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Abstract: High speeds and accuracy of robotic manipulators aurrent requirements to obtain im-
proved performances of industrial robots. Howevegher speeds and accuracy are greatly influenced
by elastic behavior of mechanical structure of isttial robots. For this purpose an original apprdac
on gantry robots volumetric accuracy evaluation ahbints elastic behavior specific influence onsIR
volumetric accuracy quantifying method have beereligped. Following up these issues the paper suc-
cessively presents in two parts: the original mathéic modeling for gantry IR’s overall elastic beia

and specific algorithm / quantifying method of khie elastic displacements influence on IR’s volime
accuracy (both of them generally valid for any kafdgantry robot and P-joint specific internal dgs),
specific performances of an usual model of Glidatrgarobot type and respectively it's virtual progpe
already developed by authors for performing speafoplied calculus related to this robot’s P joirts

overall elastic behavior modeling, the mathemataxei of overall gravitational and inertial load dis
bution, specific mathematic algorithm for loadinghlawior evaluation related to robot’'s P-joints paft
ly assemblies and each included cam following guidiomponents.
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1. INTRODUCTION 2.1. Calculation model for determining the end-

. . effecter’s positioning error matrix
In this paper the authors propose an analyticaleho P g

for gantry robot’s volumetric accuracy evaluaticased Positioning errors are the sum effects of elastic
on elastic displacements of joints. To properlyiiethe  movements of joints, structural elements and kirtema
virtual model for robot’s overall FEM analysis was- chains, but the biggest share is considered to hiaae
cessary to determine first the stiffness of theotsb elastic displacements of joints guiding elementBus,
translational joints including cam-followers compaits.  further, it will be presented the full mathematicabdel

For this purpose using the mathematical model, ldeve corresponding to the Gudel Fp4 gantry robot.

oped by Nicolescu et al. (2010), the overall logdaf According to Denavit-Hartenbemggorithm, the total
the Gantry robot has been reduced to corresporadilad  transformation matrix for Gantry robot positionisgs-

and radial direction for each cam-follower, the afie tem (Figs.1 and 2) is:
loads on each cam-follower being determined in &cco
dance with specific design for each translatioaadtj To
express the displacements in radial and axial tiine®f

ball bearings, the authors have used the mathesthatic
background presented by De Tedric et al, (2007) in
which the elastic displacements are expressea ésall
bearing axial displacement) and (ball bearing radial
displacement). By using FEM analysis, the elastihab
vior of the gantry robot structure subjected tdistad
was analyzed and errors induced by structural eiésne
elastic displacements were revealed. By studyisglie
obtained by using numerical applications developgd
authors, several possible design alternatives, ot .
mum design solution having the highest stiffness fo Y
robot’s structural elements can be identified.
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Fig. 2. Translation joint general model with fixframe:a — for
Z axis and mobile reference systdm: for X andY axis.

The mathematical model, according Denavit-
Hartenbergalgorithm, can be written as follov
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00 0 1 ) (1)

The matrix expression written above is valid for
ideal robot, but to have a form that respects Hadity, it
is necessary to take into account the errors tkiat as ¢
result of elastic displacements.

Taking into account the effect of errors for e
prismatic joint, we can write:

To o = EPETE]. ()

whereEP and EJ-D factors represent the errors given
elastic displacements in structural components geo-
metric errors so knowing that errors given by elas
displacements in guiding systems have the biggdu-
ence (70%), the last two factors named will be oied
in following calculation, so according to what haween
just said, the mathematical model correspondirg rteal
robot is:
Treal = -rITlHDTII E1D-I—III TIVTZHD D

gantrylR

DI:/ EzDTw EsDTvn TsHD ’ (3)

WhereT, ... Ty, are depending to each type of ro

architecture, for Gantryobot presentenc: in this paper
being as it follows

1

T=|0 (3)
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001 0
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1000
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0001
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And E° matrix is:
EiD:Rd ER/i DRZi l:rsi - (10)

to consider particular effects introduced by ralitch,
yaw angular elastic displacements and respectx, y, z
linear elastic displacements of ever-joint, three (4x 4)
rotational matrices and a single x 4) cumulative trans-
lation matrix of errors has been included in thethe-
matical model to permit homogenous transforma
between the coordinate systemached to “ideal” (un-
deflected) and respectively “real” (deflected-joint
(Fig. 3 and Table 1)Where the mathematical express
factors are as it can be seen bello, 3, and 6]:

cosfr,) -sin(,) 0 O
R, = sin(()aix) cosouix) (13 8 , (11)
0 0 01
cos@,) O sin@,) O
0 1 0 0
= , 12
Ry -sin(@,) 0 cosf@,) O (12)
0 0 0 1
1 0 0 0
_|0 cos@,) -sin@,) O 13
R = 0 sin@,) cosf,) O 13)
0 0 0 1
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Fig. 3. General deformed/udeformed model for a-joint.

Table 1
Matrix components
o | oy | 0z | i tyi tyi
1] o3 | Oz | Os1 | Q61 Q41 i1
2| os; | O3z | Op | O1p Oe2 Ogz+Loz+Si+Los
3| osz | Oz | O3z | Ous O43-LostS+Los Q63
10 0 t,
Lot or, (14)
10 0 1t
000 1

Elastic deformations occur preferentially in begsiy
thus determining the elastic deformation of thenti®iis
necessary to know the elastic displacements ofb#ik
bearings on the radial and axial directions. Bem
elastic deformations can be determined by usingifp:
developed numerical modelSifapter 6]1, 5, and 6].

3. MAIN FEATURES OF STUDIED ROBOT

Gantry robots, the FP range offered by GuFig. 4),
can successfully be integrated on any robapplication,
being able to integrate in applications as machbimitd-
ing, industry applications, pharmaceutical or foodus-
try. Also performs positioning accuracy and grgagesl
despite the large volume of work Motor drive isyo
electric, moving thexes being carried by a pini-rack
type gear. Modular design allows the robot to adaej
any application, assembling it being made quickiy
easy. The modules have a special constructional-
lows obtaining a high stiffness at the same timaiding
getting heavy and oversized structures. The nee
communicate and interact with the application gyst
near the robot, is a very important aspect, sdrtezest
is that the robot, which will be selected for intsipn
into the application, to have @ntroller that can easi
interface with peripheral systems, but which, &t same
time, offers the possibilitto be easily programmed, t
user interface is necessary to be more friendlyetaigec
by a less experienced programmer. Controller thadel
uses for its FP range robots is KUKA KM C2G; it r
all the requirements listed above [5].

Virtual prototype derived fronfrig. 4 was created as

part of a research contract and discussions ofnsepart
of the paper will use data obtained from stug the
behavior of the prototype structure to static la

Fig. 4. Fp4 Gudel gantry robot: Gudel gantry robot Virt
Prototype [24, and 5].

In the following rows are given the technical clc-
teristics of the robot described abc
« Payload: 1000 [N];
e Stroke on X axis : B00 [mm;
e Stroke on Y axis: 00 [mm;
e Stroke on Z axis: 500 [mm;
e« XandY axis speed: 12.5 [m/min;
e Zaxis speed: 67.5 [m/mi;
e X axis acceleration: 1.5 [m/mir;
e Y axis acceleration: 4 [m/mir;
e Z axis acceleration: 2.5 [Imin?];
* Repeatability< 0.05 [mm] [2..

3.1. Construction of Gudel Fp4 robot F-joints

In Fig. 5the technical solutionadopted by Gudel for
construction of the Roints used on its robc are
presented:

In the second paper part is intendecdetermine the
loads on each element of the guidance; this isfitee
step in finding the elastic displacements of thaligg
elements. © guide translation couplings, Gudel, us
rollers, how to mount them, depends mainly by tiieot
payload, the higér it is, the rollers mounting scher
should provide an increased stiffnessFig. 5, the roll-
ers mounting solution, is quite simple, that isdiese of
the relative small payload of the studied robotk8cw-
ing the mounting solution for the track ras, can pro-
ceed to calculate the forces on each r [5].

Fig. 5. Virtual prototype for Gudel X, Y and Z-joints.
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Fig. 6.a — Kinematic scheme for studied gantry type IR;
b - centers of gravity position for each P-joints.

4. OVERALL SYSTEM LOADING EVALUATION

Forces acting on the guiding elements are theltresu
of inertial effects, unbalanced gravity centers émde
of gravity. Kinematics scheme in Fig. 6a is corsist
with the_ actual dimensions of the.robot :_:md respdw In Fig. 8 the distribution of forces on each aafs
conventions of Hartenberg-Denavit algorithm, moerov . . o
. o coordinate corresponding to rob¥t axis is observed.
one other important aspect for determining loads on
o ; - . Forces generated by the momekts and My result on
joints, is to calculate the position of center odngty of -9 R
> . . - the direction of axes of reference, making it dife
the P-joints (Fig. 6b), for their determination warsed N .
: when force generated Bz, it is distributed on the guid-
CATIA V5 functions [7]. . S
ance rollers radial direction that correspondsh® &s-
sembly moving direction.

Fig. 8. Distribution of forces for Y P-joint.

4.1. Equations to determine loads on the guidance
system forZ axis 5 Mys
To determine the loading value is first necessary Frmxs == (15)
determine the inertial forces. Equations and vabidhe

centers of gravity, inertial forces; @here determined Fymxs = Friyys - cos (). (16)

using the mathematical model presented in formpepa 53

of the authors [6]. Fxpys = Tﬁ. a7
Thus, loads are determined in the kinematic coupl-

ings, we can proceed to determine the forces oh eac Fxn . = 2M3 (18)

guidance element and then evaluating the elaste di M3 4a

placements and their influence on gantry robot mau Frags = Fyaas (19)

tric accuracy [1].

In Fig. 7 are given resulting loads on each cat fo Faxs = FXyzs + Fpys. (20)
lower in hand. It is clear that loading resultimgZ axis
will be supported by corresponding actuator of s, Fro. = 2Mx2 (1)
since the displacement is along thaxis. Loads results Mx 2c
in the Y axis are taken over by the roller on thdial Fray = Fryy - €08 (@) 22)
direction and the resulting loads along tKeaxis are Mx2 " T Mx ®)-
taken in the direction of roller axial.
Fryy, = ZMyz (23)
4b
XMy
Frygs = 432 .(24)
Fradz = FZMXZ + ZFZZ' (25)

2

Additional to forces generated by the overturning
moments, on the radial direction of the guidingend,
came, the forces of gravity acting proper akis

Faxz = Fryyz + Fyz,. (26)

Similar toZ andY axes are used for construction of
the X axis (Fig. 9), using the same, also maximym d
namic carrying capacity of maximum remains un-
changed. Note in Fig. 5 the distribution of thectar
generated by the momehty along the coordinate axes
'\.‘{ = and the loads generated by the momeWis and My

respectively resulting in axial direction of guidalers
Fig. 7. Distribution of forces foZ P-joint. [1].
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— l HD
[e] = Tk — (4,0) - (32)
The4;” term can be expressed follows:

Ny Ox Ax Px

] = @ o D (33)
nZ OZ aZ pZ
0 0 0 1
where
n, = cosascosa, , (34)

n, = sin(az) sin(as) cos(a,) + cos(as) sin(a,),(35)

N, = —cos(as) sin(as) cos(a,) + sin(a3) sin(a,), (36)

oy = sin(as), 37)
0, = —sin(as) cos(as) , (38)
0, = cos(az) cos(as) , (39)
a, = cos(as) sin(a,), (40)

a, = sin(as) sin(as) sin(a,) — cos(az) cos(a,), (41)

a, = —cos(a3) sin(as) sin(a,) — sin(a3) cos(a,) (42)
] o pr=0, (43)
Fig. 10.Loads distribution o on an cam-follower.
by = a1, (44)
Frigy, =222, 27)
bz = Ay - (45)
Fzpyy = Fryyq - sin (B) , (28) _ _ _ _
Knowing the loads corresponding to radial and laxia
Frymp: = LMz (29) direction for each cam-follower and internal loadt
4a bution inside each cam-follower, the resulting éinand
¥ My angular displacements of each robot’s mobile elémen
Frame = =57 (30)  representing the general deformed/un-deformed model
SR for a P-joint, assumed to be vertical)( horizontal &),
Fraar = Fzyy, + 4“ , (31)  pitching angle &), rolling angle &) and yawing angle
(as), may be expressed as Fig. 3 shows too by eqation
Fo = Fryy + Fryy. (32) (46)-(53) [3]:
In the first part of the work loads for each tiatien A, =t (46)
joint were determined, next the elastic displacemen 2
each cam follower will be determined. The loads on a, = Zdai 47)

guidance elements are being defined as an axidlghes

a radial load as shown in the following Fig. 10. dga+dgs—dgi—das

The cam follower elastic deflection are basicah e I P R (48)
radial and axial deflections from the bearing iesaf it, 2\/‘11+(+)
so, the forces on each guide roller being known thed cosaz = ! =, (49)
mathematical model for the particular gantry rofaken Jﬁ%Ww)
as example in this paper, being as well knowrgrntains
only to edify the radial and axial deflection onabags sina, = —ora2dr (50)
as it can be seen in the section 6. Jd3+(drs—dr1)?
5. ANALITICAL MODEL FOR ROBOT P-JOINTS dz 51)

cosa, = ’
TOTAL DEFLECTION d3+(drg—dy1)?

The influence of IR’s joints and links elastic betor i
on IR’s volumetric accuracy can be expressed hyta t sinas = e a2 (52)
error matrix EJ: 2&%(@)




280 A. Nicolescu and D. Marinescu / Proceedings in Maoturing Systems, Vol. 6, Iss.4, 2011 / 2278l

dz

Sin aS = = - (53) Incarcari pe elementele de ghidare, axa X

J a2+ (M) e i
2 frad 158,8544790 N soucITa

p—

o ik

The overall horizontal and vertical elastic diggla | ™™
ments of translational joint can be now determimsd [0 Tt

Fax 106,807708

function of horizontal and vertical elastic disgatents e
of cam-followers by expressing the difference bee | ===
two reference systems position and orientation . EEED e o s
(O1X1Y1Z3; O1X5Y,Z,) corresponding to non-deformed |z e T -
and respectively deformed joint by matrix [3]. T ——
6. NUMERICAL MODELS AND ANALYSIS . sapgsTrer u s
a 336 mm
In order to accomplish a full analysis on the above [~ »*=7* L
mentioned standard Gantry robot (Gudel Fp4), the au | ™% s
thors developed several applications and numemiceal- v 108507708 N =

els as it will be revealed in following chapters.

6.1. Custom-made application for determining the
radial and axial loads on each cam-follower
from robot’s P-joints

The application was developed in Xcel by importing
the mathematical model in former paper of the astho

[6]. The results given by the application being &héal

an radial loads on each cam-follower from robots P

joints and also results regarding the estimateddffthe

most loaded guiding point.
In the Figs. 11 and 12 the screen captures fram th |, s
above mentioned application are presented. it P —

Luws 4637373219 m Durabilitate Durabilitate crescuta

6.2. Numerical models developed for each cam- Fig. 12.Example of results sheet specific for a partic@ar
follower from robot’s P-joints joint.

In order to make an evaluation of the internal telas
behavior, specific for cam-followers that represéms
guiding elements for gantry robot P-joints, thehaus,
by using a special made application for bearingems

bles research (QBSA), developed numerical models fo
each guiding element. The results given by thidiegp
tion represent the internal elastic displacementtifie

studied cam-follower. Y A / A\ r—
In Figs 13-15 the aspects from the above mentioned ‘ —‘ = —

numerical models research can be seen. S X X

/ S

d & L \ *
_ I V\héﬁipi“ eV 7f77[>
; Date de intrare ‘Stracturs portaats gescuiza T [} Al /
; Vi 112,5 m/min | vitess de cepissare pa s X mi 175 kg \- /
3 |vy 112,5 m/min |vitas oo aopiasane po oo ¥ m2 a5 kg
5 |VE 67,5 m/min | vitezs ce deplascre pa o6 2 m3 35 kg
7 md 10 kg

Kx 05 coafde utt ms 0 kg

1,25 zec
0,453 sec
0,45 ¢

9,81 | mys’

L 560 mm

2400 mm rig 1 108 235 | sig 1
700 mm kg1 L0 235 |mm Fig1
196 mm |Fig 1 1 140 | sig 1
130 mm |rigs L2 610 mm
480 mm  Fig 1 51 5000 |mm
280 mm |rigs 52 1400 | mm i
155 mm |Fig 1 53 500 |mm ool pacaa 2 Fig 1

Fig. 13.Numerical model of a cam-follower.

135 mm |rigs

=|xa1 60 mm_|rigz
22| ¥G1 900 mm
23|z61 68 mm

Terarmanon

Fig. 11.Data introduction sheet. Fig. 14.Internal elastic deflection for a specific camidoler.



A. Nicolescu and D. Marinescu / Proceedings in Manturing Systems, Vol. 6, Iss.4, 2011 /-Z& 281

haviour and specific algorithm / quantifying methafd®

Unloaded

= joints elastic displacements influence on IR’s vodiric
B 100 <1500 accuracy (both of them generally valid for any kioid
[ 1500 <= mpa < 1750 . . s . .
B 50 conrae 0 gantry robot and P-joint specific internal desigpecific
e A performances of an usual model of Gudel Gantry trobo

type and respectively it's virtual prototype alrgadie-
veloped by authors for performing specific appladcu-
lus related to this robot’s P joints / overall ¢labehav-
iour modelling, the mathematic model of overall\gia:
tional and inertial load distribution, specific rhamatic
algorithm for loading behaviour evaluation relatex
Fig. 15.Graphic representation of rolling elements loading  robot’s P-joints partially assemblies and eachuded

tact pressure to
ues determined

( hpply

corresponding to a specific cam-follower. cam following guiding components. In the first paft
the paper were presented the general mathematical
DO e o e e model, made for gantry robots, for determining plosi-
L-Zd sk Y| @l | imwe = =28l toning error, valid for a real robot structure.s@d on
[hormal Joce slo -] » 2 W|[E==]H e penavit-Hartenberg algorithm, an original mathe
m Flul:c=<§ 37 ﬂ (] ¢, 5" U=l i v onT men 57

matical model has been developed adding matrixesxpr
sions that are describing the errors induced bmgt’poi
specific kinematic model corresponding Xo Y and Z
respectively robot axes, as well as specific errafrs

[y site ~] &eo

W & _1 0~ [l EE

R R N I IO I - IR TR - I - I

= 3 = —352332 = 2
4:111 ZIZ:ZZ :; :;63331 :_: j.:ZZE joints generated by elastic displacements, forgeeral
case of gantry robots. A Gudel Gantry robot model v
2= AT det = 267309 tual prototype has been developed too in ordereie p
da2 = 349708 ded = 283270 form applied calculus for a specific robot prodiyge

and as well to allow further approach based on F&M
Fig. 16.Data entering sheet (axial and radial displacesnent  robot's structural components elastic behavior wval
resulted from using numerical model developed in @BS tion.

In order to transform the mathematical model pre-
sented in the paper in a useful and practical ttd,
authors developed several calculator applicationd a
HLLLLI SORSETAOTTA 107 SSIGTEOUOG 10 -ASosuBeTggS  -LLI: numerical models that comes as an addition of gantr

Yindg | robot elastic behavior studies.
0001

/
(

_3 \
[mouapn) | 0.99999998006313 0019SESTIEL  ASUTSETSETIGIBEN 10

OUODLOSEIBSSI6E  OSOOOMOTITISH  SEITSAISSSIORIX 1 260115
{ 0 0 0 1)
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