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Optimisation of mono-articular or bi-articular linear

actuation ...

%
\ WA |

Robibio Project (RFI Atlanstic2020)

Design of a planar robot equipped with
linear electric actuators

= Backdrivability property ( no gear box) useful
for impact

= How to place the linear actuators ?
= Architecture
= Attachment points
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Actuation architecture

Hight level
o mono-articular
o bi-articular

Robot with only 3 actuators in sagittal
plane

®
3 of 5 actuators :
Far Fkr Fhl I:akrFkh
©>

* 3 mono (case 1)

 1bi+2mono (2,3,4,6)
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e 2bi+1mono (5,7,8)
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actuation ...

The model of a leg

3dof:q, 9,9,

The robot model

The dynamic model
A(q)§+C(q,9)g+G(q) =T

The torque is produced by the linear actuators (3 of 5)

Fo

[ Fa -| [ Ja,a(Qa) Ja,ak(Qaan) 0 0 0 Fak
. 1 = 0 Jkak(Car @) k(@) Ik ikn(Qk: qn) 0 Fy

I_ Ly J I_ 0 0 0 Jnkn(@r:qn)  Jrn(qn) Fip
Fy

Simplification of the model : the choice of actuators do not modify the mass

distribution




Best attachment points of the

o
«

k= motors w

= :

- :

= * Location of attachment points of

;g a linear motor defines the torque YA\

E available at the joint axis. g m

%’ = With a linear motor, the torque

%’ g available varies with joint axis. &

% . * The robot is defined to achieve a LI =

% set of given tasks

5 > Squat motion L.

g > Walking as stance leg -

B * Walking as swing leg i k.

A(q)§+C(q,9)¢+G(q) =T

i
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b mm) D(t) = [t,qa(t), % (t), an (), Ta(t), Tx(8), Ta(®)] - 5



Optimisation problem

o pek®
» Constraints e
The attachment points belong to given areas aamel )
* Criterion e @

For design purposes, the objective is to find the best design that

minimizes the maximal force

2 (A1,By,Aa By Ag,Bs)cS (max(|F1], [F2l, |F3]))
| to 3 forces are considered such that
Vtwqd(t)qu(t)sq}l(t)eFa(t)erk(t)= rh(t) (S D(t),
simultaneously depending on Ls F,
¥y depending i =gt i
By | 7 |

architecture

Among the solutions minimizing C,, the minimal forces are

expected to achieve the task :
G difia / (F2 + F2 + F2)dt
teD

(A1,B1,A2,B2,A3,B3)eS
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C,— C=uC, +C, withlarge n




Design with mono-articular actuator

3 decoupled problems
Joint j
1Ty = J55(a0)F; T

J;;is the height of the triangle A;,O;B, OjalAj J

dajdp;jsin(qaB; + q;)
VB + ;= 2dazdp; cos(qas; + q;) Q

J;.i(q5) =

J;;depends only on 3 parameters du; dg; qag;

sin(qag;tq;) at numerator — singularity for a variation of q, > .

qas; is chosen to avoid singularity in workspace
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dp;, dg; have a similar contribution to J;;

0°<qA£}i§j<180° 5,5(g5) = min(da;, dB;)




Design for mono-articular actuator

N

Effects of parameters on |, ;

0.12(

min(da;,dp;)1+

* min(d,;,dg;) is maximized 0.08

in the possible placement 2006
area )

0.04

* max(dy;dg;) changes the
0.02%

shape of J;

°* Oag translates the curve 0 50 100 150%;23;["1250 300 350 400

along horizontal axis
Fig. 5. Evolution of |J; ;| for da; = 0.1 m for different values of dp;:
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IF‘| dp; = 0.098 m (blue, dotted), da; = dp; (blue), dg; = 0.2 m (black),
° FMj = max — J i dp; = 0.3 m (red), dg; = 0.4 m (green), dg; = 0.5 m (cyan), dg; =
r;eD min(da;, dg;) 1000 m. There are two symmetric curves from 0° to 180° and from 180°

to 360°. Their shape changes when dp; increases and becomes symmetrical
in gap; +q; = 90° and gap; + q; = 270° when dp; tends to infinity.
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actuation ...

e The constraint

dAj <0.lm, dBj <0.4m,

Possible
placement of Ay

Possible
placement of By,

Possible —\

placement of Ay

'~ possible
placement of B,

Possible —

placement of A,

" Possible
’ / placement of By,

Heuristic design for mono-articular
‘actuator

e The tasks

IT, | (Nmj

IT, | [Nm]

IT| [N

® dA] <O0.1 m, dBj <O.4m,

i The desired joint
; displacement <

% 20 |800

5 The higher

o required force is
i for ankle.

l: &—/

-20 20 qk[°] 40 60 80

% % 20 % q;?’l 5 0 &5 10 9
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actuation ...

Heuristic design for mono-articular
‘actuator

~

4B, = —21,6° dg, = 0.13 m
dan = 0.1 m

dp, =0.12m
qaB, = —97°
dAa =0.1m
dBa =0.2m qAB, = 73.3°
dAk =0.1m

10



Optimal design for mono-articular
actuator

Optimisation can also be done numerically.
The parameters optimized are only dg; and qagj, da=0.1m

The heuristic solution is the starting design for an optimisation done using
SQP method.
The results are close for criterion : C=puC, + C,

e
<
Q
=
e
o
D
O
e
5
o
el
o
(el
o
o Ykt
o 0O
g &
i
O v
(e 00
O
-
{
(0]
e
O
2
(4]
A
o
=)
o
@)

Parameters C1 Ca
N 105N2s

Method Heuristic
Ankle dBa =0.2m, gagg = 73.3° 922.9 1.63
Knee dpr = 0.11 m, gapr = —90.6° | 651.2 1.66
Hip dpr =0.13m, gagr = —21.6° | 467.3 1.32
Biped 922.9 4.62
Method Numeric
Ankle dBa = 0.17 m, g4 Ba = 66.6° 922.9 1.63
Knee dpr = 0.11 m, gapx = —90.2° 649 1.66
Hip dpp = 0.14 m, gagy = —25.7° | 461.3 1.31
Biped 922.9 4.61

T T
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actuation ...

Design of bi-articular actuator

Four parameters : d,, q, dg, Qg

The bi-articular actuator cannot
be defined alone since

in the architecture, several
actuators act on the same

joint

@ Fig. 10. Position of the attachment points for bi-articular actuation.

The bi-articular actuator acts alone on knee but
not on ankle.

Bi-articular actuator F, is defined together with
mono-articular actuator F,

Mono-articular actuator F, defined

previously is optimal. "



Heuristic design of bi-articular actuator

j Model

B =15 sl & |

The bi-articular actuator acts on 2 joints with a ratio r,

[ | 9 ] = [ -]aa((Ia) "'ak(Qaan)Jk,ak(Qaan) ] [ F
3 0 Ji,ak(Ga> k) Fak

It can be written

[ I\a _"'akrk ] . [ Jaa((la) 0 ] [ Fa
L'k 0 Jk,ak(4a; qk) Far |

With a good design the load of the mono-articular ankle actuator can
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be reduced.

The bi-articular actuator actuates the knee alone. 13



Heuristic design of bi-articular actuator

The bi-articular motor M, 1s treated as a mono-
articular one assuming that A is placed at the ankle
joint center O.

Choice of the pose of A in order to minimize I', —
rakrk

The mono-articular ankle motor is designed to pro-
duce the torque I'; — 7,1

e
<
Q
=
e
o
D
R
e
5
2
el
(@]
(el
o
o Ykt
o 0O
g &
i
O v
(e 00
O
-
{
(0]
e
O
B2
(4]
i)
o
=)
o
O

The initial design can be improved by numerical optimisation.
The methodology can be extended to the case of 2 bi-articular actuators
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Optimisation of mono-articular or bi-articular linear

actuation ...

Comparison of the 8 designs

e The required torque is higher for the ankle.

e The maximal force at ankle is reduced when the mono-
articular actuator is helped by a bi-articular actuator.

* Results are improved with 2 bi-articular actuators.

MAXIMAL FORCE (N) REQUIRED FOR EACH
ACTUATOR FOR THE HEIGHT DESIGNS
W actuator 1 W actuator 2 W actuator 3

hibakll

‘\/1\ MK MA ,H K. MA ,H H, V\ MAK, N MK, FJ\! MK MAK
MK \( LH MEH MH




Optimisation of mono-articular or bi-articular linear

actuation ...

The optimal design

e The best architecture

®

* The best design

qa= 96°
da=0.097 m



Optimisation of mono-articular or bi-articular linear

actuation ...

Conclusion/Perspective

A methodology has been proposed to choose the best architecture
of actuation with mono and bi-articular actuators.

Bi-articular actuators allow to reduce the force used by actuators.

A methodology has been proposed to chose the pose of
attachment point for linear actuators.

The design is based on the desired tasks to be achieved by the
robot.

A more complete set of tasks may lead to a different design

It would be interesting to study redundant case with more than 3
actuators

An extension to antagonist actuations can be considered (linear
actuator can produce negative or positive forces contrary to
muscle).



