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1. Introduction

1.1 Overview and Motivation

This study starts from the improvement of developed curtain-wall installation robot.[1]
Especially the robot was designed to handle a heavy weight curtain wall by integrating
commercial excavator with custom-made manipulator system. Developed prototype system
was tested in the real construction site and several considerations were deduced. First,
separation of control source to operate the entire system is not good idea.

Fig. 1. Curtain-wall for skyscraper and developed curtain-wall installation robot system [1]
Second, hydraulic excavator can’t exhibit the ideal performance on the curtain wall

installation process because of its intrinsic jerking and shaking characteristics while
handling the heavy weight materials.[2]
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622 Robot Manipulators, New Achievements

New research project is raised to solve those problems and to develop the useful
automation system in real construction site. As a first step, the design process of scale down
manipulator is proposed to ease the kinematical robot design. This scaled down robot and
corresponding assumptions are applied to the simulation and comparison works of each
robot design candidate. Then, the target task is selected as curtain wall installation which is
required 6-DOF motion to cover the whole installation process. As abovementioned, this
study based on the modification of prototype system hence end-effector of prototype
system is utilized continuously and focused to develop the arm part except the wrist part.
Therefore, the final goal of this study is to propose the proper design of robot manipulator
handled by human passively as man-machine cooperation system specialized to curtain
wall installation process. This idea is not only applied to passive system but also active
controlled system because newly modified design makes to promote the physical
performance of manipulator system intrinsically.

This work primarily focuses on selection of optimal type of joint type and link length
considering task type and motion requirements. The developments of this work provide an
open and objective design and analysis framework for a serial robot. This framework may
be applied at any stage in the design process. As abovementioned, this study applies this
frame work to prototype of our curtain wall installation robot and modified its kinematic
design.

1.2 Experimental analysis of prototype system

Originally developed curtain wall installation system is combined by two modules, one is
general commercial excavator and the other is newly designed 3-DOF manipulator. That
system is tested in the real construction site by a new installation task scenario and
compared with conventional installation task operated by human. Fig.2 shows the task
results of curtain wall installation task. As the result, Robot requires more time than human
for same task! Throughout this test, several considerations for the prototype system are
deduced
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S,
~ o TR i Winduw for
Wing not Altached Wing Altactied Venhilsticn
Tack Ho 11 2 3 a 5 &
Afler Auffor After
= Hangi Hargnr Humpging
Tazk Type EME | Hanging NS | Hanging ETE | Hanging
Ve Wira Wire Wire Wire Wire
H | Mormal iy " i e " &
TH h]St::ELu ] 39 1" 36" 3t oy 39 1"13
M — - —
A
; hs;gll]i:;mi 1" 42 4 So™
| Mormal vy
0 Installation | 817
B' - . —
o l]'l:t!:" Behind | . g7
T Column =

Mot Applicable
Fig. 2. Field test of curtain wall installation robot and its elapsed time for each process [3]
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Manipulator Design Strategy for a Specified Task Based on Human-Robot Collaboration 623

First, 2-way control strategy of Excavator and 3-DOF manipulator is not efficient because it
is hard to operate excavator boom and 3-DOF manipulator simultaneously through whole
installation process. That is, the tasks of the two machines could not be completed
independently hence the two workers had to work simultaneously. (Fig.3)

Second, using excavator for delicate motion is not appropriate. Excavator is not a machine
for material handling but digging a ground. That hydraulic system has the leakage and
drooping characteristics. Therefore, it is difficult to handle the heavy curtain wall and
assembly it on the slot gently.

Based on those considerations, new concept for manipulator design for man-machine
collaboration is proposed.

B -

Excavator
Operator

Left, Right..

Manipulator
Operator

30-40°
y
o /

Fig. 3. Communication confusion in cooperative work in curtain wall installation

1.3 Conceptual design of new system

Final goal of this research is dedicated to man-machine cooperation system. That is the
hybrid system that mixes the sensitivity of human and high performance of machine. This
system is powerful at a field area. There is, unlike factory, not arranged and materials which
handled by machine are relatively low standard one. Most of all, those materials are very
heavy and large! Therefore, it is hard to automate the whole task using the robot and
automation system.

Human sense is very useful in that case. Through this entire research is dedicated to the
development of manipulator which handled by human and especially the major issue is to
decide the adequate kinematical combination of manipulator components through the
simulation of scale down manipulator of real one. Fig.4 shows the considerations for new
manipulator design and Fig.5 describes concept of the intuitive curtain wall installation
robot derived by upper considerations and its simulation strategy.
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624 Robot Manipulators, New Achievements

Control of End-effector (by 1 person)
+
Control of Excavator Boom (by 1 person)

Operator of end-effector takes over the control
of excavator by remote control system.

A 4

Control of End-effector Teach pendent becomes complex and
& intrinsic problem of excavator is still
Excavator Boom (by 1 person) remained.

Substituting the excavator to newly designed
manipulator arm.

Control of End-effector
&

Newly Designed Manipulator (by 1 person)

EE. and arm are Handled by human
directly using F/T sensor.

It is intuitive and efficient to operate the
complex assembly process.

Man-Machine Cooperation System

Fig. 4. Considerations for new mechanism

Flzwqml |

=

Curtain wall Installation Robot
(Man-MMachine Cooperation Systemmn)

High Payload 6-DOF Robot 6-DOF Robot Scaled Down
Fig. 5. Scaled Down Manipulator for Specified Robot Manipulator Design
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Manipulator Design Strategy for a Specified Task Based on Human-Robot Collaboration 625

1.4 Basic Assumptions for Specified Manipulator Design
1.4.1 Invariant part of proposed manipulator system
To design the modified manipulator, the several invariant parts are considered. First part is
DOF of end-effecter. It is designed by analysis of conventional process of curtain wall
installation (Fig.6(a)) and as shown in Fig.6(b), R-R-P type end-effector is developed. New
design for manipulator system is focused to arm part integrating with this end-effector.

5

59
:: : f

5 Jr/’h

E." % Bullding Duiside

Building Inside

Bl Excavator (Wide Range Handling)
3-DOF Manlpulator {Precision Assembly)
Bl Human (Finishing)

P —
a—

(a) Curtain wall Installation Process

Panning

Rotation

Transiation

N | \.

(b) Required DOF and End-effecter which we devéldped
Fig. 6. Invariant Condition - DOF of End effecter [1]

1.4.2 Variant part of proposed manipulator system

Variant part of the newly designed manipulator system is mainly arm part. Finally, joint of
base frame, shoulder joint and elbow joint are remained except the invariant elements.
Therefore, this research process can be simplified to find a combination of joint type of three
joints and link ratio of upper and lower arm. Detailed assumptions for this study are as

follows.
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626 Robot Manipulators, New Achievements

1. Each joint of manipulator is actuated by its own general actuators.

2. To cover the working area, one revolute joint which axis is perpendicular to the ground is
should be included.

3. Each joint has one DOF and revolute joint and prismatic joint are considered only.

4. Target task is performed by nearly full stretched manipulator (generally, this task is
performed in the skyscraper hence safety is most important issue) and manipulator is
handled by human operator directly.

2. Selection of Adequate Joint Combination

2.1 Comparison of the basic kinematics of R-R type and R-P type
2.1.1 Simulation Conditions

umIggs

S00mm

Fig. 7. Motion Range of 6-DOF Scaled Down

First, to select the part of shoulder joint and elbow joint, the motion range of manipulators is
considered to 500mm X 500mm X 500mm, and link length of each manipulator is fixed by

[, =300mm, [, =330mm . This process is dedicated to compare the performance of R-P

and R-R type manipulator. Table.1 shows the several conditions for this simulation.

R-R Type Contents R-P Type
[400, 300, 0] [Task definition] [400, 300, 0]
: In X-Y plane, 15kg weight ,
box is moved initial pt. to final
pt. through same trajectory

T5kg] - - - - |
[350, 0, 0] [350, 0, 0]
[350,0,0] Initial Position [350,0,0]
[400,300,0] Final Position [400,300,0]
I, =300mm

[1 =300mm, lz =330mm Link Length 0<d, <350mm

Table. 1. Experimental Condition of two joint types of manipulators
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Manipulator Design Strategy for a Specified Task Based on Human-Robot Collaboration 627

2.1.2 Basic kinematics
2.1.2.1 R-R Type Manipulator
Table 2 shows the DH table[4] of R-R type manipulator.

&, a di 91
1 0 0 0 91
2 0 ll 0 192
3 0 12 0 0

Table. 2. DH table of R-R type manipulator

Using the upper information, transformation matrix and position vector of end effecter
can be calculated. (l1 , 12 is link length, and §, = sin (91 , €, =CO0S 91 )

Transformation matrix,

Ciy s, 0 e+l
0 S, ¢y 0 Ls s,
T = @)
0 0 1 0
i 0 0O O 1 |
Position vector of End effecter
L +1,c,
0
P..=\ls+1l,s, )
0

Using Cramer rule,

2, .2 72 g2
szx +y =1 =1 R ll_czz o)

211,

Thus, manipulator pose at the initial positionis &, =—112.70, 6 = 60.44, and pose at the
final positionis 6, =—75.04, 6, =76.48.

Jacobian and Hessian matrix is as follows,

{x} _ |:_llsl —Ls, _12512:”:91 } @
y e+, Le, 0,
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628 Robot Manipulators, New Achievements

|:Hu ] _ o¢, - = :|:_llcl —lLe, _12012:|
L

o
—lc, —lc,

og, - " ©)

|:Hu] /£ ol :|:_l151_12512 _12512:|
# J2: O [ u =158, —,s),

2.1.2.2 R-P Type Manipulator
Table.3 represents the DH table of R-P type manipulator.

ai ai di Hl
1 0 0 0 0+=
2
2 z 0 d, 0,
2
3 0 0 /, 0

Table. 3. DH table of R-P type manipulator

Likewise, transformation matrix, position vector of End effecter, Jacobian and Hessian of R-
P type can be derived.
Transformation matrix is,

—s, 0 ¢ ([ +d)c,]

gT _| @ 0 s ([ +d)s 6)
0O 1 O 0
i 0O o0 O 1 |
Position vector of End effecter
(1,+d)c,
OPE—E =| (/,+d)s, 7)
0

Jacobian and Hessian of R-P type are as follows

e
y (L+d), s || d
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O r ., *
o9 G (4, +d)
- —(/,+d)c, —s
[HZ¢:| _ 1 _ 1 1 1
1;; 0 _G“_X —C, 0
o9, - ’- ©)
O [t
ot ' | [~ +d)s
|:H2¢:' _ ¢1 _ ( 1 ) 1 1
2 0w G
—| G
og, - "~
2.1.3 Performance Analysis
2.1.3.1 Required torque
T T o o — T o p—
| | torque 1 | | | | | | | force
650 torque 2 | | 1000,,,‘,,L,L,J,,L,‘,,,1 ,,,,,,,,
| | | | T | | | | | | | | |
eol- — L Lo ] I I I I I J | | |
| | | | | | | | | | | | | | | | | |
| | | | | | | | | goH — + — —I— —+ - A — -/~ 4+ - - — b — 4 - —
550 — + — —|— —+ — —|— — b — 4 — —|— — + — —[— — I I [ [ ‘ [ [ [ [
T | | | | | | | | | = | | | | | | | |
2 | | | | | | f | | 2 | | | |
5500’*7**\**\***\**\**’\**F*T**F” g
s | | | | t | | | | s
wol — L _ L _ a2 4 1
| | | f | | | | |
| | | | | | | | |
L e i B e e e i I
| | | | | | | | |
ol - AT Lo ]
| | | | | | | | |
| | | | | | | | |
0.5 1 1.5 2 TlmeZ.‘[SseC] 3 3.5 4 4.5 5 Tme baec]
RR type RP type
Min. Torque 1: 628.2526 Min. Torque 1: 560.9
Min. Torque2: 322.8128 Min. Force 2: 2.4696
Max. Torque 1: 697.2908 Max. Torque 1: 649.8
Max. Torque 2: 521.3266 Max. Force 2: 1199.2

Table. 4. Required torque of each type of manipulator

Required torque of each joint combination is calculated as shown in Table.4. Required
torques of each joint is almost same but performance of prismatic joint of R-P type changes
more rapidly.

2.1.3.2 Force Transmission Ratio (FTR)
Force transmission is important index to verify manipulator performance as changes of
manipulator pose. The following equation represents force transmission ratio.[5]
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630 Robot Manipulators, New Achievements

1
(Min. eigenvalue of Jacobian) (10)

Force transmission ratio =
=J"'f

In this simulation, the reach of manipulator is increasing by time. As shown in Fig.8, R-P
type has better performance when the reach of manipulator is increased. It can be observed
from the simulation results that when the reach of R-R type manipulator becomes larger,
the force transmission ratios become smaller. Specifically, manipulator pose are placed on
last position, the force transmission ratio of R-P type becomes three times of FTR of R-R

type.

RR type RP type
T T

Isotropic index & Force transmission
Isotropic index & force transmission

Time [sec]

(a) R-R type (b) R-P type

Fig. 8. Force Transmission Ratio of R-R type and R-P type
(Isotropic Index: Upper line, FTR: Lower Line)

2.2 Comparison of Computation Complexities

2.2.1 Three DOF Planar manipulator

Expanding the considerations of previous chapter, combination of three joints including
base frame is considered. This concept is illustrated with the 3-DOF planar and spatial
robots with two revolute and one prismatic joint. This provides the most economic
computational counts.

Based on the model given by eq. (11) and (12), computational complexities for the GIM and
MCI of an n-link, n-revolute joint serial robot can be computed. GIM means complexities
Index for Generalized Inertia Matrix and MCI means Matrix of Convective Inertia. [6]

GIM :(3.5n> +11.5n—T)M (2n* +9n—7)A (11)
MCI:(Tn* +13n+4)M (4n”> +13n+2)A (12)

Table.5 represents computation complexities of 3-DOF planar manipulator calculated by eq.
(11) and (12). As shown in Table.5, R-P-R type has minimum value for the GIM
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Computation and P-R-R type has minimum value for the MCI computation.

Type GIM Computation MCI Computation Total
R-R-P 46M; 29A 76M; 42A 122M; 71A
R-P-R 34M; 22A 88M; 39A 122M; 61A
P-R-R 42M; 27A 53M; 29A 96M; 56A
Table. 5. Computation Complexities of 3-DOF Planar manipulator
2.2.2 Three DOF Spatial manipulator
3-DOF spatial manipulator has an eq. of GIM and MCI as follows.
GIM :(11n* +34n—18)M (7n* +37n—18)4 (13)
MCT :(145° + 221+ )M (13.51n° +55.5n—65.5) 4 (14)

Note that the GIM complexity is less than the value reported by Walker and Orin (1982),i.e.
(12n* +56n—-27)M (7n* +67n—53)A, whereas for MCI complexity value is not available

for comparison.[6] Three-DOF spatial robot arms with two revolute and one prismatic joint
are shown in Fig.9(a)-(c).

(@) R-R-P
Fig. 9. Three Types of Spatial manipulator

(b) R-P-R (c) P-R-R

Two of which, namely, those in Fig.9(a) and (c) are the Stanford and RTX robot arms,
respectively. While the Stanford arm has spherical workspace, RTX is of SCARA type.
Computational complexities for the Generalized Inertia Matrix (GIM) and Matrix of
Convective Inertia (MCI) terms for all these robot arms are tabulated in Table.6 which are
based on eq. (13) and (14). Similar to the planar case, simplicity due to the orthogonal
positions of the joint axes is also taken into account. Based on the total minimum
computational complexity P-R-R configuration (RTX Robot), shown in Fig.9(c) has
minimum computation complexities.

Type GIM Computation MCI Computation Total

R-R-P 170M 154A 522M 352A 692M 506A
R-P-R 153M 148A 556M 415A 709M 583A
P-R-R 142M 138A 389M 317A 531M 455A

Table. 6. Computation Complexities of 3-DOF Spatial manipulator [6]
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632 Robot Manipulators, New Achievements

2.3 Comparison of Manipulability

2.3.1 Basic Formulations

Manipulability is the ability to reach a certain position or set of positions, and to change the
position or orientation at a given configuration. This performance index is most general one,
and it’s possible to map on the workspace of a manipulator. Commonly, manipulability can
be expressed following equations.[7]

W =/det(JJT) (15)

W =|det(J)|
(16)

Where, 4, >4, >.....> A >0 areEigen values of JJ " and

0,20,2..20,20 (o0,= \/Z ) are singular values of Jacobian matrix. Manipulability

becomes equal to zero if and only if manipulability Space becomes less than m. That is
singular point.

Fig. 10. Generalized 2-DOF R-R type Manipulator

Jacobian matrix of manipulator of Fig.10 is like eq. (17).

J(0) = [ he+he, L, ) (17)
—hs,=bs,  —hsy,
W= ‘det J(@)‘ =11, ‘sin o, ‘ (18)

When 0, = +7, the configuration of the Manipulator is Optimal ( [+, =C ; Cis constant).
2
As a result, the optimal design of link length is I =1 And optimal configuration is

T
92 :iz
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2.3.2 Manipulability Ellipsoid Analysis

It is natural to use the determinant of the Jacobian in a measure of manipulator dexterity.
Manipulator Ellipsoid shows the manipulability of each manipulator by a shape of ellipsoid.
That is, more closer to a complete circle, the manipulator has better manipulability. To
calculate the manipulability ellipsoid, institute new matrices.

V=J()6 (19)
J = Q1 ) QzT (20)

To verify the performance of manipulator in a workspace, generally this index is plotted to
the workspace, and considers the phase of change of this index. In this study, the case

which optimal link lengthis /, =/, is considered, and compared with the case which link

length is different each other.

Lot Lo siier 0

e e e

X

Fig. 11. Manipulability of R-P-R type and R-R-P type

Fig.11 represents manipulability ellipsoid of R-P-R and R-R-P type. First column is the case
of link length 3:1 ratio, second column is the case of 1:1 ratio and last case shows the case of
1:3 ratio. This figure shows link length of lower arm becomes larger, and then the area of
ellipsoid of near the outer line becomes larger. This means better design that the length of
lower arm becomes larger than upper arm for the specific task which this study concerns.
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2.4 Comparison of Motion Capability
2.4.1 Motion Capability of R-R-R type
The motion capability of the manipulator is defined to be the measure or volume of subset
of all possible rotations and translations of rigid body. The technique that will be used is

similar to that of calculating the volume of a region in R’ by integrating the volume

element dV = dxdydz over the region of concern. The first application of the volume

element to robotics appears in Karger (1989). It is also briefly mentioned as a possible area
of study in Loncaric (1985). [8]

First, applying the volume element to a manipulator capable of both rotational and
translation motion, it may be instructive to investigate the simple case of planar motion.

=3

x, ¥

Fig. 12. R-R-R Type Planar Manipulator

If the planar R-R-R type manipulator shown in Fig.12 is considered, the problem reduces to

reparameterizing the manifold R* %27 in terms of the joint angles. This is accomplished
via the forward analysis for the mechanism and yields

x=1[c0s6 +1,cos(b, +6,)+1,cos(6, +0,+06,)
y=1sin6, +1,sin(6, + 6,) + 1, sin(6, + 6, + 6,) (21)
0=06+0,+0,

The coordinate-induced tangent vectors are then given by

ox oy 00
, 20, 06, 00,
& tx
. ox oy 00 ; (22)
1 |66, 06, 06, ty
‘1l lox oy o0 ¢
00, 06, 00, |

This equation can be described by following equation.
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—1 sin(8)—1, sin(6, + 6,) 1, sin(0, +6, +6,)

ty =| L,cos(8)+1,c08(6, +6,)+1;cos(6, +6, +6,) (23)

1

—L, sin(6, +6,) -1, sin(6, + 6, +6,)

ty, =| 1, co8(6, +6,)+1, cos(6, + 6, +6,) (24)

1

_1sin(0, +6, +6,)

t, =| Lcos(6 +6,+6,) (25)

1

The magnitude of the volume of the parallelepiped formed by these tangent vectors is given

by
1

ty -ty Byl ly -ty |2
bty toly o t,| =1l \sin 6?2\ 26)
o Ly gty o 1y

Each element of this matrix represents the standard dot product which is given by
V-w= |v||w| cos@ . Hence, the volume element, in terms of the joint angle

parameterization, is given by
dV =11,|sin6,|d6,d6,do, (27)

The tangent vector represents the instantaneous motions of the end effecter. Hence the loss
of one or more of these vectors represents a loss in a degree of freedom, and the volume
element degenerates when the robot is in a singularity configuration. The volume, or what
will be referred to as the motion capability, achieved by the robot, assuming all joints can

rotate 277 radian , is given by

2 2 2 .
r=|,, Lz:o | L [sin 6, d6,d6,d, -

=16711,
V=167%11 = dxx[z(l +1,) —x(l, - 1,)’] (29)

In the case of R-R-R type manipulator, motion capability is 47 times of physical
workspace. Adding to this, consider the other types of manipulator. In addition to this type,
we will consider other type of manipulator. Second type is R-P-R type (Fig.13).
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2.4.2 Motion Capability of R-P-R type
Likewise, volume element and motion capability can be calculated.

Fig. 13. R-P-R type manipulator

x=1cos6 +d cosb +1,cosb,
y=I[sin6 +d sinf +1,sinb,
6=06+6,
—(l, +d,)sin(6))
t, =| ([, +d,)cos(6,)
| 1
—L, sin(6,)
t,, =| [, cos(6,)
1
cos 6,
t, =|sino,
0

(30)

(32)

(33)

To assume the length of each link and prismatic part is 1, the magnitude of the elements of

the volume of these tangent vectors are given by

t, -t, =4sin’ @ +4cos’ O +1=5
1 1

ty -1, =2sing sinf, +2cosd cos b, +1=2cos(6, —6,) +1
ty -1, =—2sin6 cos6 +2cosf sinf =0

ty, "1, =2sin6 sinb, +2cosd cos b, +1=2cos(6, —6,) +1
ty, -, =sin’ 6, +cos’ 0, +1=2

ty, -1, =—sInb, cos 6 +cos b, sin 6 =sin(6 —0,)
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Ly

3

‘1, =—28in6 cosd +2cosf sinf =0

ty, -1, =—sinb, cosf +cosb,sinb, =sin(f —0,)

3
ty, -, =cos’ 6 +sin’ G =1
The magnitude of the volume by these vectors are given by
1

t, t,|?

1
5 2cos(6,—6,)+1 0 P
=|2cos(f, - 6,)+1 2 sin(6, - 6,)
0 (91 _92) 1

If x= cos(6,—6,), eq.(35) can be expressed as following equations

J10—5sin>(6, - 6,)— (2 cos(6, — 6,) +1)°
= J10-5(1-x*) = (2x+1)’

=|x—2|

= |cos(91 —6?2)—2|

27 27 dl

V= (] ([|cos(@ ~6,)-2|dd1)6)de,
—87

2.4.3 Motion Capability of P-R-P type

Fig. 14. P-R-P type manipulator

www.intechopen.com
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Finally, we consider the P-R-P type manipulator (Fig.14). This manipulator induces a
parameterization of the manifold R*x27 via the forward analysis. This yield.

x=d,+cosb,
y=d, +d,sing, (38)
0=0,

Assuming the revolute joint can rotate 27 radians, the volume element and motion
capability of this manipulator is given by

v=[" [ |sin 6 d6dsds, = 4d,d,

We can use this value of motion capabilities of each type to compare the average degree of
joint. That is the relationship between this motion capability and the area of the
manipulator’s physical workspace. For a convenience of calculation, we assume that link

length of each time is 1. First, motion capability of R-R-R type is, as stated above, 1677, and
the physical workspace covers a circle of radius 11 + lz = 2. Dividing this result by the
area of the physical workspace of the robot yields

VR;RRZ:@, (39)
7(2-1)

Eq(39) shows that the R-R-R manipulator achieves a double covering its physical workspace

and is able to rotate a body 277 radians about any point in this workspace. Similarly, we
can calculate this value about R-P-R and P-R-P type.

2

R-P-R type : —_ /PR _ = VRPRZ 87 (40)
z(l+d) 72" Az

P-R-P type : Vere = Al = 4 ~0.78 (41)

211, + 7l 2LL+7l? 2+n

As a result, increasing the prismatic joint means decline of the motion capability of a
manipulator.

3. Selection of Adequate Link Length Combinaion

Non-redundant planar manipulator is considered as shown in Fig.15.
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Fig. 15. Generalized planar manipulator

To deal with the simplest symbolic expressions, it is convenient to consider the Jacobian

2 . . .
J that correspond to task coordinates expressed in the second coordinate frame located
at the manipulator end-effecter.

o { [ sin, O} @)

[,+1 cos, I

For this manipulator value decomposition (Golub and Van Loan 1989) of the Jacobian
matrix have been derived in symbolic form (Kircanski and Boric 1993). Thus, the singular

values O,and O, are givenby

(43)

\/ 14212 + 20 L,c, £ (12 +202 + 21 1c, — 422s7)
O =
2

It is obvious that O, 2 0, is always satisfied. One of the best measures of robot

dexterity- condition number- is defined as the ratio of the maximum and minimum
singular values. [9] Once the singular values have been derived symbolically, the
condition number is also obtained symbolically as a function of the ratio between the link

lengths k and the joint angle 492 .
/
k=-L ()
lz
gy~ o K22k (K 42+ ke, ks
A )
0, k2+2+2k02_\/(k2+2+2kcz)2—4k25‘22

(45)
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Fig. 16. Condition number versus joint angle and link length ratio

Fig.16 shows this relationship. The shaded zone at the contour graph designates the region
where the condition number is less than 1.3. The isotropy condition means that the
condition number has the optimal value of unity, that the two singular values are identical,

(k* +2+2kc,))* = 4k*s] (46)
) V2
It can be satisfied only if h=1, \/5’ sin@, = 7 , €086, = _7 (47)

The same result is obtained from the conditions that the rows of J must be mutually
orthogonal and of equal lengths. Fig.17 shows the minimum condition number versus the

link lengths ratio k =1/, /[, for a family of 2-DOF planar manipulator.

Fig. 17. The minimum condition number vs. the link lengths ratio k= ll /1l 5
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Fig. 17 is plotted by eq.(48)

k4+4+‘k2 —2‘\/k4 +4

M i (k) =min,pu(k,q,) = (48)
" K -k -2k 44

Fig.18 shows the variation of the condition number with the joint angle &, for several
values of the link lengths ratio K . It is obvious not only that the optimal condition number
of unity is achievable only if k = \/E , but also that the condition number increases with

@, in vicinity of the isotropic configuration. Therefore, k = \/5 can be a proclaimed

value as the optimal 2-DOF planar manipulator design. This result, however, is opposed to
the result of manipulability analysis of previous chapter. Therefore, robot designer has to
choose the appropriate ratio of link lengths for his/her own purpose.

g2 [rad]

Fig. 18. The condition number with the joint angle 6, for several values of the link lengths

ratio k

4. Conclusion

This paper introduces a design concept for a robot manipulator specific to the curtain wall
installation task or any other similar task that is in a dominant task area with a full stretch,
high manipulability and motion capability, etc. Fig.19 shows the results of this study. This
design concept is based on the following assumptions.

1. The task was assumed to be curtain wall installation during the construction of a tall
building.

2. The required DOF of the manipulator is six, with an unchangeable rotational base frame.
3. The end-effecter of the manipulator has a 3-DOF R-P-R type joint, which is also invariant.
4. The previous assumption makes this problem rather simple thus it was handled as a
planar manipulator problem.
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Fig. 19. Flowchart showing the decision process for determining the optimal design of a
manipulator for the specified task.

The following figure illustrates the concept of a man-machine cooperation system for
curtain wall installation based on the results of this study.

= 3=

S e S ©@\

Fig. 20. Concept of an assistant manipulator for curtain wall installation
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