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1. Motion Control of overactuator mechanisms
with redundancy

1.1 Overactuator mechanisms with redundancy

There is a possibility to obtain overactuator
mechanisms when we design hyper redundant
multi-loop mechanismes.

Degrees-of-Freedom of mechanism:

F=35-1)-53-1)=2
Number of Actuators:

N, =3

A simple example of overactuator mechanism



1. Motion Control of overactuator mechanisms
with redundancy

1.1 Overactuator mechanisms with redundancy

There is a possibility to obtain overactuator
mechanisms when we design hyper redundant

multi-loop mechanisms.
(1)Cooperation of small actuators to generate

high power
(2) The robot can move while some actuators

are broken down‘."

How to design and control the overactuator

mechanisms especially taking account of interfere
between actuators




1.2 Proposal of network-structure robot

Planar network structure robot:
Large scale robot which 1s O\
composed of linearactuator
units connecting with each other

Linearactuator units:
two revolute pairs
mounted at both ends
of a linearactuator

Possibility to control

outline of the mechanism
Links

by specitying multiple
output points Planar network structure robot




Planar network-structure robot composed of modules

Proposal: Network-structure module
as a minimum unit of network structure robot

% Definition of network structure module }

(1)A planar link chain composed of linear actuators and
links with multiplerevolute joints

(2)Connected with a frame or other modules with
connective joints

(3)A mechanism obtained by connecting all connective
joints of the module with frame has more actuators

than DOF. H
(4)Not include other modules in itself




N Ca 1N9r%
HWW

()
Examples of llnk chains synthesued as candidates of modules

Result of number
synthesis of network I m |

structure module )

Examples of modules



IDOF/1Act &. 1 : Linear actuator
| o : Revolute joint
(a)Module A % (e: Connective joint)

: Compound link

1DOF/2Act.
Overactuator

4DOF/4Act. //

(c)Module C
Examples of synthesized planar network structure modules




1.3 Synthesis of large scale network structure robot

by connecting modules
Module A-7 Module B

(/9 0

Modules are sequentially
12« connected with each other.

7
/// \
Modulm\Mod e A-2 [ m
\ Fixed joints

Connection of network structure modules




&

54&

Synthesized network structure robot with 12 DOF 13 actuators




1.4 Forward kinematics of network-structure robot

Forward kinematics of network-structure modules
(a)Module A

| geos(at f)-nsm(at f)+x,
- Esim(ax f)—ncos(ax B+,

where .
o = tan™ 2172
X1 =X
124 4% — 02
A, (xpy,) B=cos' 4 A
2lq
q:\/(xl_x2)2+()ﬁ_y2)2

Module A

I




(b)Module B

Overactuator module

As same as module A

0, = \/(xc _x3)2 +(ye —)/3)2

A, (x5y5)
| 3\X3,)3 A, (t,y,)
To be determined dependently
to another actuator input Module B




New variable y:
(¢)Module C F‘”} i P cosy Hq}
Y 0, sy + y,

Forward kinematics of module A:
/ .‘J4 (x14’yJ4) JIJZ AZJS' JS J 4 A4 J3

Calculation of position of J,

Solve the nonlinear equation and
obtain
S =0x, ) =3 T +1,,0) -y, T =6, =0

ll

Calculate all joint positions using y




Forward kinematics of robot
Output point

Table 1 Dimensions of a planar network-structure

Can be calculated with sequential calculation

of forward ki

robot with 12 degrees-of-freedom (Unit: mm)
Gy (-75.00, 0.00) I, 266.81
(,,7,) (-450.00, 75.00) I, 266.81
(3.y3) (-830.00, 115.00) I 234.01
(4ys) (75.00, 0.00) I, 234.01
(*s5Y5) (450.00, 75.00) I 175.92
(*6Y6) (830.00, 115.00) A 175.92
I, 248.20
Iy 248.20
I 233.08
Lo 233.08
(€41 (246.29, 164.19) L-€,.1,
(£ | (246.29, 164.19) I-&€,1,
(€10 1) (389.95, 82.10) L€ ,.1,
(¢n1) | (389.95,-82.10) I-&,,1,
(15 | (140.41, -187.21) J—& 47,
(£ | (421.22,-93.30) I-&,1,
(€N (140.41, 187.21) Jo-€un,
(& 1M 19) (421.12, 93.60) Yo €N,
(£, 05 | (171.67, 236.81) T & 5.7 s
(4.25, 236.81) Ty—& 525,
(£,0m2) | (-136.70,29.17) & 50N s
(£ 25,1 25) (-93.93, 209.49) Y& s M sy
(312.63, 29.17) Ty &5 M5y
269.85, 209.49 Jy=E s Mss
124_ é 6> n 6
Yis=&nN,
Jos~ '3 8 Mg
Iy~ 3 9 My

atics of modules

actuators




500 Dwelling 5th power function

N -
(0450’.__63 9;
S == 0,7— B
Y 400 [le o O
350 peme=s =
3
(o}
5300

250 (a) Given actuator input

] 2 4 ) 6 8 10

200

150
£
£
~100

50

(b)D}splacement \\\\\ 1250
of output point
i l , S~ 1200

’ S 6 8 10

time s
m One example of forward Kinematics of robot




1.5 Inverse kinematics using representative points
on module

Inverse kinematics of module

/Desired displacement of module to generate desired )
position of output point

. ]

Describe the displacement of module
with motion of one or a few representative points
on the module
.

For Less DOF : The nearest motion for the desired
displacement
For more DOF : Increase representative points

o J




(1) Module A and B

Desired displacement
for representative point

Az(x2,y2) | Al(xlay l)

Solution as the nearest displacement:

0=(x,-x) (v, - »)

where

|:XJ:|_ / {xj—x2+mj}+{x2}
y; \/(xJ_x2+AxJ)2+(yJ_y2+AyJ)2 Y=ty Y2




(2)Module C

Is (sta}’Js) O, 1y 3y (X359 14)

“4 DOF — 2 Representative points”
0, = \/(xjk _xk)2 + (J’jk _yk)2

where

0,

|:xJ5:| _
Vs

A xgy 4)

=tan

(k=1~4)

[125 oSy + sz}
L,ssiny +J/j2

) 2
| J’J3 sz +cos”! s +1; =L

)C

xJ2

2 125123

J3 (xJ3 Y13 ) L

\/(sz _Xj3)2 + (J’jz _J’;)z

I3 (%13:13)

As(x3,y3)

X

| Vs

|
|

[, cos ¢, cos ¢, — 1, sing sin g, +x,,
[, cos ¢, sin @y, +1 sin g cos g + ¥,
{145 COS b, COS 3 — 15 SIN ¢, SIN Py + X

L, COS @, SIN Py +[,s SN P, COSPes + Y

g

|



1.6 Inverse kinematics of robot using representative

points on modules

Inverse kinematics of Robot

/Inverse kinematics calculation of modules for given

It is difficult to obtain precise desired output motion

of robot.
1

output of robot.
P ']

Calculate output motion error and set the error as the
next desired displacement of robot.

.

Rkl

desired displacement of representative points on modules

Forward kinematics calculation of robot to obtain actual

Iterative calculation to make the output error converged

~

/




Representative
points

(1)Set representative points
on module

(2)Designate the desired position
of output point



(3)Calculate desired position of
representative points

(4)Inverse kinematics calculation
of each module for the
representative point

Note: Each module cannot generate
precise motion because it has

only 1 DOFE




(5)Forward kinematics calculation
based on inverse kinematics of
modules

Note: Qutput errors occur.

(6)Set output errors as new desired

positions of output points




(7)Repeat the inverse kinematics of
modules and forward kinematics
of the robot until the output errors
are converged.

(8)Output points will reach their
desired position.




Calculation of desired displacement of representative point

Direction:
As same as the
desired displacement | & Output point “
of the output p oint © Representative point

Amplitude: " Desired
In proportion to
the distance from
origin

Output link




Example of inverse kinematics of robot

Convergence Process

1400 | | | | | I
|(a) Trajectory of output point | _ _ _
I)$ cdd 't]& 1500 (c) Obtained configuration
c ,s1re* position | | —
>1300 —— BT ] 2
Initial position N
1000 /
£
1209 56 0 100 200 300 E
X mm > \\ N
200 500 \
b) Error
=150
£ \ \
5100 / ‘%
L - \ -1000 0 500 1000
\ X mm
0 -
1 3 5 7 9 11 13 15 17

Iteration Number

Positioning error was converged H

with several iterations.
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CP control It is possible to continuously analyze the inverse

1400 kinematics by taking account of actuator limit.
(a)Desired
1350
€ " —
£
>
1300 —_ Actuator inputs are fixed at the limit values

if the solution of inverse kinematics excess
“Ellipsoidal tra'ectory" the limit value.
1250

0 50 100 150 200
X mm
550 I T : : :

"V
g; 367 311 Without|actuator limit With actJJator limit
500
£
® Upper limit
CIZD450 _____ oy il
<400 R W N g
ot
5 e o (AN T T It o U - I Ppg et [ N v I |
350 -z - = e \___‘ .
300 Lower limit
[(b) Obtairlwed acI:tuatclar ineut 1J 250 [ I
205 10 15 20 25 30 35 ° 5 fo dp 20 25 3055
time s

(b)Results of inverse kinematics (Actuator inputs)



1.7 Experiments of motion control
P rototype Linear potentiometer

Fy
S 2
g

Photogfaph of a prototype

R



Results of CP control

1400 | |
(@) Trajectory |

1350
E

m

| (b) Al‘ctuatlor ir?put |

0 5 10 15 20
time s

25 30

(1)Straight line trajectory

35

1400 1 i
l(a) Trajectory |
1350 -
£ < \
> /
1300 .
1250
0] 50 100 150 200
550
500 fj—-
S
<450
¢
<400 -
+
2350
S
300
250 [(b)/]\ctuatlor irilpuﬁ
0 5 10 15 20 25 30 35
time s

(2)Ellipsoidal trajectory

By utilizing representative points on modules,

CP control of network-structure robot was achieved.



2. Motion control of overactuator
mechanisms with elastic elements

2.1 Issues to be solved in overactuator mechanism

(1)Cooperative control of overactuators to avoid
the interference is not easy because of servo error.
(2)Flexibility should be installed.

-

By adding elastic elements to relax the interference
between overactuators, flexible motion control can

be achieved.




2.2 Planar network structure robot

with elastic elements
Proposal : Relaxation of the interference
by adding elastic elements

Both actuators should be Each actuator can be driven
driven cooperatively. independently.
Adding

Y W
/ ] i /\/ M~
elastic elements Q3
J

Overactuator mechanism
Overactuator mechanism with elastic element

To analyze a motion

Not only kinematic relations, but also force

balance should be taken into account.




Module: minimum unit of Network

w w / A coil spring is added
| ’ i serially to each actuator

ynthesized by
connecting moduleg/

Number of actuator > DOF



2.3 Forward kinematics
Output Degrees-of-Freedom

Ex. Linearactuator unit

Y /74

Configuration of the robot can be determined with

distance between revolute joints of lineractuator unit.

Output DOF

DOF in case additional coil springs are ignored.

Simple actuator unit

F=3X2-2X3=0

AN

/L 4

Y /74

Elastic actuator unit

S

F=3X3-2X4=1

PALEN

Y4

Elastic actuator units have one more DOF because of coil spring.

l When coil spring is ignored

Output DOF of elastic actuator unit becomes zero.




Configuration-Determining Parameter

Output DOF of actuator unit = 0
— Actuator units don’t affect the output DOF of mechanism.

Remove

-

actuator units

Network-structure robot Kinematic chains
with elastic elements obtained from robot
Output DOF mechanism DOF of kinematic chains

‘ The configuration of mechanism
can be represented by the chains.

Configuration determining parameter(C.D.P.)

Necessary and sufficient parameter(s) to
represent positions and postures of all links.




The kinematic chains can be classified to 4 cases.
In each case configuration-determining parameters can be set.

Posture angle of

each link Vr

O={y " Vr

Vs Position vector of
arbitrary link
y

M Wi
e X T (epp1)

¢:{xlny1 9\|]19. "t 7\|]n}

(a) Open chain F=3n-2(n-1)=n+2
connected with frame
The number of C.D.P. should
be equal to DOF.
(b) Open loop chain

(d) Closed-loop Chain

disconnected with frame disconnected with frame

Positions of all joint in mechanism can be calculated as a

function of C.D.P. @= {¢,""", ¢.}.



Elastic Input/output Equation

. o . . . J
Joint positions are given as functions of @. % * 2
J3 s !/I

Spring force can be calculated as
fA,i(9i9¢): kiUJm(Q)_Jn(Q)( _(Li _‘91')] ‘4,

Joint forces, f}, are set on revolute joints
between compound links.

QR
S

%‘&\ 5

&

Imaginary forces, f;, and moments,

are assumed on C.D.P. to balance. y M
\/ . X /%Jl % Js
A system of force balance equations
a
Jis t o fat fao =0
< Jis t ozt Saat Sas70
Jgxfigt o texfa %S a0 =0
\'J 8 "fJ,g T 7 toxfu st 1oxfa 4TI %fas=0
- _/

YT

Unknown variables



Force balance equations can be summarized as

(T 1 0] Y
W Cl(¢) . Jl >2JR
2 0 ] '
24 S fou (DO, D)} =0
5 il
C, (D) 0 L F
)
L |
- Eq. of DOF

2Jx + F° columns = 3n’ <Z> F’=3n"-2Jy
> These equations can be analytically solved.

Thus Imaginary force Fy = ( f{,7;)" is derived as
—) F,(0.2)=[A(2)]-0+{B(®)}
Then, set imaginary forces as zero
[A(®)]-0+[B(2)]=0
This equation is called as ‘Elastic Input/Output Equation’.

By solving elastic input/output equation for C.D.P. with
Newton-Raphson method, forward kinematics can be achieved.




Example of analysis

w
Q
Jq

%

A

Output o ¢

I int

J13 Oln P X
z 3.5 /
J14 % /
AW
%/ \ 5 J1O

7
/AL \§
y // 9

A planar network-structure robot

with 4 D.O.F and 5 elastic actuator units



Example of analysis

E 000 E 580 °
w [ E X Y 0] 8 éu
. > 980 ;”J 560 £ £ £ L
s C.D.P O 1 o608 sao ‘o
J - —
4 d‘ Q:{XS:vySa l//la WZ} % L 960 % 540 0 <ZE
\ o, o [ 940 8 520 X EKJ
I -4 >
\ Output Ja 4Z | 920 Z 500 @
point St Q 2R
,,ﬂﬁ/////////ffﬂ o 5 >0 428
?’ J 9
%%0 1 %'%/ % 15
/ Os /0 =
o
.-4 4 Y
(x5 ¥5) l//l / J V2 w%m -15
2 / °
=30
o N7 o A
30
y / 9 2 55 |
5, % E 0 |
0
0 x Jg, " 312 <o 45 |
5 30
< 70 5 10
A planar network-structure robot TIME sec
. . . —0 1 0 2 0 3 0 4 0 °
with 4 D.O.F and S elastic actuator units Input motions are given as Sth power dwelling function.

Because output displacement varied smoothly as input,

it was confirmed that the proposed forward Kinematics
was correct and effective.




2.4 Inverse Kinematics
Iterative Calculation to Minimize Output Compliance

Redundant mechanism— .
criterio

Gradient Projection Method :

Forward kinematics: r = g(H)

—) Ar=[J(0)]- A0
@General solution
of inverse kinematics
A0 =J"Ar—|T-J"T] k(a_qu
pro—— Ox

Solution for
minimum norm of
input increment

1
Ji=J"(1-J")
Pseudo inverse of
Jacobian matrix

n

To obtain an optimum solution based on a

Objective function :
Compliance of output link
“To keep output stiffness”

By adding external forces in the
force balance equations

i+ f+f.=0

Forward kinematics ¥ = g(ﬂ, f e)
&
Differential approximation

Compliance matrix of output link :

Ag, Ag, Ag,
A.. M., Ar,
[C(ﬂ)] _ ﬁgz Ag, Ag,
.. O, Az,
Ag, Ag; Ag;
A.. ., Ar,



Flowchart of inverse kinematics

( START )
\ 4

Give desired configuration r,

v

Give current configuration and inputs r, @

a

Differential approximation byforward kinematics

by (¢)llc()]
v

Calculate input modification
A = J* (r, — r)-klr - J* J]><A[dit—‘QL

g*= g + Af

vy =r*
8=6"

Forward kinematics, r*= g ( a* )

Output error :
E :L]’/-D — r*

~ () ?

Yes
r =rx

END

Peterminant of compliance matrix

To evaluate compliance
in all direction (x,y,p)

Iterative calculation till output
error decreases adequately

¥

Solution of inverse Kkinematics
with the minimum objective
function can be obtained.




Example of inverse kinematics

k=1.0 % 10°

60

ACTUATOR INPUT 8; mm

5 |
=
n
S E 560
55
x> 520 Desired trajectory was giyen as
3 5th power dwelling functjon.
0 5 10
TIME sec

The robot can achieve the specified trajectory

while output compliance is improved.

COMPLIANCE det|C]|

[1x107]

12]

11

10

—— k=0 —— k=1.0%x10°

“Improved compliance”

0 5 10

TIME sec

-
NG
{ )



2.5 Motion Control Experiment

CP control based on the proposed inverse kinematics

Linearspring unit

Output point

. \
Rotary encoder 1.3[m] Linearactuators are

1000

980

960

940

POSITION OF OUTPUT LINK yg mm

920

900

A prototype of planar network-structure
robot with 4 DOF and 5 actuators

driven with PWM control.

POSITION OF OUTPUT LINK xg mm

600 —— measured ----—--- simulated 10

Translation in X-direction — ____| |

8
580 6
4
560 2
0
540] 2
—4
520 —6
XE YE ¢ e -8
5000 5 1 51 0
TIME sec

The output link could be driven along

the desired trajectorii.

It was confirmed that the
proposed inverse Kinematics

was effective and useful.

POSTURE ANGLE OF OUTPUT LINK ¢ -



3. Position and stiffness control of elastic parallel
manipulators with redundancy

3. 1 Elastic parallel manipulators with redundancy

Rotary actuators
' Oy
() ~Displacemen 5

O

iffness

Output link

Elastic
linearactuators




3. 2 Kineto-statics analysis
Basic kinematics

J,

By using rotary actuator inputs and

J. position and posture of output link,
g d, L .
joint positions are calculated as
o &
s> k. (¢ _ cosO_ + X,
8 k |: i—1 . i—1 15:|, (122,3)
Output Link ~~ _. gi—l Sin 91._1 + yi+5
P (xp,1) a :
cosa —sina || ¢ X
y K&K . i +| 7|, (i=4,5,6)
sina cosa |15 |V,

.

Directional vectors of elastic
linearactuators are calculated as

51'3}_'_ Xp — X

d.. {cos a —sin a}{
dl: j— .
d, | |sina cosa |m.5| |V,"V




Force balance equation

Elastic linearactuator: 0,
. = o S J.
Configuration determining parameter y : P/WE :
T(xp9yp9a991’92) | T ﬁ

Unit directional vector
of elastic linearactuator

/i (¢z ) T):Zki[ - (¢%51)] ‘ d

I

Spring coefficient| | Deformation of spring

Force and torque balance equation at output link: f,

Zf+f 0

Z(Ji+3_P)Xfi+Te —
L i=1 fi




Elastic linearactuator:

Configuration determining parameter p . PAME n
T(’xpﬂypﬂa)gl)HZ) i fl‘

I

/i (¢z ) T):Zkz[ 1 Gi)

Spring coefficient| | Deformation of spring

- (¢z T 51)]

Unit directional vector
of elastic linearactuator

Force and torque balance equation at output link: f f, /5

Zf +f. =0
Z(Ji+3_P)X./;'+Te —

L 1=l




Output stiffness

Reaction force can be calculated as

ni
lp'll

3
=) k|1-—- d+MN~ KA\ =
fo==2 k1m0 7 @D LpqN <
Output stiffness can be calculated as "
K Kx ny
K, E_’ d,+4 d +4
3 d? 3 d?
PR T 3
i=1 di i=1 di

Two-diemensional stiftness K, K,
can be calculated.



3.3 Inverse analysis

Condition on output stiffness

At first «,6,,0, are determined to give the desired output stiffness.
Linear approximation of the relation:

Urs 0K, 0K, OK,
AK _CMI S
AK B 2P | 0K, 0K, 0K,

Ao 06, 00, oa

Solution by gradient projection method: _

A6,
.| AK, )
=C +(I-C"C)e
AK

A0,
Ao

&

: Pseudo inverse matrix
: Derivative of objective function



Examples of objective function:

_ : aﬂdi _(¢i +5i)]2_
,Z::‘ 00,
2 0 di _(¢i+5i)2
Sl
2 aﬂdi _(¢i+5i)]2

Condition on output displacement
Then linearactuator inputs, ¢., are calculated by solving

force balance equation with Newton-Raphson method.

Inverse Kineto-static analysis can be achieved.




3.4 Simulations of position and stiffness control

Circular displacement of 25mm in radius while keeping stiffness as
K, =12[N/mm],K, =2.1[N/mm]

800

700 | i
600 | // \«H\ .
500 |- . v -
4000 - \"-.‘ ]
200 | 5
200 | e

100 —~

] A | i A
=600 =400 =200 0 200 400 G600



50

Output values

l l

360

Xp
VP
| | |
0 100 200 300
time[s]
Output displacement
I I ]
K,
K,
| | |
0 100 200 300
time[s]

(b Output stiffness

[mm]

300

Actuator inputs

250

-

CIE S -
200p .
Ps
150 | | |
0 100 200 300

time[s]

Linearactuator inputs

360

200
timelsl

Rotary actuator inputs

300

Continuous desired displacement and stiffness were

obtained with the proposed objective function.

360



3.5 Experiments on position/stiffness control

An elastic linearactuator

A prototype with SDOF



Rotary encoders
to measure joint

/ angles

Linearpotentiometers
to measure spring
deformation

Calculate position

and posture of

output link




(1)Constant st1

)

mess on the circular trajectory

Position 2

Position 4

Position 1



(1)Constant st1

)

mess on the circular trajectory

. % ',

n 1

2D Stiffness is measured with a
force sensor and a micrometer head

Position 4




12.0

10.0

¢ @

4.0 6.0 8.0

Deformation of output point [mm]

2.0

0.0

30.00,

0.00

o o]

[t ] jurod ndino je 9010 UoIORIY

=
(«D)
~
(o1
S
(«D)
e
(«D)
=1 )]
~
7))
()
=
S
7))
©
7))
7))
m
=
© puy(
~
7
=
(D)
S
© pm(
7))
(«D)
-




(2)Change of stiffness at the same output displacement
Xp, =—20lmm], y, , =350[mm]

4 I The manipulator change_.its configuration
to control stiffness vector.




14

» 124
F *e
10 -

ek ek o)
(o] (@)} =
B

S B~ ®
O N B OO

0O 2 4 6 8 10 12 0 2 4 6 8 10 12
(b) Kea=12 K,q=1.2

Reaction force at output point [N]
» 5 2 3

N

S

O 2 4 6 8 10 12 0o 2 4 6 8 10 12
(c) Kya=0.8 K, 4=1.6 (d) Kva=2.0 K,,4=0.4

Displacement of output point [mm]

Manipulator can control stiffness

at the same output position.



4. Concluding remarks

Syntheses and Forward/inverse kinematics analysis of
overactuator mechanisms were carried out.
(I)Network structure robots composed of network
modules are proposed and synthesized.
(2)Iterative calculation based on representative points
can achieve inverse kinematics and motion control of
the network structure robots.

Motion control of redundant overactuator mechanisms

with elastic elements was also realized.

(3) Interference between overactuators can be relaxed
with elastic elements on actuators.

(4)Optimum motion control of network structure robot
with elastic elements was achieved.

(5)Position and stiffness control of a redundant elastic
robot was achieved.



Derive the output motion ¢with respect to inputs
0, and 6, of the following overactuator mechanism
with two springs with stiffness kX and natural length

o L )2 L 2R

The result will be summarized in A4 size PDF

with less than 4 pages and sent to Prof. Iwatsuki
via T2SCHOLAR by May 18, 2023.
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