [5-7]. Methods of mechanism description are described in works of Denavit
and Hartenberg [4] and others. General methods of dynamic analysis of planar mechanisms are
attributed to authors as Brat [5], Kozlov, Makari¢ev, Timofejev, Jurevi¢ [6], Bejczy, Koplik,
Leu, Haug, Stejskal [7], Valasek [7] and others. In our work, after the introductory theoretical
part we show simple manipulator models compiled in MSC Adams-View.

Article objective. The presented paper shows the solution of kinematic analysis of
mechanisms by classical methods of analytical mechanics matrix method and computer
programs available today. Matrix method from analytical methods of solving mechanisms and
computer programs Matlab and MSC Adams are used. In the kinematic analysis of the model
of the robot, the following parts of the paper show the solution by the matrix method, then the
model is created in the MSC Adams program and the matrix method is shown and its solution
is performed using Matlab.
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The paper is devoted to the created robot model shown in the Fig. 1. From the point of
kinematics, the mechanical structure of the robot represents an open kinematic chain. We
consider 4 degrees of freedom of movement.

The manipulator consists of two arms and an end effector, the arms are mounted on a stand
connected to a solid base. The stand provides the stability in operation. The arms are connected
to each other by a rotating kinematic pair and by another rotating kinematic pair to the stand.
The arms with the end effector rotate in a horizontal plane relative to the fixed stand. The
working tool, which in our case is an end effector with two thumbs to hold the object of
manipulation, is attached by a rotating kinematic pair to the second arm of the robot. The robot
then performs the working motion with the end effector [1-7].

Al

Fig. 1. Mechanical system of the robot

0

Fig. 2. Model of the robot with four degree of freedom

The aim is to describe the movement of the end-effector. We solve the forward kinematics
of the robot [8]. The angle of rotation in kinematic pairs is denoted by angles O1, O, O3, O.
The generalized coordinates determining the instantaneous position of the body are denoted by
qi, 92, 93, q4 (Fig. 1), while for the generalized coordinates we apply qi = O1, q2 = ©2, q3 = O3,
g4 = O4. The drives are mounted in rotating kinematic pairs (Fig. 2) [8].

When solving forward kinematics, we use the matrix method to determine the position of
the effector endpoint. There are several methods for building a kinematic model of a robot. The
most common method is the Denavit-Hartenberg kinematic modeling convention [4].

Fourth order matrices were introduced by J. Denavit and R.S. Hartenberg. Similarly, G.S.
Kalicin solved some problems of planar and spherical mechanisms by matrix calculus. The
possibility of using quaternions or biquaternions in the kinematics of the body was pointed out
by J.Novék [5]. The general methods of analytical solution were dealt with by S.G. Kislicin and
J.F. Moroshkin. In the kinematics of spatial mechanisms, the Czech mechanic V.Brat also
introduced the use of matrix calculus [5].
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For suitability and generality of the use of the matrix method speaks not only the possibility
to contain the spaces of individual members directly in the equations, but also the convenience
of use of a computer with sophisticated methods of numerical solution of systems of equations.
Individual movements that take place at the same time can be described by matrix equations.

Fig. 3. Robot scheme: generalized coordinates qi, q>, q3, q4

We are interested in the position of the selected point of the end effector with respect to the
global coordinate system in which the robot is located. A local coordinate system is associated
with each member. The motion of a point located on a member with a local coordinate system
is then described with respect to the global coordinate system (Fig. 3).

General overview of the system.

We assign a coordinate system 0;, Xi, yi, Zi to each member and we assign a generalized
coordinate q; to each joint defined in the axis of rotation.

The axis z; is oriented in the direction of the axis of the (i + 1)-th joint. The axis X; is normal
to the zi.1 and z; and is oriented from joint i to joint i+1. The axis y; complements the rectangular,
right-handed coordinate system.

Each member of the chain is characterized by two dimensions, a common normal distance
ai along a common normal between the axes of the joints i and (i-1), and the second dimension
is the angle of rotation a; between these axes in a plane perpendicular to a; (Fig. 4).

Fig. 4. Denavit — Hartenberg convention with parameters O;, d,, o;, a;

Homogeneous transformation matrices contain information about the rotation between two
coordinate systems and information about the distance between their origins. The purpose of
introducing these matrices is to allow a more compact notation of position vectors expressed in
different coordinate systems [1-7].
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The position vector ri.i,m of point M with respect to the system i-1 can be expressed by the

relation:

where:

rim is the position vector of point M with respect to the system 7,

rioim=Tli1; rim

(M

ri-1,;1s the vector of the distance between the origin of the system i with respect to the system i-1,
Ti.1,1s the rotation matrix between the system 7 and i-1.
The homogeneous transformation matrix is expressed by the relation:

where:

Tosa= To1 Ti2 Tz T34

rom = To4 ram

Ti1,=T6(0i) Tz(di) Toa(ai) To(ai)
We then write the position vector for Fig. 3a):
rom= To1(q1) Ti2(q2) T23(q3) T34(q4) ram

In our case, the individual transformation matrices will be in the form:

To1= TZG(ql) T Z3(L1) Tz4(7‘£/2)
T12=T(q2) T2(L2)
T 23="T 2(q3) T 21(L3)
T34=T 26(qa) T 21(L4)

Position of point M with respect to the coordinate system O4,X4,y4,24 18
ram= [L4 00 l]T.
The following table (Table 1) shows the Denavit-Hartenberg parameters of the model of the

robot (Fig. 3), [11-13]:

Table 1 — Denavit - Hartenberg parameters of the robot

Body (S] di Qi di
1 Qi L 0 /2
2 Jq2 0 L, 0
3 q3 0 L; 0
4 J4 0 L4 0

)

3)
Q)

)

(6)
(7)
®)
€))

(10)

The homogeneous transformation matrix between body members 4 and ground 0 is
expressed by the relation in Matlab:

TO4 =

[ cos({gd) ¥ (co=(gl) *cos (g2) *cos(g3) - cos(gl)*=in{g2)*=in(g3)) -

=in{g4)* (co=z{gl) *cos{g2) *=in(g3) + co=s(gl)*cos(g3)*=in(g2)),
cos{g4)*(cos{gl) *cos{g2) *=in(g3) + cos(gl)*cos(g3)*=in(g2)) -
=zin{g4)* (co=z({gl) *cos({g2) *co=(g3) - cos(gl)*=in(g2)*=in(g3)),
LZ*cos{gl) *cos(g2) + L3*coszigl)*cos{g2)*cos(g3) - Li*cos(gl)*=in{g2)*=in(g3)]

sin(gl),

[ - cos(g4)*{=in({gl)*=sin(g2) *sin(g3) - cos{g2)*cos(g3)*=sin(gl)) -

=zin{g4)*(co=z({g2) *=sin{gl) *=in(g3) + cos(g3)*=in(gl)*=in(g2)),
sin{g4)*(sin{gl) *sin{g2) *=sin{g3) - cos{g2)*cos(g3)*=in(gl)) -
cos{g4)*(cos({g2)*sini{gl) *=in(g3) + cos(g3)*=in(gl)*=in(g2)),
LZ%cos{g2) *=in(gl) + L3%co=(gZ)*¥cos{g3)*=in(gl) - L3*sin(gl)*=in{g2)*=in(g3)]
cos(g4) * (co=(g2) *=sin{g3) + co=(g3)*sin(g2)) +
sin{g4)*(coz({g2) *cos{g3) - =in(g2)*=in(g3)),

cos{gd)*(co=z({g2) *co=(g3) - =in(g2)*=sin(g3)) - sini(g4)*(cos(g2)*sin(g3) +

[

cos{g3)*sin(g2)),
+ L3*cos(g3) *=in(g2)]

A A
[ O o, 0,

0
Ve

1]

—cos (gl),

L1 + IL2*sin(g2) + L3*cos(g2)*=in(g3)

Component of the position vector rom is shown after solution in Matlab:
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Ld4* (cos(g4)* (cos{gl) *co=s(g2) *cos(g3) - cosi{gl)*sin(g2) *=in(g3))
sin(g4) * (co=(gl) *cos (g2) *sin(g3)
L3*cos{gl) *cos({g2) *cos (g3)

yoM =
Li*cos (g2) *=in(gl)

- Léd*(cos(g4)*(sin(gl) *=in(g2)
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+ cos(gl)*cos(g3)*sin(g2)))
- L3*cos(gl)*sin{g2) *=sin{g3)

+ LZ*cos(gl) *cos(gZ)

*=in(g3)

cos(g2) *cos(g3) *sin{gl)) + =in{gé)*(cos({g2) *sin(gl) *=in(g3) +

cos(g3)*=in(gl) *sini{g2))) + Li*cos{g2)*cos(g3) *sin(gl)

z0M

- L3*=in(gl) *=sin{g2) *sin(g3)

Ll + L2%sin(g2) + L4* (cos{g4)*(cos{g2)*sin{gl3) + cos(g3)*sini(g2)) +

=in(gé4) * (co= (g2) *cos (g3)

L3i*cos (g3) *=sin(g2)
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Fig. 5. Trajectory of the point of end-effector and x, y, z position of the point of end-effector
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Fig. 6. Trajectory of the point of end-effector and x, y, z position of the point of end-effector

Kinematic analysis of the model in MSC Adams software.
The next figure (Fig. 7) shows a manipulator model created in the MSC Adams/View.
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Fig. 7. Model of the robot in MSC Adams/View with platforms
and boxes and motions in the joints

A 3D computer model of the manipulator is created in MSC Adams [8; 10]. Modelling
elements and procedures for the creation of bodies and their kinematic bonds were used. After
proposing the model, the functionality is verified and the simulation is started Fig. 8 [10-13].

- -
@ L @

Fig. 8. Robot in the motion:
a-d — Robot with platforms and boxes and motions in the joints

The resulting graphs of trajectory of point of the end-effector obtained by the simulation are
displayed in a graphical form with the postprocessor are in the following figures (Fig. 9, a-c).

The representation of the trajectory of the gripper's center of gravity in various views
(Fig. 9, a-c) with defined movement in individual joints in Table 2 is shown below. The
trajectory of the selected end member point is shown in Fig. 9 d) to f).

Trajeclory of MARKER_10 z=f[x) Trajgciory of MARKER_10 y=f{x)

Trajectory of MARKER_10 y=f{z)

oo o
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d e f
Fig. 9. Model with MOTION in Joint a)-c) and d) — f) trajectory of the point of end effector
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Fig. 10. Torque M, M2, M3, Myin the rotation joint

The movement MOTION 1, MOTION 2, MOTION 3 and MOTION 4 in the rotational
joints of the robot is defined using the step function in Table 2.

Table 2 — Motion parameters of the robot
MOTION 2 MOTION 3

MOTION 1 MOTION 4

STEP( time, 1.5, 0, 2.5, -90d )

STEP(time, 0,0, 1, -40d )+
STEP(time, 1.1, 0,2, 20d )+
STEP(time, 2,0, 3,-20d )+
STEP(time, 3.1,0,4,20d )

STEP(time, 0,0, 1,-110d )+
STEP(time, 1.1, 0, 2, 40d )+
STEP(time, 2,0, 3, -40d )+
STEP(time, 4.1,0, 5, 40d )

STEP(time, 0,0, 1, 60d )+
STEP(time, 1.1, 0, 2, -60d )+
STEP(time, 2,0, 3, 60d )+
STEP(time, 3.1,0,4,-60d )

Conclusions. Interactive simulation and visualization allows comfortable simulation of the
model, model modifications and visualization of results. The output graphs enable viewing the
current values of the measured variables in real time during the actual simulation and its
visualization.

Postprocessor is an integral part of the process of computer modeling of a prototype and it
is a comfortable tool for creating, processing, modifying and presenting the results of simulation
in the form of graphs [8; 10]. It is also possible to display the model in the current state and
print the results prepared this way. It is also possible to create a video output of the simulation
in AVI format.

We also calculated the position of the end effector point in the axis x, y, z (Fig. 8) [8-12].
The position of the point of the end-effector in the axis are shown.

MSC Adams works with a 3D model [8; 10]. The advantage is the possibility to simulate
the motion of the prototype model and its control in the program environment and verification
of the functionality in the form of 3D visualization. Based on the results obtained from the
simulation it is possible to build a real model and design the drives. When designing drives for
a mechanical system it is necessary to pay attention to the maximum magnitudes of the forces
when handling various loads and so it is necessary to design the drive with the appropriate
parameters for the specific purpose of use of the manipulator.
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Simulation software is a suitable tool for design, saving time and resources. It is also
suitable for detailed research and investigation of mechanical systems in practice.
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VIIK 531.1:004
I ponyosa [apuna
KOMIT'IOTEPHE MOJAEJIFOBAHHA Y MSC ADAMS / VIEW SAIK YACTHHA

CYYACHOI'O HIAXOAY A0 NPOEKTYBAHHA MEXAHIYHUX CUCTEM
POBOTIB

Poszsumox xomn'tomepnux mexnonozii 6u8o0umsv Ha nepeoHill NiaH BUKOPUCMAHHIA KOMN'IOMEPHO20 MOOeN08aAHM s
Mexauiunux 06 ’ekmis. Buxioui oami éenuuun, ompumani 6 epaghiuniii popmi nio uac moodeniogants, 003601AI0Mb OYIHUMU
N0BeOIHKY MOOeli 8 peanbHOMY Yaci NPOmMA20M pobOH020 YUKILY.

Icnye xinbka memoodie nobyodosu kinemamuunoi moodeni poboma. Hatibinew nowtupenum memooom € 3200a npo
Kinemamuune mooentosanns Jlenasima-Xapmenobepea. I". C. Kaniyin maxooic eupiuiyeag 3a60anHs 015 NAOCKUX i chepuunux
Mexauizmie 3a 00nomo20i0 MampuiHozo obuucnenns. Ha mooiciusicms suxopucmanms keamepnionie abo 6ikeamepHioHos 8
kinemamuyi mina eéxazaé M. Hoeak. 3azanvui memoou ananimuurnozo piwenus obeoeoprosanucs C. I Kucniyunum ma
A. @. Mopowkinum Y Kinemamuky npocmoposux MexaHizmie UKOPUCMAHHA MAMPULHO20 0OUUCTICHHS 88i68 MAKOIC YeCbKUll
Mmexanix B. Bpam.

IIpo ooyinvbricms i y3aeanvrenicmb BUKOPUCTNAHHA MAMPULHO2O0 MEOOY 2080PUMb He MINbKU MOACTUBICIb BKIIOYEHHS]
3a30pi6 OKpemux uneHié Oe3nocepeoHvo 8 PieHAHHA, de i 3PYUHICMb BUKOPUCMAHHSA KOMR Tomepa 3i CKlaoHumu Memooamu
yucenvHo2o piwenns cucmem pisHanv. Okpemi pyxu, sKi 30ilICHIOIOMbCA OOHOYACHO, MOJICHA ONUCATNU MAMPUYHUMU
pisuannamu. Piwenns mampuunum memooom noxasano Ha 3iopaniii mooeni poboma 6 npoepami MSC Adams.

Memoto pobomu € supiwenns npamoi 3adaui xinemamuku 8 Matlab 3 euxopucmanwam mampuunoeo memooy i
Mooemoganms poboma 3a donomozoro MSC Adams View. Pesynomamu piwenss 06pooasiiomucs 2pagiuno 8 060x npozpamax.
Ocnogna mema noisicana 6 momy, wWoo ompumamu mpackmopii Kinyesux mo4ox egpexmopie poboma six ¢ Matlab, max i 6
MSC Adams / View.
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3D komn tomepra moodenv maninyisamopa cmeopena 6 MSC Adams. Buxopucmano enemenmu mooenioganns i npoyeoypu
Gopmyeanns min ma ix xinemamuunux 36’a3xie. Ilicna npoexmyeanms mooleni nepegipicmucsi npaye3oamuicmo i
3anyCcKacmuvcsl Npoyec MoOento8aAHHSI.

MSC Adams npaytoe 3 3D-mo0ennio. Ilepesazoto € ModHCIUBICIb MOOENIOBAHHA PYXY MOOENi-NPOMOMUNY i YNPABTiHHS
Helo 8 NPO2PAMHOMY cepedosuuji, a makodic nepesipka npayesoamuocmi y euensadi 3D-gizyanizayii. 3a pezynomamamu
MOO0eno8aHHs MOJICHA NOGYOYeamu peanbHy Mooeis i cnpoekmysamu npugoou. Ilpu npoexmyeanni npusoois 0ia MexaHiuHoi
cucmemu HeobXiOHO 36epmamu Y8azy Ha MAKCUMATbHY ETUYUHY CUIL BPU POOOMI 3 PI3HUMU 8AHMAICAMU, | MOMY HEOOXIOHO
POo3pobumu npusoo i3 8ionogiOHUMU napamempamu O KOHKPemHOI yini 6UKOPUCMAHHS MAHINYIAMOpa.

Kniouosi cnosa: maninynisimop; mMooento8anus; KineMamudHuil i OUHamMivHuil auanis;, Kinyeguii epekmop, mpackmopis.
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