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Abstract. Problem statemenThe processes of development and improvemenitohamous
mobile robots are significantly constrained becanfséhe lack of an open-access comprehensive
scientific and theoretical framework for calculgtiand designing of autonomous mobile robotic
systemsPurpose The main objective of the paper consists in éagyut kinematic analysis and
motion simulation of pantograph-type manipulatottvthree degrees of freedoMethodology The
method of closed vector loops is used for derivihg equations of motion of the robot's
manipulator. In order to perform simulation (virtiexperiment), the 3D-model of the robot was
designed in SolidWorks softwarEindings (results) The motion equations of the pantograph-type
manipulator are derived, and the graphical depeasidsrdescribing the trajectories (paths) of the
gripping device are constructed. In order to suliitte the correctness of the derived equatiorss, an
of the presented laws of the gripper motion, theesponding 3D-model of the robot was designed
and investigated in SolidWorks softwaB8zopes of further investigatiaria the present paper, there
are analysed kinematic parameters of the manipulatotion. While carrying out further
investigations, it is necessary to perform its dgitaanalysis taking into account all the forces
acting upon the elements of the robot, as welhadrtfluence of drives. This will allow to catty tou
the optimization synthesis of the robots structuremely the geometrical parameters of the
mechanism, operational parameters of drives, etc.

Keywords: structural analysis, kinematic analysis, maniprlatdegree of freedom, mobile
robot, simulation, robotic system, operational pagters.

I ntroduction

Robotization of industrial and technological prazsin all fields of the human activity is a leagdin
and long-term trend of development of modern spd¢iBt Nowadays, industrial robots have becomeequit
widespread and have formed the main technologiaak of the machine-building, instrument-making,
electrical and electronic fields of the world’s ustry [1], [2]. Development of perfect industriabots is
carried out on the basis of scientific researchotétical and applied investigations performeddigrgists
of numerous research schools in Ukraine and abroad.

Over the last decades, a new direction of robogtaed with autonomous mobile robots equipped
by onboard control systems has been formed [3]-[H8wever, the processes of development and
improvement of these significantly complicated ridbalevices are constrained because of the la@dnof
open-access comprehensive scientific and theoketreanework for calculating and designing of
autonomous mobile robotic systems, taking into aotthe latest developments in the areas of ndwigat
systems, systems of technical vision, systemswif@mmental analysis and decision-making, etc.[[3}-
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Problem Statement

The necessity of widespread implementation of neobidbots is caused by following factors: the
improvement of productivity of manufacturing andheological processes and reducing danger to human
life; the increase in the number and scale of madardisasters, which are inevitable in the conuitiof
industrialization of the economy; an increase i tnmber of natural and environmental disastersezhu
by global warming and industrialization; changihg ttharacter of modern military operations, in \lhic
the role of robotic devices is rapidly growing; fieasing the scale and variety of terrorism; in@eias
production and transportation of drugs, radioacsind other dangerous substances [1]-[5].

There are a number of extreme conditions wherenhemeans capable of protecting human beings
are mobile robots. Therefore, for many industriesd government institutions, the use of mobile rebsthe
only way to eliminate or reduce the risk to humiéndnd health [1]-[5]. Ukraine's urgent need fayhite
robots is caused by the necessity to equip the dwyngew models of intelligent precision weapons, to
solve a number of problems of the Chernobyl nugbeaver plant, including the exclusion zone, andoth
nuclear power plants, as well as the necessityspibdal of mines, other explosive devices, theasiapof
large quantities of ammunition, missiles, rockets$. radioactive and poisonous substances etc.

Review of Modern Information Sour ces on the Subject of the Paper

A modern mobile robot able to perform a number wfctions mentioned above is a complex
system, in which the latest achievements of maaypdires of science and technology are combined. The
designing and production of mobile robots involtles use of advanced technologies in such sciemtifit
technical areas as compact and energy-intensivee®@and energy converters; highly reliable offdroa
vehicles; high-precision satellite and inertial igavion systems; multi-link technological manipokat
with precision programmable drives of high specpmwer; noise-tolerant multi-channel command and
telemetry systems of radio and fiber communicatsystems of technical vision; multilevel adaptation
systems for remote control of robots and specitvane of their systems [1]-[14].

One of the other basic directions of developmentnabile robots is the improvement of their
“mechanical” part in order to increase passabilitmprove controllability, expand the performed
technological operations etc. The latter task llgrdepends on the design of the manipulator argperi

The structure of a manipulator is determined byltlvation of its drives. If the drives are placed
directly in kinematic pairs, then the masses ofdfiees are added to the masses of the moving phtie
manipulator [5]-[8]. If the total load on the drsseand their power increase, then the ratio of the
manipulator mass to the payload (maximum masseobbject being manipulated) decreases. Therefore, i
the designs of some robots, the hand and arm drérekto be placed closer to the base of the rivbot
order to reduce the mass of the robot’s movablegrat the inertial forces acting upon the links poidts
of the manipulator [5]-[8]. In this case, the amidial kinematic chains are used to transfer mofiom
the drive to the corresponding link.

The manipulators using the principle of placingves on the robot's base have more complex
mechanisms. However, an increase in the numbemks$ land kinematic pairs is compensated by a
decrease in masses and moments of inertia of thngéinks of the manipulator [9], [10]. In additip
closed kinematic chains increase the accuracy igitity of the mechanism. In general, manipulatdrat
use the principles of combined arrangement of drieme part of drives are placed on the base, winde
other drives are placed on the movable links) Haetter energy and dynamic characteristics, as agell
higher accuracy [11], [12].

Objectives and Problems of Resear ch

The main objective of this paper consists in stmadtand kinematic analysis of the pantograph-type
manipulator with three degrees of freedom. To aghithis goal, the following tasks will be solved:
1) review of the design and operational featurea wfobile robot with a pantograph-type mechanisra of
manipulator; 2) analysis of the structure, kineosatand operational parameters of the manipulator;
3) simulation modelling of the gripper motion in Mab, SolidWorks Motion and MapleSim software.
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Design Peculiarities of Mobile Robot

The manufactured mobile robot and its design viewetbped in SolidWorks software are presented
in Fig. 1. The robot consists of the gripping deviclamp, grab, tong etc.) 1, manipulator 2, whget
chassis (landing gear) 3, remote control systeamd feed (power supply) system 5. The gripping aketi
is designed on the basis of the single-degreeesfdiom gear-type mechanism driven by electric motor.
Each wheel of the chassis (landing gear) 3 is gauifby the separate electric drive controlled aitielp
of the ARDUINO hardware 4. The wheels are rigidlketl on the shafts of the corresponding electric
motors. In order to change the motion directiothefrobot, there is implemented the possibilitytafard
rotation”, which provides different speeds and cians of rotation of the wheels of the left arghtisides
of the wheel chassis. The design of the manipulases a doubled pantograph-type mechanism with two
degrees of freedom to ensure lowering/raising amhimg/pulling of the gripper. The third degree of
freedom provides rotation of the manipulator aroangertical axis. The design of the gripper is ppad
by a separate drive with a gear transmission testrét torque from the motor shaft to the grippiegers.

Fig. 1. Manufactured mobile robot (b) and its 3D modeligiesd in SolidWorks software (a)
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Structural and Kinematic Analysis of Manipulator
In the manipulator mechanism presented in Fig.2ahle horizontal position of the plaigeof the

gripper is provided with the simultaneous posgipilof movement of the manipulator along three
coordinates of Cartesian system. The manipulatqgrldased on the shaft of the electric motor (thrust
bearingO ), which is rigidly connected to the frame of thebile (wheeled) transporting platform. To the
base of the manipulator, which is able to rotatmuad the jointO in the horizontal plane, two driving

rockers 4,4,,, 4,4; and one passive rocket, 4, are joined. The connecting rod§4,, 4,A4,,, 4,4,,.
A ;A4,, and 4,4,, perform the planar motion (in a vertical plane).

The number of movable links of the considered maatpr mechanism is equal =9, and the

number of single-motion (revolute) kinematic pagsp, =12. There are no higher kinematic pairs in this
manipulator mechanism, i.ep, =0. The degree of freedom of the mechanism can kerdeied by the

following formula [7], [8]:
W=3-20p - p=30- 212 & (1)

Therefore, we can state that the considered matgumechanism (Fig. 2) has three degrees of
freedom. That's why there are three driving linked @hree independent coordinates, which uniquely
determine the position of all the rest links of thechanism. Let's accept the following driving 8nkhe
link OA,, which rotates around the thrust beari@g the link 4,4,,, which rotates around the joint,;
the link 4,4;, which rotates around the joint, (Fig. 2). Then the angleg , ¢,, ¢, can be considered as
the generalized coordinates.

The kinematical analysis of the manipulator mecsranwill be carried out using the analytical
method of closed vector loops [6]—-[9], and MatLaltware [13], [14].

Let's accept the following initial position of tiheechanism: 1) the axis that passes through thsjoin
4,, A,, A, is parallel to the axi®©y; 2) the rod 4,4, is parallel to the axi©x; 3) the rod4,4,, is in

vertical position. Let's denote the lengths of links I, wherei, | are the letters that represent the

ij 1
corresponding link (Fig. 2).
The coordinates of the jointd, and 4, of the driving rod can be determined with a helghe

following formulas:
X, (#,)=(BB,+ B A)€os@,)+ B,BIsing,)
X, () =(BB, + B,A)Eos@,)- B,B[sing,)

Y, (#)=(BB + B A)Bin@,)- B BTosp,); @)
Y, (#)=(BB,+ B A)Sin@,)+ B BTosy,);
z, =2, =OB.

The coordinates of the jointg,, 4, Ta A, are as follows:
Xy, (#1,0,) = (BB, + B A+ A AJSIN@ ) (cosp .+ B,BIsing ,)
Xy (#..4,)=(B.B,+ BA+ A AJSin@ ) (cosp ,)- B,BIsing ,);
X, (#.,¢5)=(B,B,+ B,A— B, Alos@ ;) Ccos¢, > BBsing ,). 3)
Y, (#.9,)=(BB+ B A+ A AJSInG,))Bin(@,)-B,B[tosp, );
Y, (4..9,)= (BB + B/A+ A AJBING ) (sing )+ B Bcos ,);
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Yo (#.6:)=(BB+ B A~ B Altos@ ;) Csing . )+ B Bllcost . )
Zy,(#2) =2, (#,) = OB+ A A,[C0S§,,);
Z,(¢:)= OB + B ASIn@.).

0

Fig. 2. Structure diagram of the manipulator

In further calculations, let us adopt that the @i\, A, A,, A, are located and move in one

vertical plane passing through the ax@x. This allows to simplify the coordinate equatioofs the
corresponding joints by defining the coordinatesnglthe axedOx and Oz. The coordinates of these
joints with respect to the axi®y will be further easily expressed in terms of caoates relative to the
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axis Ox at a known anglep,. To determine the coordinates of the joit based on the method of closed
vector loops, the following equations are derived:

X4 (8,)= X, (8,)= X, (#,)= BB+ B A+ A AfSin(¢);
X, (#:)=BB,+ BA- B Altog(¢ ) ;
Z,($,) =2, (8,)=Z, (#,)= OB+ A A€0s@,);
z <¢3)—oa+ B, ABIn@,);

(x,(4,)-
{(a (m)— 2, (82) +( k(00 x(03) )+
2 (0)-2.(6)
[ AA+AAN (%, (8- % (#) - 2.(#)- 2(29) ]~
(. ¢2 )2+(zA8(¢2)— 2.(0)) (a4 AR |

Xy, (¢2v¢3) =Xy, (¢2)

As ) X4, (¢3))2+(ZA8(¢2)_ZAA(¢3))2:|
(2,(2.)-2, (¢3))x
{(AAY (A8 (7,6~ 2.003) -( x(23- x(#9))-
~(x4 (22) - x,, (¢3)) %
(AA+AAS=(x (0= x.(43) (200~ 2(03) |
(% (4)-x, (¢3))2+(z <¢2)— 2,8 ~(AA- AN
2, (8,.9,) = 2, (¢:) -+ 2 _

21 (x, ) +(2,(2.)- 2.(0) |

Having determined the coordinates of the joiAisand A, , we can determine the coordinates of the

X

joint A, (the gripper fixation point) using the followinglations:
Xa, (¢21¢3) — Xn (¢2’¢3) - X, (¢2) X (¢ 21¢ 3) -
A As AA

. (5= A A%, (¢ %x*(¢2’¢3))+x%(¢2,¢3):

2, (#2:05) = 2, (#20) _ %,(92)~ 2.(420)
AR ARy

2 (pog)= B0 Aipgz“?(¢2'¢3))+zﬁv(¢2,¢3).

The coordinates of the gripper supporting pdsptare as follows:

AA T, (¢.)- %, (¢24))
AA,

(4)

Xn, (#2.85) = +X,, (¢,.¢,) | (tosp, +(B,B, ~ B,B) Csing, (5)
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YNCALE A’A“[M(fj?)é x“7(¢2'¢‘°‘))+x,;7 (6,,8,) | 5ing, + (B,B, - B,B) Tosp,

z,,(¢,.0,) = Al (i\z;)f;d 5 (6:69) +2, (4,.45).

To determine other kinematic parameters of the madaior, in particular, the speed and
acceleration of the gripper (or the analogues ekdpand acceleration), it is necessary to diffeaenthe
dependences (5) with respect to the correspondingrglized coordinates, considering the coordinates
the functions depending on time.

Analyzing the proposed structure diagram of the imdator (Fig. 2), we can state that the
generalized coordinates, describes the rotation of the manipulator arouhd vertical axis. The

generalized coordinates,, ¢, describe the raising/lowering and pushing/pullimavements of the gripper.

Numerical Modelling of the Gripper Motion Using the Derived Analytical Dependencies

In order to perform the numerical modelling of dwpper motion let us use the derived analytical
dependencies (1) — (5) and accept the followingrgdiical parameters of the manipulator in accoreamith
the proposed design (Figs. 1 and ®B =35 mm, BB, = B.B,=10 mm, B,B,= B,B.= B;A=15 mm,
B,A=BA=BA= BB=5mm, AA=AA= AA= AA= AA= A A780mm, B,A =35mm,
AA, = ALA,=15mm, AA=35mm, A A,=115mm, A,A,=20 mm, A/A,=10 mm.

Let us model the motion of the supporting pa#)f in several characteristic positions of the driving
rockers 4,4,,, 4,4 Fig. 3, a — the rocker, 4,, rotates from its vertical position to the horizainbne,
while the rocker4,4, is in the initial horizontal position; Fig. 3, bthe rocker4,4,, is in the initial
vertical position, while the rocked, 4, rotates from its horizontal position to the veatione; Fig. 3, ¢ —
the rocker4,4,, rotates from vertical to horizontal position, vehthe rocker4, 4, is in vertical position;
Fig. 3, d — the rockew,4,, is in its horizontal position, while the rocket, 4, rotates from its horizontal

position to the vertical one.
The considered graphical dependences confirm tigagéneralized coordinatgs, ¢, describe the

raising/lowering and pushing/pulling movements loé tgripper. Analysing these dependences, we can
conclude that to lower the gripper it is necessarincrease the anglgs,, ¢,, while to push the gripper
(to extend it in the horizontal direction) it isa@ssary to increase the anglgor to decrease the angfe.

The proposed mechanism of the manipulator provédesnstant horizontality of the working plane
of the gripper, that is why in the process of mbglit was enough to choose the supporting hingd®
gripper as a point to be studied, and to use thatams (4).

12¢ 18C

10 x 160

8 o~ 140

ZA13(92,0) XA13(92,0)
6 / 120 a
mm / mm

2 80
0 0.5 1 1.5

¢p2 rad
Fig. 3. Graphic dependencies of changing the coordindtdseayripper supporting point while performing the
characteristic movements, which were selectivelgdtigated in the process of numerical modelling:gs = 0
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12t§ 100
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Fig. 3. (Continuation). Graphic dependencies of chandiegcbordinates of the gripper supporting point ghil
performing the characteristic movements, which veelectively investigated in the process of nunatmcodelling:
b—¢,=0;c—¢s=90°% d—¢ = 90°
Simulation of the Gripper Motion in SolidWorks Software

SolidWorks Motion is a software for performing emggering analysis of various mechanical
systems. In particular, in our case, this prograith alow integrated kinematic analysis and motion
simulation of the manipulator (Fig. 4) on the basigs solid-state model.

In order to confirm the derived analytical deperaen(l) — (5) describing the kinematics of the
manipulator, as well as to verify the results ofmeuical simulation of the gripper motion (Fig. 8),this
section we shall perform motion simulation of thampulator in SolidWorks Motion software and presen
the results in the form of characteristic positiomdicating the appropriate geometric parameteig @J.

In Fig. 5, a, there is shown the initial positidntlee manipulator, for whiclg, =0, ¢, =0, i.e. the

driving rocker 4,4,, is in the vertical position, and the rockeyf 4, is in the horizontal position. The
obtained geometric parameters completely matchethdts of numerical modelling presented in Figs, d.

75



Vitaliy Korendiy, Roman Zinko, Yurii Cherevko

18625

Fig. 4. Design of the manipulator

In Fig. 5, b, there is shown the position of thenipalator, for whichg, =0, ¢, =90°, i.e. both
driving rockers 4,4,, and 4,4, are in their vertical positions. The obtained getrmm parameters

completely match the results of numerical modelpngsented in Figs. 3, b, c.
Fig. 5, ¢ shows the position of the manipulator vitnich ¢, =90°, ¢, =0, i.e. both driving rockers

4,4,, and 4,4, are in their horizontal positions. The obtainedrgetric parameters completely match the
results of numerical modelling presented in Figa, 3.
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In Fig. 5, d, there is shown the position of thenipalator, for whichg, =90°, ¢, =90°, i.e. the
driving rocker 4,4,, is in the horizontal position, and the rockéy4, is in the vertical position. The
obtained geometric parameters completely matchethdts of numerical modelling presented in Fig:, 3.

Zi[115.5%9mm

dz

115.59mm

bl 16,77 mm

Center Dist

[ 16.FFmm

Wi -19.0d4mm

iz B

Fig. 5. Typical positions of the manipulator, which wenmglated:a — ¢, = 0, ¢35 = 0; b —¢> = 0, ¢3 = 90°

21 35.63mm
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Fig. 5. (Continuation). Typical positions of the manipolatwhich were simulated:
C—¢=90°¢:=0; d—¢.=90° ¢3 = 90°

Thus, analysing the graphical dependences (Fightajned on the basis of analytical formulas ()
describing the kinematics of the manipulator, andhgaring them with the simulation models of the
gripper motion obtained with a help of SolidWorksdt&are, we can note the complete matching of the
results, which allows us to conclude on the adegjoathe derived analytical dependences (1) — (5).

In order to perform the overall investigation ofm&matic parameters of the pantograph-type
manipulator, let us carry out the simulation ofritetion in MapleSim software.
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Simulation of the Manipulator Motion in MapleSim Software

MapleSim is a Modelica-based, multi-domain modglliand simulation tool developed by
Maplesoft. MapleSim generates model equations, wgimailations, and performs analyses using the
symbolic and numeric mathematical engine of Maplmdels are created by dragging-and-dropping
components from a library into a central workspaesulting in a model that represents the physical
system in a graphical form.

The MapleSim library includes many components taait be connected together to model a system.
These components are from various areas of scemtengineering, in particular from mechanical area
The use of Maple underneath MapleSim allows athefsystem equations to be generated and simplified
automatically. The user can explore their systemgairious ways, such as viewing the equations behind
their model and performing parameter optimization.

The MapleSim model of the manipulator is preseritedrig. 4. It is constructed using 4 basic
components that can be found in Multibody and 1-BcNanical Libraries. Fixed Frame (poi@) is a
stationary frame with a fixed displacement and raeon relative to ground. Rigid Body Frame (e.g.,

OB, BB,, B,B, etc.) is a frame with a fixed displacement an@mation relative to a rigid body centre
of mass (CoM) frame. Rigid Body (e.gRB, RB,, RB, etc.) is a centre of mass (CoM) frame with
associated mass and inertia matrix. The RotatiGoaistant Speed (or Constant Speed) compor@gt, (
CS,)) generates a fixed 1-D rotational constant spé#ukelange.
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Fig. 6. MapleSim model of the manipulator
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The four typical positions of the manipulator thatrrespond to the positions simulated in
SolidWorks software were modelled in MapleSim 3-Adpace and are presented in Figs. 7, a — d. In
Fig. 7, a, there is shown the initial position bé tmanipulator, for whicty, =0, ¢, =0, i.e. the driving

rocker 4,4,, is in the vertical position, and the rockey4; is in the horizontal position (see also Fig. 5, a)
Fig. 7, b shows the position of the manipulator viich ¢, =90°, ¢, =0, i.e. both driving rockerst, 4, ,
and 4,4, are in their horizontal positions (see also Fig)5In Fig. 7, c, there is shown the positiorthef
manipulator, for whichg, =0, ¢, =90°, i.e. both driving rockers4,4,, and 4,4, are in their vertical

positions (see also Fig. 5, b). In Fig. 7, d, thisreshown the position of the manipulator, for whic
@, =90°, ¢, =90, i.e. the driving rockerd, 4,, is in the horizontal position, and the rockér4. is in the
vertical position (see also Fig. 5, d).

10 11 12 13 14 15 1.6X13,dm
Fig. 7. Typical positions of the manipulator, which wemmuslated:a — ¢, =0, @3 =0; b —¢>. = 90°,¢3=0
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Plot 1

02 03 04 05 06 07 08 09
X13, dm

Plot 1

X13, dm
095 LO00 1.05 L10 1.5 120 1.25

Fig. 7. (Continuation). Typical positions of the manipolatwhich were simulated:
C—¢2=0,¢3=90°%d—g, = 90°, 3 = 90°
Using MapleSim simulation software, there were nllede the typical movements of the
manipulator from its initial position to the positis mentioned above. The obtained plots (Figs.—7da
describing the trajectory (the path) of the grippgpporting point A ;, Fig. 2) completely match the results
of numerical modelling presented in Figs. 3, a -asl,well as the results of computer simulationhaf t
manipulator motion performed in SolidWorks softwarel presented in Figs. 5, a — d.
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Conclusions

The experimental sample of a mobile robotic systentdesigned in SolidWorks software and
implemented in practice (see Fig. 1). Its strudtaral operational peculiarities are considered.

The structural and kinematic analysis of the maaijou is carried out, on the basis of which the
number of its degrees of freedom is determinedthredanalytical dependences (1) — (5) describing the
motion of the gripper are derived. According to tiained results, the dependences of the cooedirudt
the gripper supporting point on the generalizedrdioates ¢,, ¢,, ¢, are derived (see Fig. 2). It is

established that the generalized coordingtelescribes the rotation of the manipulator arodnedvertical
axis, while the coordinatgg,, ¢, describe the raising/lowering and pushing/pulimavements of the gripper.

Numerical modelling of the gripper motion is perfeed on the basis of the derived analytical
dependences (1) — (5) using the MathLab softwaherd are presented the graphical dependences (see
Figs. 3, a — d) presenting the changes of cooreknat the gripper supporting point while performihg
characteristic movements which were selectivelyegtigated in the course of numerical modeling: a —
$,=0;b-9,=0;¢c—-¢,=90°;d-¢, =90°.

The integrated kinematic analysis and simulatiorthef manipulator motion are performed on the
basis of its solid-state model (see Fig. 4) designethe SolidWorks software. The obtained resates
presented in the form of characteristic positiohshe manipulator with indication of the corresporgl
geometrical parameters (see Fig. 5). Based onethdts of simulation, a conclusion is made aboat th
complete matching of the results of analytical nilig and computer simulation, which allows us to
prove the adequacy of the derived analytical depeces (1) — (5).

The simulation model of the manipulator that cqooesls to its structure diagram (see Fig. 2) is
constructed in MapleSim software (see Fig. 6). @treesponding movements of the links are modeHleé (
Figs. 7) and the obtained results are comparedththesults of analytical calculations and simatat

While carrying out further investigations, it isaessary to perform its dynamic analysis taking into
account all the forces acting upon the elementh@frobot, as well as the influence of drives. Thik
allow to carry out the optimization synthesis o tiobots structure.
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