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Analysis and proposal motion of robotic
manipulator system for monitoring luggage
compartment including a dynamic analysis

J. Struska, M. Struska, and M. Popelka

Abstract— Article deals with motion control manipulator, whose
motion states are derived and subsequently calculated by based on
the equations of motion. By using these calculations are determined
effects of the moving parts of the manipulator, including the effect on
individual moving arms, and dynamic load prospective drives. The
resulting potential and kinetic energy of system then used for derived
and calculated equation of motion. Base on that is created conception
and 3D structural model. This autonomous robotic system model find
use for monitoring and identification suspicious objects in luggage
compartments of transport vehicles.
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I. INTRODUCTION

Autonomous serviced robotic systems can be used in
particular scanning and identification of suspicious
objects in cabin luggage compartments of wvehicles. Such
spaces, as in vehicles type train, plane located above the
passenger's heads and require viewing, where possible,
identify and remove dangerous objects.

Based on the structure of this type of service robot, is
primarily implemented manipulator, allowing the movement of
the camera and a distance sensor as an element of external
sensory system. Also for supporting any sensors of chemical
compounds or explosives for the autonomous movement of the
effector on the premises. Inner sensory system is commonly
formed beside the angular position sensor of any electrical or
hydraulic actuators mobile system, especially a system of
sensors for controlling the movement of possible states of the
manipulator.
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Give cause for the emergence of this project was the absence
of potential manipulator arm, allowing the dimensions and
design integration directly into the luggage space.
The main general aim of the works, one of which this text the
first part, is methodology of motional equations derivation of
manipulator and achieved results, necessary for motion system
proposal and the control.

Next works will be dedicated to complete manipulator
movement, its motional equations and created 3D structural
model based on the obtained parameters.

II. MANIPULATOR BODY MOTIONAL EQUATIONS

A. Statement of a problem
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Fig. 1 manipulator parameters in the framework the coordinate
system
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On Fig.1 manipulator body presented, situated in plane as a
system with six freedom degree.

Task is to derive the motional equations depending on

the position of the arms towards the origin of the coordinate
system, forming angles a1, a2 and az. The end effector with the
momentum of inertia relative to the axis Zs is neglected in this
case.

B. Determination transformation and kinematic matrix

For the compilation equations of motion is first necessary to
find kinematic transformation matrix *T; for i=1,2,3,4
equation of physical element dm1 first arm and for i=1,2,3,4,5
of physical element dm2 by second arm, where basic matrix
is:

cos@ —cosg;sing, sing;sing, @ cosf,
- sing, cosg;cosf, —sing;cosd, @ sin g,
Ti= . - ()
0 sin ¢, cosg, d,
0 0 0 1

Following matrix, and calculations demonstrates
the procedure for first and second arm element dml, dm2 .
After substitution:

c0s90° —cos0’sin90°  sin0°sin90°  y, cos90°
o - sin 90° cosO‘_)coOsQO0 —sinOOC(;sQO0 y; sin 90° _
0 sin0 cos0 0
0 0 0 1
0 -1 0 O
1 0 0 vy,
“loo0 1 0
0 0 0 1
1000 -singg 0 cose; O
T 010 0;2T3: -cosey;, 0 —sing O (
0 01 nh 0 -1 0 0
0 001 0 0 0 1
—-cosa, -—-sina, 0 {cosa,
T, - sina, -cosa, 0 —{sing,
0 0 1 0
0 0 0 1
—Cosa, Sina; 0 £,cosa,
0T, - -sinag,; —cosa,; 0 £,sina,
0 0 1 0
0 0 0 1

Coordinates physical element dm1 of first arm in his coordinate
system Oxayaz4 iS:
[x 0 0 1

Following the determination of absolute coordinates
physical element dml of first arm, in global coordinate of
systém Oxoyoz0
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The resulting transformation matrix 3T4 is:

0 0 1 2 3 _
T,= Tl(yT ) T, (h) T, (0‘1)' T, (0‘2 )_>
- C0Sa, C0Sa, —COSe,sine, Sina,

sin ¢, coSa
O-I-4 — 1 2

£, cosa, cosa,
sin,sina,  cosSa,
-sina, cosa, 0 h+{sina,

0 0 0 1

-8 sina, cosa,

1 ®3)

Global position of element dm;:
Xmt X f,cosa, cosq,
Y1 o . 0 _ —£,sin o, cos ar,
Zem | 1|0 h+¢ sin a,

1 1 1

Vector absolute speed of element dm; is then:
[ (£, -x)- (o -sinay coso, —m, -cosa sina, )

T (4)

. vy +(8; -x)- (0, sino sino., — @, cosa; cosa, )
Vdm1 = (5)

(£, -x)- ®, cosay
0

Quadrat of size speed dma:
| = (€, =) o + 0 -c05* ar, )+

. . 6
+2(6, —x)-v, (e, -sin a, sin a, — @, cosa, cosa, )+V} ©)

Then apply for the first drive:
~ 2
7

+28,-v, (o, -sin &, sin @, — w; COsx, COS L, ) +V2

2
=t {a)zz + @} -CoS° a2}+
(7)

Coordinates physical element dm2 of second arm in his

coordinate system Oxsyszs iS:

[x 0 0 1T

Following the determination of absolute coordinates
physical element dm2 of second arm, in global coordinate of
systém Oxoy0z0
The resulting transformation matrix “Ts is:

0T5 =T, (yT )'1 T, (h)'z T (0‘1)'3 T, (az )'4 Ts (as )=>

cosa, cosla, ;) cosasinfa, ~a;) sina,  —cosaf, -cosle, - )4, 005, |

8
op | a,008(, ~a,) ~sinasinfa, ~a;) cosa, y; +sina,ft, -cosle, )1, -cosa,] ®)
sinfa, - a,) —oosle,-a,) 0 h-t,-sin(a, -a; )44, -sih e,
0 0 0 1

Global position of element dmg:

—{, cosa, Cos(oc2 — 0, )+, -cosa, cosa,

Vo + 8, sina, cos(a, —a,)—E sina, cosa,
T ©9)

h—¢, -sin(o, — o, )+, sina,
1
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Vector absolute speed of element dm: is then: , [ IV ]
[ o, -[(&, - X)sin &, cos(ar, — ;) — £, - in o cOs ety |+ & |(c, — s f + oo -cos*(a, — o )|-
@, -[(t, - x)cosa, sin(a, - a,) - £, - cosa, sin ar, |- » (d22 -a,- 0'13)(:05053 + +
- o, -[(¢, - x)cose sin(a, )] " w? -cosa, - cos(a, —a,)
Vot [Z!Z2 - x)cos(a, ) - cos(er, — ;) — c0s(a, ) - cos(a, ) - £, | ) (18)
Vo =| Y o o 1 ¢, - cosa, cos(a, — ;) —
o, -(¢, - x)sin e, sin(a, — @, )~ 4, -sin a, sin a, | - 10)  w,, :E-(mp2 +me)- 20| d, sinasin(a, —a;) |+
+a,-[(¢, - x)cose, sin(a, -, )] +a,-sina,sin(a, - a,)
— 0, 'f(fz - X)COS(O{Z - ay)- 14, -cos(a, )]+ [ '[(Zz - X)cos(az - 0’3)] 8 ! 2 8
| 1 | +8 -(0':22 +a?-cos? az)—
. 2.0 &, - COSqr, COS oy
Quadrat of size speed dma: Y~ g, -sing;sing, y
Vano|* = (& —x) (@0, —@, )" + Potential energy of element dmy by first arm is:
2 2 1 .
+(Z2—X) @y - CO0S (0!2—0!3)_ me1=—m1'g' h+_f1.s|n azJ (19)
2
—21,(¢, —x)-@? -cosa, -cos(a, —a, ) —
_o, (‘-’z _ x)- (6022 — )COS% + Potential energy of firs dI‘IVEi prl : .
+2(¢, —X)V, - @, -cose cos(a, —at;)— (11) Wy =-m,; -g-[h+£ sina, | (20)
_ 2(32 — x)-vy <@, -Sin ¢ Sin (0!2 _ a3)+ Potential energy of element dmz by second arm is:
. . . 1 .
+2(¢, —X)-V, - @, sin a; sin(ar, — oty )+ W, =—Mm, - g- Lh +0, -sina, — Efz sin(a, — a, )J 1)
+{ o -cosa, - (fla)l COSay =2V, - cosal)+
+10, (Ela)z —-2-v, -sing;sina, )+ vy Potential energy of second drive and efector W, :
The kinetic energy of swing: pr2 = _(mpz +me)'g'[h+‘v’1 sina, —£, ~sin(oc2 —ay )] (22)
1 o1 .2
Wi oMy +E']m "0 (12) After determining the Kinetic energy of the system, we can
The kinetic energy of element dm: by first arm is: C?”;p"de the ‘?qua':clor?s of motion (2;5). But flrfst, a description
1m . p of the dynamics of the system using lagranger function (23).
deml =5 Vdm1| ~dX (13) .
2 ¢ Lagrangian:
The kinetic energy of first arm ka1 : L=(m+m, +m,+m,+m,+m,)- y_,.[mpl +%mlj~
W = 1 %(0!22 +d12 -cos? 0!2)'212 +0-y- (14) lz1[0.‘22‘(Sin a, -sin az)—df'(cosal-cosaz)]+m2.
k1 _E'ml' o ) _ " 1 [a,-cosa, cos(a, —a,)+d, -sin a, sin(a, —a;)-
(a, -sina, sina, -, cosa, cosa, )+ Y 125 _, -sin a, sin(a, —a,) Ly (23)
Resulting kinetic energy of first drive Wkpl : ~£,(6, cosa, cosa, — d, sin a, sin a, )
. . . &, -cosa, cos(a, —a, )+ d, -sin a, sin(a, —a,)-
W, 1 ff-(a22+af~cosza2)+231-y- +(m,, +m, ) 2[—10( ‘sinizsin(; —;) 2 o }
i = o ol . ~ . . . " (15) p2 e 3 1 3 2
2 (¢, -sin a, sin a, —a, cosa, cosa, )+ Y —2,(a, cosar, cosa, —, sin , sin a,)
The kinetic energy of element dmz by second arm is:
1m, . 2 Where 9L _
demZ = E o |Vdm2| ~dx (16) dy
2
The kinetic energy of second arm W, _, C. Motion equations by manipulator object
The most important step for the dynamic analysis of the
1[(022 — )+ -cos?(a, - ay )| £ + manipulator is a derivation equations motion of system,
3 ' describing the dynamic behavior of the manipulator. The
W, = Lom, dety o COS_("‘Z -a)- o -\ (17) equations of motion derived from a lagranger function (23).
2 —d, -sin a, sin(a, —a, )+ d, -sin a, sin(a, - a;)
~2-y-4,[a, -cose, cosa, —d, -sin a, sin a, |+ Motion equation for y:
+lf~(d§+df-cosz a2)+y2 .
d(oL) oL
a An | A, T Text
Resulting kinetic energy of second drive W, , : 8y o
P Substituting then:
ISSN: 1998-0159 120
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M
=( Mm+m +my, +m,+mg,+m,) §+
(m +m,) M g, cose, cos(r, — at, ) -
2 2 1 3 2
+d1 +
m
m oM +my+my, + le-flcos%coswz}
m,
mp2+m +7 £, sin o, sin(a; — ) +
+ay +
m, . .
m p+ M +my+my, + 2] lelnalslnaz}
. m,
—Giy-4| (m,, +m, +7 £, sin o, sin(a, —a, )+
m,
My, + M, +m, +m, +—= |f;sin, cosa, —
2
+al +
~[m, +m, +™2 g, sin g cos(er, -, )
p2 e 2 2 1 3 2 (24)

m,
(mp2+me+m2+m + JZ sin ¢, cosar, —
2

m,
(m +m, +JZ sin e, cos(r; — )
2
: " e s cose )
= 5| My + M, + =22 iy sin g cos(a, — e
(m +m, + 2)2 cosa, sin(a, —a, )+
+2a,-a, -
m,
+(mpz+me+m2+m + jz cosa, Sina,
2
—20'(1~0'z3£m +m, +2JZ cosa, sin(a, —a, )+ 2, -

(m +m, +rr21 je cosa, sin(a, —a,)

Example motion equation for Ma1, Mazand Mesare:

dfoL) oL\, dfo)_ o
dt\od, ) oa,  “'dt\oa,) oa, (25

afay oy,
dt\ dea, ) Oa,

Following is a sample derivation of the equation for Mq1, Ma2
and Mas. The first step is an equation (23) into these

derivatives - a o

oa, Oa,

After substituting is expressed Mou:
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+a,

+ay -

m
{(mp2 +m, )+ TZJZZ cosa, cos(a, —a, )—
=y +
mi
|| My M, +m, +m +7 -, cosa, cosa,

3, +(m, +m, e, cosa, +¢, cos(a; —a, ) +

m m,
+?2-l?f cos?(ag —a, )+ (m +my, + 3]3 cos’ a,

2{(mpz +m, o2 +%Bf}-cos(a3 —a,)sin(a, —a, )+

-, - +2(mpz +m, )zlzz sin-(2a, —a, )-

9 m, % .
—2 My + M, +M, « =24 My, 7 -COS, SN @,

g 72{%212 (my,+m )2 o (m, +me)-mz]

.cos(a; —a, )sin(a; —a, )

Substituting for Mgz:

Az

+3,-

— 0y

2

+a) -

m . .
Li +My M, +m, - mejflsln a;sina, +

(m +m, +m7) £,sin o, sin(a; —a,)

(mpz +m, szz - 24, cosa3)+

(m 4m, ]
My = +m ,+m, |f
3 3

. ~[%L’f oy, +m e -, c05a3)} +

g .
I\ 3 Mt My My, + M, |- COSaSin @,

_{glz[%mz)ﬂf(mpﬁme)}. "

.cos(a, —a, )sin(a, —a,)—
—(m,, +m, hut, sin(2a, - a,)

+a,a, - 2(mp2 + me)-l,’ll,’2 -sina, —

22
—a,

-9

~(m 2+me)-1?1162 -sina, —

(—+m +Mm,+m,+m )

mZ
£-COS0, + G oty | S+ My M, cos(a, — a,)

And substituting for Mga:

M

s :—y-{LrT;Z+me +mp2]-lf2 cosa, sin(a, —az)}+

m
+d, -[(mpz +meX131182 cosa, —Kf)—;ff}

mp2+m)i 38}

{(mpﬁm k2 +?213 }cos( ~a,)sin(a, —a, )+

+a?[m,, +m, Jl.L, cose, sin(a, —a,)-

—o'ezz(mp2 +m, )-4,8, sin

(26)

(27)

(28)
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D. The structural design of the manipulator

Based on the equations of motion within the simulation was
performed complete project management of physical states,
and were created by the physical and simulation models
information interaction. This was detected effects inertial
masses whole moving object, their interaction and its effects
on individual homogenates moving arms including the
dynamic loading drives. On that basis, was created by 3D
design of one of the possible forms of the manipulator (Fig.2),
including the selection of appropriate materials and drives.

__AR/HR 30 ‘

L HV-VF il

—

FFNSVON
HRCIOFN-S-VO-N___ Nema 3

Nema 23

P42U-AS11:=7/3Nm; 1:10

CM024; 1:10

Jekl AL70x 70x 4 mm; 1,44 Kg

Nema23

\
CMO24: 1:10,

Fig. 2 proposal body of manipulator manned movable
elements

The paper is concerned with utilization equations of motion
on based on which are obtained kinematic and dynamic
properties of an object usable for subsequent simulations.

This contribution forms the first part of the works concerned
on created manipulator autonomous serviced robotic system
for luggage compartments. 3D graphic model on Fig. 3 shows
one possible form of the final construction of the manipulator.

CONCLUSION

Fig. 3 the final form 3D graphic form of the manipulator
systems
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