View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by DSpace at VSB Technical University of Ostrava

Transactions of the VSB — Technical University of Ostrava, Mechanical Series
No. 1, 2010, vol. LVI
article No. 1760

Vaclav KRYS', Milan MIHOLA™, Petr NOVAK™
MANIPULATION SUBSYSTEM OF HERCULES MOBILE ROBOT

MANIPULACNI SUBSYSTEM MOBILNIHO ROBOTU HERCULES

Abstract

The article describes a manipulation subsystem for the mobile robot HERCULES. The
manipulator was designed and realized on the Department of robotics as a part of the MPO project
“VYZKUM A VYVOJ SPECIALNIHO VICEUCELOVEHO ZASAHOVEHO VOZIDLA“ with
registration number FT-TA3/014 at which we participated. In the article is described the drive unit
which was designed for the joints of the manipulator. Further is described methodology of functional
tests which were done for verification of functional parameters and their comparison with parameters
obtained from simulations on virtual prototypes.

Abstrakt

V ¢lanku je popsan manipulacéni subsystém mobilniho robotu HERCULES. Manipulator byl
navrzen a realizovan na Katedfe robototechniky v ramci feseni etapy projektu MPO ,,VYZKUM A
VYVOJ SPECIALNIHO VICEUCELOVEHO ZASAHOVEHO VOZIDLA® s eviden¢nim &islem FT-
TA3/014 jehoz jsme byli spolufesitelé. V ¢lanku je dale popsana pohonna jednotka, ktera byla pro
potieby manipulatoru navrzena. V zavéru ¢lanku je popsédna metodika funkcnich testd manipulatoru
pro ovéreni funkcnich parametrti a jejich srovnani s parametry ziskanymi pii vypoctech a simulacich
na virtualnich prototypech.

1 INTRODUCTION

The described manipulator is a subsystem of the Mobile Robot (MR) HERCULES realized on
the Department of Robotics as a part of a project at which we participated. Conceptual designs and
preliminary cost analysis of the mobile robot undercarriage were done in accordance to specified re-
quirements. A search for available and suitable commercial platforms for MR undercarriages was
accomplished at the same time. Development and production of an undercarriage of our own design
as well as purchase of commercial platform were found to be too expensive. Purchase of a motorized
wheelchair with desired values of travel range, speed and loading capacity and its rebuilding into a
MR showed to be the proper solution. Manipulation subsystem, visual subsystem and universal port-
able operator control unit were designed and realized on our department, as well as control unit, soft-
ware and user interface application for robot remote control.
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Fig. 1 MR HERCULES

2 MANIPULATION SUBSYSTEM

Manipulator (Fig. 2) designed for the MR
HERCULES is characterized by basic technical
parameters given in Tab. 1. The Manipulator has
angular kinematics structure.

The main problem which has to be solved
during mechanical design of a manipulator for a
mobile system is an energy source limitation. So
the requirement on low energy consumption of all
MR subsystems is very important. The nominal
voltage is limited to 24 V DC, which is provided
by a pair of traction lead accumulators with total
capacity of 60 Ah. These accumulators feed all
the subsystems of MR. Another logical require-

Tab. 1 — Manipulator technical parameters

Weight of the manipulator 22.2 kg
Payload 2 kg
Weight of the gripper 0.6 kg
Max. weight of OM 1.4 kg
Max. reach 1390 mm
Nominal voltage 24V DC
Degrees of freedom 3

Drives - 3x MAXON EC90F 60 W

ment on the manipulator is the lowest possible mass and low moments of inertia of the manipulator
links, while at the same the payload capacity of the manipulator is required to be as high as possible.

Next significant requirement is the capability of precise manipulation, which means elimination of

backlash in rotational joints of the manipulator. Budget for realization of the manipulation subsystem

was also one of the crucial limitations.

The key components of the manipulator are the drive units for rotational joints (see below).
The manipulator is equipped with a two-finger parallel gripper with controllable gripping force and
with appropriate parameters. It is a standard commercial electrical gripper MITSUBISHI for indus-

trial robots.
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Fig. 2 Manipulation subsystem

3 SERVO DRIVE UNIT

The drive unit (Fig. 3) consists of two principal constituents: a flat MAXON motor EC90F
60 W with encoder and a harmonic unit CSG-20-160-2UH produced by Harmonic Drive AG.

Harmonic unit

MAXON motor

Fig. 3 Servo drive unit

Fig. 4 Assembly of drive units

Identical drive units are used for all three rotational joints, which brought reduction of
necessary time of manipulator design as well as production costs.
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Usage of identical drive units has a disad-
vantage — the drive unit for rotational joint RO- = Tab. 2 — Drive unit technical parameters

TATION 3 is too big and strong for its purpose. oot of the dri it 285k

The unit for this joint could be smaller and elg- ot the drive unt ’ &
lighter. In spite of that, design and especially pro- = Nominal output torque 51 Nm
duction of a smaller drive unit would cause sig- Output RPM A ANttt

nificant increase of production costs and also du- -

ration of production and assembly. On the other = Ratio 160
hand, the advantage of this conception is that the ~ Nominal voltage 24V DC
manipulator has significantly higher payload ca-

pacity in some specific configurations.

4 ANALYTICAL DETERMINATION OF MANIPULATOR DEFLECTION

Magnitude of manipulator deflection was specified analytically the specific position shown on
Fig. 8, for load from the own manipulator mass and from additional load m, = 1.5 kg. Total deflection
of the manipulator is the sum of the drive unit torsional displacement and deflections of arms. Drive
unit torsional deflection is induced by torsion of Oldham coupler centre disc and harmonic unit
flexspline.

/Y\--"\
e (

Flexspline

Center disc

Fig. 5 Harmonic unit CSG-2UH Fig. 6 Oldham coupler

4.1 Torsion displacement of Oldham centre disc
Maximal permissible torque transferred by the drive unit between motor and harmonic unit
input is 0.571 Nm. This is the maximal permissible value of the input torque for harmonic unit which
was used. Torsional displacement of Oldhan coupler centre disc can specified as:

My _ &;1 =4.9652-10" rad = 0.284°, (1)

Povdham =
t K

where My = 0.571 Nm is the maximal transmited torque on harmonic unit input and tx = 115 Nm/rad
is the torsial stiffness of the Oldham OX19G coupler centre disc.

Torsial displacement of harmonic unit output flange (drive unit) Qgp is given as division of the angle
©o1dham and the harmonic unit ratio ip = 160:

_ Powdnam 0.284

Pup o0 - 1.775-107%, )

ip
4.2 Torsion displacement of harmonic unit flexspline

For determination of torsion displacement of harmonic unit flexspline it is necessary to
evaluate torques acting on outputs of drive units in joints Rotation 2 and 3 of the manipulator in the
specified position of arms. A force analysis was made for the given manipulator configuration (Fig.
8) in two situations:
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1. without additional load, only load induced by masses of the manipulator arms,
2. with additional load m,,.

Torsion displacement of harmonic unit flexspline for this type of force action is given by a re-
lation which is provided by the unit producer:

T, T-T,
@, =——+—, 3
"TK K, ®)

where:

T, — harmonic unit output torque induced by masses of manipulator arms [Nm],

T —harmonic unit output torque induced by masses of manipulator arms and by the aditional load [Nm],

K, — stiffness coefficient given by harmonic unit producer [N—?} s
ra

K, — stiffness coefficient given by harmonic unit producer {N—r(ﬂ .
ra

Angles of torsion displacements were specified using the relation (3). Angles were specified
for drive units in manipulator joints Rotation 3 and Rotation 2 in the manipulator configuration
shown on Fig. 8

@,, =0.0403° is the torsion displacement in the joint Rotation 3 drive unit

@,, =0.1591° is the torsion displacement in the joint Rotation 2 drive unit

And displacement of the manipulator arm end point for both arms is:
d;;, = 0.605mm
d,, =1.250mm

2p

4.3 Deflection of manipulator arms

Total deflection of the manipulator is also caused by deflections of manipulators arms induced
by action of external forces. These deflections were specified by structural analyses of the manipula-
tor arms, which were made in ANSYS. Deflection caused by additional load of 1.5 kg was specified
as a difference between deflection with additional load and deflection without additional load (deflec-
tion induced only by own mass of the manipulator).

dys,, =0.489mm
d,,, =0.025mm

2m

4.4 Total Deflection of manipulator mechanical components

The deflection induced by torsion displacement of the Oldham coupler centre disc is so small
in comparison to the others that it can be ignored during specification of total manipulator arm deflec-
tion. The total deflection of the manipulator arm is given as a sum of the deflection induced by the
torsion displacement of the harmonic unit flexspline and the deflection induced by mass of the ma-
nipulator arm and by mass of the additional load.

dyy=dy, +d;, =0.605+0.489 = 1.094mm 4)

dy, =d,, +d,, =1.25+0.025=1275mm (5)

The total displacement of the manipulator end point was specified graphically (Fig. 7). Total
deflections of manipulator arms were put into the diagram and total displacement of the manipulator
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end point was specified in the analyzed arms configuration. The total displacement of the manipulator
end point is d; = 4.806 mm.

Fig. 7 Total deflection of manipulator

5 EXPERIMENTAL DETERMINATION OF MANIPULATOR DEFLECTION

Measurement methodology of manipulator deflection was designed and realized. Suitably
placed laser diodes were used. Their positions are shown on Fig. 8. Principle of the measurement lies
in projection of the manipulator deflection (deflections of both arms) on a wall by optical way. If the
distance between the manipulator and the wall (measuring plane) is sufficient, displacements of laser
points from diode L2 and L3 can be easily measured on the wall. The distance 14 between the wall
and the manipulator joint R2 was 5 meters. Described calculation is based on similarity of triangles.

The manipulator is mounted on sprung undercarriage, which induced additional displacement
of the manipulator end point. Measure system was supplemented with laser diode L1 to eliminate this
additional displacement. Laser diode L1 was placed on the undercarriage. The laser point of diode
L1 was the basic reference for the measurement of arms deflections.

1;=5000

m;

L1,2,3 .... laserové diody
R2,3 .... klouby

Fig. 8 Measurement of manipulator deflection, positions of laser diodes

The goal of the measurement was specification of deflections of manipulator arms in locations
of joints L2 and L3. Also the total displacement of manipulator end point was specified. Results of
measured deflections are compared with analytically specified deflections in next chapter.

These measurements were done to obtain needed data:

a) Measurement was done by upright position of the manipulator. Goal of the measurement was
to find out position of laser diode L1 trace point on the measure plane — red point on Fig. 9.
This point was basic reference for other measurements.

L1

Fig. 9 Basic reference point of laser diode L1
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b) Measurement was done by analyzed horizontal position of the manipulator without additional
load mz=0kg (Fig 10).
L2

L3 . v S20=0
,'--FJ 1 or0=0
I dse=7
L1 r—J‘—1 it i 72
| M=
{0k |

Fig. 10 Additional measurement of undercarriage declination - parameter s,

An additional parameter s, was specified on the basis of this measurement. This parameter de-
termines declination of the undercarriage with manipulator in horizontal position without load
m,. Laser diodes L2 and L3 were set so, that their trace points on the measure plane were in
same horizontal plane as it is shown on Fig. 10 (simplification of subsequent measurements).
Angle of undercarriage was calculated on the basis of measured parameter s, and it is 0,08°.

¢) Measurement was done by analyzed horizontal position of the manipulator with additional
load mz=1,5kg (Fig 11).

Sp15=17

‘ |S3-1.5=24

[—S15=14

Fig. 11 Measurement of the manipulator deflection induced by load m,=1.5kg

The additional load m, with weight 1,5 kg was applied on specified point by this measure-
ment. The additional load produced next declination of the undercarriage (displacement of the Laser
1 point) as well as deflections of manipulator arms indicated by Laser 2 - s, 5=17 mm and Laser 3 -
$3.15=24 mm. Diagram of the measurement is shown on Fig. 11.

These values of parameters included also the declination of the undercarriage. The declination
was eliminated by restatement of the parameter s, ; s on parameter sg,.; 5. Parameter s;., 5 was recal-
culated on Sg3.; 5.

Results of the parameters restatement are shown on Fig. 12. The trace point of the L1 laser di-
ode is then in the same position as in case of measurement a) (Fig. 9). Displacement of the laser beam
of the diode L2: sgy ;5 = 10 mm and L3: sg3.15 = 17 mm is shown on the Fig. 12.

SE2-1,5=S2-1,5-(S1,5-S0)=10

L3N

SE3-1,553-1,5-S0=17
1,5kg

Fig. 12 Measurement of the manipulator deflection induced by load m,=1.5kg
with restatement for elimination of the undercarriage declination

Displacements of end points of manipulator arms were calculated based on displacements of
laser beams of diodes L2 and L3, distance from the measure plane and known dimensions of arms:

Displacement in L2*:

*

. Spy 10
d;, =1, tana,, =1, —222 = 450.
1 5000

=0.9mm, (6)

Displacement in L3*: (length of end arm is I; - 1,)
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p . . Spys—d; t

dyy=d;, +(l, L) tana, =d,;, + (I, —1,) % =0.9+860 ~% =3.94mm, (7)
These values (marked by asterisks) were necessary to append with information about

accuracy. Values of laser trace points positions measured on measure plane are data with biggest

uncertainties of measurements. The trace point of the laser beam on the measure plane had 4 mm in

diameter so the position of the point centre couldn’t be specified absolutely exactly. The uncertainty

of the centre point specification was estimated = 1 mm. Displacements of manipulator arms end

points are:

Displacement in L2:

S0 2L 0.81
d, =1, sepasElmm} oo 10k} ~0.9+0.1mm, (8)
3 5000  |0.99
Displacement in L2:
0.81 0.81
0.81 ezt lmm}_{o 99} 0.81 7k 1}_{0 99} 37
d=1"""L1860. 2 860 ) 7 L 2 3.954£0.25mm, (9)
0.99 L1 0.99 4550 42
d12=0,9 +/- 0,1[mm] di3=3,95 +/- 0,25[mm]
¥ v
e
=
m,=
1,5kg

Fig. 13 Graphic interpretation of measurement results

6 COMPARISON OF COMPUTED AND MEASURED VALUES

OF DISPLACEMEMENTS
Tab. 1 Values of arms end points displacements
Point of displace- Computed Measured
ment values values
L2 1275 mm | 0-9+0.Tmm
L3 4.806 mm 3.9540.25 mm

Difference between computed and measured values of displacement in location L2 is 20%.
Difference in location L3 is then 25%. Reasons of these differences may be:

The most important parameter for analytically specified displacement of the arm endpoint is
the torsion displacement of the harmonic unit which is given by coefficient of the harmonic unit
flexspline stiffness. The flexspline stiffness is given by harmonic unit producer for specified type of
force action. The producer gives the same value of stiffness coefficient for various types of force
action. It is possible, that the value of the coefficient may slightly vary about given value in
dependency on conditions of force action. Small change in stiffness coefficient (units of percents)
would induce displacement of arm end point in tenths of millimeter.

The difference between computed and measured value of arms end points displacements is
within an acceptable range. The measurement was done in our laboratory a we had only provisional
equipment. For example usage of laser diodes with better optics would provide more exactly results.
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Also the special measuring fixture to eliminate the declination of the undercarriage would increase
the measurement accuracy. On the other hand some simplifications were done also by analytic deter-
mination of manipulator arms deflections. For verification of our assumptions was the measuring
accuracy sufficient.

7 CONCLUSIONS

The manipulation subsystem of the HERCULES mobile robot was described in the article.
The drive unit designed for the manipulator was also described. In the next chapter the analytic calcu-
lation of the manipulator end point total displacement was presented. The methodology of measure-
ment which was made to verify the calculated values of arms displacements and the comparison of
calculated and measured values was presented as well.

This article was compiled as part of projects FT-TA3/014, supported by the Fund for Univer-
sity Development from the Ministry of Industry and Trade.
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