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outline

¢ classical and new goals for robots
e soft robotics: a new solution for a new problem

¢ the optimal approach for planning and control of soft robots
— Minimum Time Trajectory Planning
— The Safe Brachistochrone
— Max speed
— Optimal brake
— Robust Interaction
— Max Efficiency in Cyclic Tasks

e what’'s next?
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TASKS
* mainly positioning operations in structured environment

GOALS
* Minimize Cost
« Cycle Time
» Positioning Errors

SOLUTION
« Robots Designed and Controlled according to “the stiffer the
better” paradigm
« Bulky and Heavy Machines
» High Gain Position Control
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DIGITAL and EMERGING TECH
for the GREEN DEAL

DESTINATIONS

[Horizon Europe]

HUMAN centred development of
DIGITAL and INDUSTRIAL TECH

[Horizon Europe — Work Programme 2021-2022 Digital, Industry, and Space]



TASKS
 Physical Interaction in unstructured environments

GOALS
* Minimize Cost (exploiting soft dynamics)
« Cycle time
» Positioning error
* Energy Consumption
» Subject to
 limits on interaction forces (safety, robot resiliency, ...)

NEW PROBLEM -> NEW SOLUTION
« Robots Designed and Controlled according to “the stiffer the
better” paradigm does not work any more!
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Modeling and Control of Elastic
Joint Robots

In this paper we study the modeling asd conirol of robot manfpulatars with elesiic
Joinis. We first derive a simple model 10 represent the dynomics of elastic foint
manipufutars. The model & derived ander fwo aumprions regandlng dynamic
coupiing berween the actuators and the finks, and is useful for cases wirere the
elastitily in the joints is of greaser significance than gyroscapic Intericsions befwew
ihe modors and links. Jn the fimit gt the joint stiffness fends to inflaity, our model
reduces fo the wswal rigid model found in the leraiure, zhowing the rensonableness
of o modeling exremprions, We show ihat our moiel i sgrificanily move irae-
table with regard 10 controfier design than previous nonlinesr models the! have beva
wyed 1o model elastic foint manipulatars. Specificaly, the nonlinedr equations of
motion that we derive are shown (o be globally fissarizahie by diffeomarphic coor-
dimate transformation and moniinear siaric state feedbeck, a result that does not
hotd for previvusly derived mosels of elestic joint manipuletors. We also detail an
alternute approvch to nanlinear control based on @ simguir perturbation formuio-
fion of the equaions of mofion and the cancepy of integrof marifold. We show that
by a suitahle nonlinear feedback, the manifold in state spoce which deseribes the
dynamics of the rigid manipulator, that i, the maniplaror without joint elavticity,
cun be made inearian) wnder solutions of the efastic joint system. The implications
of this renult for the control of elastic joint robots ave discussed.
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Modeling and Control of Elastic
Joint Robots

In this paper we study the modeling and control of robot manipulators with elessic
Joinis. We first derive o simple mode! 1o repvesent the dynarmics of elastic joint
manipufutars, The model i devived ander fwo aoumprions regarding dynamic
coupiing berween the actuators and the finks, and is useful for cases wirere the
elastivity in the joints is of greaser significance than gyroscopic Interactions befween
(ke motors and links. Jn the fimir s the join? siiffness fends 1o inflaity, our model
reduces fo the wswal rigid model found in the leraiure, zhowing the rensonableness
of o modeling exremprions, We show ihat our moiel i sgrificanily move irae-
fable with regard 1o controtier design than previows sonlinear modets the! have been
wyed 1o model elastic foint manipulatars. Specificaly, the nonlinedr equations of
motion that we derive are shown (o be globally fissarizahie by diffeomarphic coor-
dimate transformation and moniinear siaric state feedbeck, a result that does not
hotd for previvusly derived mosels of elestic joint manipuletors. We also detail an
alternefe approuch (o sonlinear controf based on @ singulor perturbation formulo:
fion of the equaions of mofion and the cancepy of integrof marifold. We show that
by a suitahle nonlinear feedback, the manifold in state spoce which deseribes the
dynamics of the rigid manipulator, that i, the maniplaror without joint elavticity,
con be made inearian) wnder solutions of the elustic joini systam. The implications
of this result for the control of elastic joint robots are discussed.
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The potential of Soft Robotics
and the many open guestions about it

Features Soft Robot

Poak Parformance a specific design GaN over-perform a
conventional system of the some power

Energy Efficiency Caln be optimized in the execution of
cyclic tasks

Robustness Peak stress on the weaker parts Caln
be reduced

How to manage the additional degrees of
freedom of Soft Robots to fully exploit them?



The optimal approach

Optimal Control provides an absolute performance
reference that factorizes the control design out, and
allows for drawing conclusions on the intrinsic worth of

the physical system.

o /O Lix(t), ult))dt

x(t),u(t),p
subject to

g(x7jj7u7p) o O
h(x,u,p) <0



The optimal approach

Optimal Control provides an absolute performance
reference that factorizes the control design out, and
allows for drawing conclusions on the intrinsic worth of
the physical system.

Analytical Solutions
« template models
« find “rules” and understand “principles”

Numerical Solutions

« realistic models

« global guarantees (and often run-time execution) for convex
problems



A (short) list of problems for soft robots that
can be tackled via OC

« Minimum Time Trajectory Planning
« The Safe Brachistochrone

« Max speed

« Optimal brake

« Max Efficiency in Cyclic Tasks

Robust Interaction
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Time-Optimal Trajectory
Planning

Link-Side
bounds
Cartesian Joint Optimal
Path Path : Trajectory
Optimal
‘[IK Stage] ‘ [ Trajectory ] ‘
Planning
;M: vgs / = .Motor-Side bounds
oooj T W s

0.2 0.1 0 04 02 Path Coordinate



Flexible Joint Robots

* Dynamics of a robot with flexible joints included to

reformulate the constraints o
Link-Side

bounds on

{ M(q)q+C(q.q)q+G(q) + K(q-0) =0

B0+ K(0-q) =T,
m ( q) m Optimal
Trajectory
Planning

Dynamic model of a robot with flexible
joints presented by Spong [1]

[1] - Mark W Spong - Modeling and control of elastic
joint robots. - Journal of dynamic systems, _
measurement, and control, 109(4):310--318, 1987. Motor-Side bounds



Problem Formulation
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Problem Formulation

* Non-convex optimization
problem with bilinear and
quadratic constriants.

 Efficient convex relaxation for
these constraints using
McCormick Envelopes.

* Numerical solution using
direct transcription.

|
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b(-).Bi()ai(*) Jo Vb
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Irm = koS + k182 + B3 + kaBa+
+ky3; + ksay + kgBs + kb + kg
b(0) =0and b(1) =0
a;(0)=0and a;(1) =0
a2(0)y/b(0) = 0 and a2(1)y/b(1) =0

ay=b,a,=b" a3="0"
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Planner Output
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(a) Planned signals using rigid-based technique R.
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Integrator Chain
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(b) Planned signals using snap-limited technique IC.
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(c) Planned signals using our algorithm ED.

Fig. 3. From left to right: evolution of the planned motor angles, velocities, torques and of the elastic deflections for the three planning techniques R, IC and
ED. Solid line is the signal, while the dashed lines represent the lower and upper bounds.
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(b) Planned signals using snap-limited technique IC.

Full Robot Model -

Path Coordinate

Path Coordinane Path Coordinnte Path Coordinate

(c) Planned signals using our algorithm ED.

Fig. 3. From left to right: evolution of the planned motor angles, velocities, torques and of the elastic deflections for the three planning techniques R, IC and
ED. Solid line is the signal, while the dashed lines represent the lower and upper bounds.



Minimize Task
Time under
Safety
Constraints



Variable Stiffnes Actuators
Optimal control policies

(s

Compliant \\
S afe Rotor _/V‘ N Link Covering /0\40\0
. Inertia Inertia ' D/ N—T
Brachistochrone g,

Minimum Time Optimal Control
in a point-to-point task
with constraints on Safety

the safety index adopted as bound is the
HIC (Head Injury Criterion)

Fast & Sofft,
Stiff & Slow

Bicchi and Tonietti, IEEE RAM 2004




Maximize
Peak Speed



EXAMPLE: HAMMERING A NAIL




The MaxSpeed Problem
— q (The VSA Hammer)

0
-
m
oxo}
® o k ,
7

Index J = ¢(x(T)) =x2(T)=¢g(T).
Dynamics x = f(x.u).
Initial conditions ¢(0) =0

Terminal const. y(x(T) i(T)=g(T)=0

):
Hamiltonian H(x(r),A(r),u(t)) = AT () f(x(1).u(r))



MAXIMUM FINAL SPEED
ONE SWITCHING

PROBLEM STATEMENT- SEA

max X>(T)=¢q(T)  INDEX: TERMINAL SPEED POSITION CONTROL (P)

—» q
. X9
i=| 5, ° DYNAMICS 0
O~ (u—x) e
m
| < e CONTROL LIMIT
(© @
k 7
INITIAL/TERMINAL CONDITIONS o o
¥(0) = 0 7
) — 0 W = \/k/m  NATURAL FREQUENCY
X =

xl' =g ¢] s
UNCONSTRAINED TERMINALTIME 5 — @ CONTROL



MAXIMUM FINAL SPEED
ONE SWITCHING

s

PROBLEM SOLUTION - SEA

POSITION CONTROL (P)
Hamiltonian H = Ax+ A w’ (e —xp)

Co-state ST [L.9
dynamics A= 0t —h]

Optimal BANG-BANG CONTROL

*x 5
control law U* = UparSign (A2)

vsin((T —1) o)
®

Switching A2 =cos ((T —1) @)+

function
v=—wcot(Tw)



MAXIMUM FINAL SPEED
ONE SWITCHING

s

PROBLEM STATEMENT- SEA
SPEED CONTROL (S)

max x>(T)=¢g(T)  INDEX: TERMINAL SPEED =
F i v
g - - i
Xx= |0 (x3—x1) LINK DYNAMIC m
i U 1 ©) ©
k 7
’u‘ S ul’?(l.\" CONTROL L“V”T O O
INITIAL/TERMINAL CONDITIONS 4
, W = \/k/m  NATURAL FREQUENCY
xQ) = 0,
' .T - N o 6
| x'' =g ¢ 6] STATE
X1 (T) =24 .
x i =0 CONTROL




MAXIMUM FINAL SPEED
ONE SWITCHING

s

PROBLEM STATEMENT- SEA

| ACCELERATIONCONTROL (A)
max x>(T)=¢q(T)  INDEX: TERMINAL SPEED

= —> q
A
5 v,
. ) (.\.3 — X1 ) -
X = ‘s LINK DYNAMIC m
U © ©
L5 =) k 7
’u‘ S uma.\* CONTROL L“V”T O O
INITIAL/TERMINAL CONDITIONS 2
, W = \/k/m NATURAL FREQUENCY
x0) =0 5 . .
! xX'=1lqg ¢ 6 0]smnrE
x1td) =0 .
x e —0 CONTROL




(P)

(S)

(A)

MAXIMUM FINAL SPEED
ONE SWITCHING

PROBLEM SOLUTION - SEA

TERMINAL LINK SPEED

Vimax = 2\/§”maxw THE STIFFER THE BETTER

Viax = 4Umax STIFFNESS INDEPENDENT
~ ~ « Umax

Vs = 5742 THE SOFTER THE BETTER

where W = \/k/m



MAXIMUM FINAL SPEED
ONE POSITION SWITCHING

s

PROBLEM STATEMENT- SEA

max x>(T)=q(T) REALISTIC MODEL (A)+(S)+(P)
s -" INDEX: TERMINAL SPEED
X2 — {
| @* (3 —x1) 0
o | LINK DYNAMIC -
X4 m
u| < thmar CONTROL LIMIT o 2
x3] < Bpax and |x4| < B0x  STATE CONSTRAINTS 2 ;
g
INITIAL/TERMINAL CONDITIONS @ = ikl
¥(0) = 0 |
! xX'=1lqg ¢ 6 0]smnrE
x1(T)=0 .

u=2~0



SEA - Analytical and Numerical Results

5 : £
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’ : .
0 | | | |
0 2 8 10
omega (rad?s)

There exist an optimal stiffness that depends on link inertia and motor constraints!
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MAXIMUM FINAL SPEED
ONE POSITION SWITCHING

s

PROBLEM STATEMENT- VSA
POSITION AND STIFFNESS CONTROL (P)

max X>(T)=¢q(T)  INDEX: TERMINAL SPEED —
X7 6"_’
X= |u LINK DYNAMIC m
— (ug —x1)
m © ©
; & - k 7
Umin < U < Umayx CONTROL LIMITS o o
INITIAL/TERMINAL CONDITIONS Z
x(0) =0 xI' = g q] sTaTE
x1(T)=0 u! = (@ k] conTroLs

UNCONSTRAINED TERMINAL TIME



MAXIMUM FINAL SPEED
ONE POSITION SWITCHING

PROBLEM SOLUTION - VSA
POSITION AND STIFFNESS CONTROL

o )
Hamiltonian H = Ajxo — A —(x; —uy)
m

dynamics n

Co-State {XT = [”—212 _)Ll]

. Wi 1T A >0
Optimal uy = {_ = £ <0
control Ui max 11 A2 < BANG-BANG CONTROL
law i = U2 max if )LZ (Ul _-'\-l) >0
2 W min i Ap (1 —x1) <0



MAXIMUM FINAL SPEED
ONE POSITION SWITCHING

VSA — THEORETICAL RESULTS
POSITION AND STIFFNESS CONTROL

THE OPTIMAL CONTROL POLICY CAN BE SUMMARIZED

Uy =

Uy max 1f qq > 0
143, min 1L qq < 0

SPEED UP AND STIFF, SLOW DOWN AND SOFT



MAXIMUM FINAL SPEED
ONE POSITION SWITCHING

VSA — THEORETICAL RESULTS
POSITION AND STIFFNESS CONTROL

20
| kma:z: gma.'r
minimum theoretical improvement 0 o
; of VSA w.rt. SEA p Kmin maz
: 2
S | [—sifness |
VvsA ]. “I“ \/m : ~10| |—— Reference position
USE A 2 - oL g'm azT
e ’ 0 0.5 1 1.5 2

time [s]




MAXIMUM FINAL SPEED
ONE POSITION SWITCHING

VSA — Experimental Tests

case type inertia boundary q(T)
(a) SEA-like m=0.1kg gD max ~ 207deg/s
(b) SEA-like m=0.1kg 4D min ~ 242deg /s
(c) VSA m=0.1kg  gsminmax =276deg/s
(d) SEA-like m = lkg 4D max ~ 341deg/s
(e)  SEA-like m = 1kg 4D .mid ~ 374deg/s
(f) VSA m = 1kg gSminmax ~ ~=499deg/s

TABLE III
FIRST AND SECOND COLUMNS DEAL WITH THE SIX EXPERIMENTS’
CASES. THE THIRD AND THE FOURTH SHOW THE FIXED PARAMETERS.

FINALLY, IN THE FIFTH COLUMN ARE SHOWN THE MEASURED VALUES
OF LINK SPEED AT HIT TIME

For a proper inertia improvement of 30%



MAXIMUM FINAL SPEED
ONE POSITION SWITCHING

Fixed Terminal Time

EXAMPLE: First Time Kick



SEA - Analytical and Numerical Results

Position Control Max Speed

25
Tw\? _ ). = s , ,
Umaz = Umazw | 24/1 — cos o) —sm (Tw) (P) UNCONSTRAINED + ‘. |[(S} UNCONSTRAINED TIME
20) TiME. i i il e
: “s [ (A) UNCONSTRAINED
. . T AP T T~(T")'4’5
Analytical solution for S 15 : s
o 2
(P), (S), and (A) cases = 7 Sl N
E 1.5 : ~ o~
g : /‘}-
Numerical solution for 5 Surole I t
(p) + (S) + (A) case _ urpie mes r.epresen
iso-terminal time curves
0
0 1 2 3 4 5 6

w [rad/s]

There exist an optimal stiffness that depends on:

* link inertia

« terminal time (opt. stiffness increases if T decreases)
* motor constraints



SEA - Experimental Results

O Maximum speed
- Mean values of the maximum speed |

] 58.7 2.8 2.9 3 3.1 3.2 3.3 3.4 3.5 3.6 3.7
o [rad/s]

Experimental results for a SEA prototype with different stiffness at same terminal time



VSA — Theoretical Results

s

Fixed terminal time — Position and Stiffness control

How does the optimal control policy change w.r.t. the free terminal time case?

Free terminal time switching intervals

- Stiffness
-~ Reference position

1.5 2

which VSA is not convenient

Terminal time threshold below T >T, —- VSA
Tl, = W\/m/k'm.aw { t




MaxSpeed problem for compliant
Variable Damping Actuators

s

M. Laffranchi, N. Tsagarakis, and
D. G. Caldwell, "A compact

compliant actuator (CompActTM)
with variable physical damping,”
ICRA, 2011




Compact™ Actuator

The model

Linear constant transmission
Motor _—7 stiffness

torque
f T ( \

Motor Me Link
inertia —> inertia
Motpr L g Link position
Position and and speed

torque

MG+ Dig+ Di(¢—0)+ Ki(q—0) +7c =Te
BO+ D0 — Di(Gg—0) — Ki(q—0) — 7. = T

L. Chen, M. Garabini, M. Laffranchi, N. Kashiri, N. Tsagarakis, A. Bicchi, and D.
Caldwell. Optimal Control for Maximizing Velocity of the CompAct Compliant
Actuator. In International Conference of Robotics and Automation - ICRA 2013




MaxSpeed for the Compact™ Actuator

Problem Solution: First Step

T if £l \ 0 f. switching function
From =] omar flz,A) > depending on state and

Maximum Pontryagin Principle ¢ Temin iff(:E, )\) <0 co-state

\4

A

bﬁ
Il

o
A

SEA ~  UNLOCK : LOCK Rigid

| Actuator

Two dynamic systems
have to be considered in
the following with one
control input: the motor
torque

L. Chen, M. Garabini, M. Laffranchi, N. Kashiri, N. Tsagarakis, A. Bicchi, and D.
Caldwell. Optimal Control for Maximizing Velocity of the CompAct Compliant
Actuator. In International Conference of Robotics and Automation - ICRA 2013

T
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MaxSpeed for the Compact™ Actuator
Problem Solution: Second Step

The optimal control problem can be translated in several convex optimization problems

I F A

F, (1) 54-5, " (5) 82)-5¢
F
g ™ g g
Fn‘ (2) 5p-5; F, (6) 52)-5)2 .
- v Possible sequences of the
Given a maximum clutch force for a
number of switchings ¢ "¢ ~  maximum number of
. . F, (3) 882 F, (7) 5p=5z) H H
we derive all possible . switching of 3
the SEA / RIGID
0 o ™
sequences Ft @ses o (8) SotSo
F

L. Chen, M. Garabini, M. Laffranchi, N. Kashiri, N. Tsagarakis, A. Bicchi, and D.

Caldwell. Optimal Control for Maximizing Velocity of the CompAct Compliant Q’@J
Actuator. In International Conference of Robotics and Automation - ICRA 2013 VIACTORS



MaxSpeed for the Compact™ Actuator

Problem Solution: Second Step

The optimal control problem can be translated in several convex optimization problems

Switching Canditi%mf Operating Conditions
Group 0<t<Ty3 T/3 <t<2Ty3 | 2T/3 <t< Ty
(1) So-So C, c, c
(2) So-Si2 o c Cz
(3) So-Sa C, c c
(4) S12-So C, c o
(5) S-S c c c
(6) S21-S12 c c .
(7) So-S21 C, G c
(8) So-So C, Cs c,

x''=[lqg 6 ¢ 6]

For each sequence we can derive the system dynamic for the whole task

x(n)=(I+At-A)-Q-x(n-1)+At-B-u(n)

0

0 0

0 0

M B
M+B M+8B

M B
M+B M+B]

L. Chen, M. Garabini, M. Laffranchi, N. Kashiri, N. Tsagarakis, A. Bicchi, and D.
Caldwell. Optimal Control for Maximizing Velocity of the CompAct Compliant
Actuator. In International Conference of Robotics and Automation - ICRA 2013
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MaxSpeed for the Compact™ Actuator

Problem Solution: Second Step

The optimal control problem can be translated in several convex optimization problems

Since the dynamic is linear and constraints are convex the Optimal Control
Problem (for each switching sequence) can be converted into a
Convex Optimization Problem

J = f,(%(0),u,At) = g(N)

subject to
—> Terminal Constraints

g(N)=q;,6(N) =6, =

] N Motor speed Imits

Opin <O() < 6, 6,() €[ 6,

min ° Ht max

Motor torque
:|’n=17”'>N /

ax ?

u(n)e[_rm,max s T, max Imits

L. Chen, M. Garabini, M. Laffranchi, N. Kashiri, N. Tsagarakis, A. Bicchi, and D.
Caldwell. Optimal Control for Maximizing Velocity of the CompAct Compliant
Actuator. In International Conference of Robotics and Automation - ICRA 2013
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MaxSpeed for the Compact™ Actuator

Main Simulation Results

The maximum link speed obtainable with the Compact™ (VCCA) is
larger or equal than the speed obtainable with both rigid and SEA

Large terminal times Compact as

Intermediate terminal times Compact good as the SEA
better than rigid and SEA
Terminal Fosition Free | K = 100 Nmirad
FI’_T'_F 1|:| \I - | ] ]
-:-é - ﬁ --?---ﬁ----’_'_:-_:;:--- >
E = b
[ -
o
Short terminal times = i}
Compact as good ‘/T A== VCCA
. = —+— SEA |
as the rigid actuator E oIGID
iE 02 03 04 05 06 07 08 09

Terminal Time (5]

L. Chen, M. Garabini, M. Laffranchi, N. Kashiri, N. Tsagarakis, A. Bicchi, and D.
Caldwell. Optimal Control for Maximizing Velocity of the CompAct Compliant
Actuator. In International Conference of Robotics and Automation - ICRA 2013




Maximize Jumping Height

R. Incaini, L. Sestini, M. Garabini, M. Catalano, G. Grioli, and A. Bicchi. Optimal Control and
Design Guidelines for Soft Jumping Robots: Series Elastic Actuation and Parallel
Elastic Actuation in comparison. ICRA 2013



Maximize Jumping Height
SEA and PEA in comparison

» Optimal control as a mean for comparing two different soft actuator designs when
performing the jumping task

Parallel Elastic Series Elastic
Actuation (PEA) Actuation (SEA)

Ys

o) A2
S

T — Robot
k

% ¢U |¢U ~
U1
RT m P 1 |

Environment

R. Incaini, L. Sestini, M. Garabini, M. Catalano, G. Grioli, and A. Bicchi. Optimal
Control and Design Guidelines for Soft Jumping Robots: Series Elastic Actuation
and Parallel Elastic Actuation in comparison. ICRA 2013




It can be translated into the MaxSpeed proble

Maximize Jumping Height

m

Target

We want to maximize the highest reachable point of the center of gravity of the robot
max hg maz

Our optimization variable is the force exerted by the motor U.
Using the conservation of mechanical energy principle, we derive an estimation of hg max
depending on the state of the robot soon after the take-off instant T

Vg (TT)?

hG,ma:I; — hG(T+) +
29

where hg (T™) and Vg (T ™) are the height and the speed, respectively, of the center of gravity of
the robot soon after the take-off instant.

o

We can assume that the variation of hg(t) during the stance phase is negligible if compared to
the variation of V5 (¢)?/(29):

— 2 2o (T7) (PEA)

m1+m2
max hqG maz A Max Va(TT) =

ms___z (T-)  (SEA)

mi1+ma+ms



Maximize Jumping Height

Problem Statement

s

More realistic models taking into account path state and control constraints

The input u is PEA SEA
the motor torque maximize z2(7) maximize Zz4(T) (a)
subject to subject to

The robot has to jump

atthetime T
(contact constraints)

Bi-linear Torque-Speed

motor characteristic

\

The upper mass must

not touch the ground
(spring deflection
constraints)

/ 4

2(t) = Az(t) + Bu(t)

—kz1(t) + U(t) + m1g >0

—kz1(T)4+U(T) +m1g=0
Umin S U(t) S Umaac

Vinin < 22 (t) < Vimaz
Vimaz

max

z2 (t) < Vinaz —

Vmin -

U(t) < 22(1)
Vmaa:

max

U(t)

Omin < 21 (t) < dmazx

Z(t) = AZ(t) + Bu(t)
U(t) +mig >0
U(T)4+mig=0
Unin S U(t) < Unaa

Vmin S 53@) S Vma:c
Vma:c

max

Vmin - U(t) S g3 (t)

Vmaa:

max

53(15) S Vmaoc - U(t)
6min S z2 (t) S 5ma:L'

¢min S g2 (t) - 571 (t) S Qbma:c

(b)
(c)
(d)
()
(f)
(2)
(h)
(i)
(1




Maximize Jumping Height

Results

Since the dynamic is linear and constraints are convex the Optimal Control Problem can be
converted into a Convex Optimization Problem

A typical evolution of
the working point of the
motor subject to the
considered
Torque-Speed
constraint

V (m/s)
T S N e OO TR S
T T T T T T T T T T T

i
S
(&)
o}
(&)
S
&

Also in a more realistic context there exists an optimal stiffness value (for both PEA and SEA)
that maximize the peak speed and it depends on the task and robot parameters:
Terminal time
Inertia
Motor Characteristics (Max Torque, Max Speed, Gear Ratio)
Deflection Constraints



s

Maximize Jumping Height

Optimal Stiffness and Terminal Time

the performance and the optimal stiffness depend on the terminal time T.:
* The speed increases with T until a limit
« The optimal stiffness globally decreases with T

Max Speed
5 (m/s)

Opt. k

500P\ — — —
T 400p N\ S S g
Z
g BOO0 o
x°
QOO v\
100 0.2 0.4 0.6 0.8
T(s)

The best performance:

 Max Speed SEA
20% higher than
PEA

 Max Speed SEA
50% higher than rgid



Optimal Control For Soft Robots

SAPHARI Maximize peak speed for a multi-DoF soft robot

SAFE AND AUTONOMOUS SEVENTH FRAMEWORK
PHysicAL H uuuuu AWARE PROGRAMME
RoBoT INTERACTION
= PROBLEM

Maximize peak speed at a given terminal
time and given terminal position of the
end-effector of a multi-dof soft robot y

Vx(q' Q):—a qIWSin(ql)_az(q1w+qzm)sin <q1+q2) e Sl /\/

VY(Q:'Q):alfh cos(q1)+a2(q1MAX+q'2W)cos(q1+q2) - D m2 212

VEE(q’ Q):_VXSin(Qﬁ'%)"'VYCOS(QI"'%)

=  SOLUTION METHOD KEY IDEAS (

Exploiting Bang-Bang control solution
coming from classical OC theory -

2-stage optimization of switching time ) / '

M/

= control

= Off-line rough map between switching
instants and terminal time and position

=  On-line local optimization of the
switching instants for given terminal time
and position

Rome, 27 September 2013 Meeting 68



SAPHARI

SAFE AND AUTONOMOUS
PHysicAL HUMAN-AWARE
RoBOT INTERACTION

Numerical Tests on the “goodness” of the solution

welocita' =rd effectar

4 11 a8 1 12 14 16
profondits’ albaro

irdice di perfomencs

g 10 12 14 16
profondita’ albero

4 B

value

2003 eerord poslzimi

Frofndita’ slbero

tenpo di ssecuziors

"

.
mL
©
3

Frofondlta’ slbero

SEVENTH FRAMEWORK
PROGRAMME

corfronto terel conputazionsll onling gpops & shootirg
T T T T

t conp shooting
—%— mn sultches

69



EZX Optimal Control For Soft Robots

SAPHARI|  pmaximize peak speed for a multi-DoF soft robot

PHysicAL HumaN- AWARE
RoBoT INTERACTION

SEVENTH FRAMEWORK
PROGRAMME

0.3 r ) :' = 0,015134 - :
0.1 Terminal time errors
ol Max: 0.95 ms
_ - Al © Min: 0.26 ms
Link length: 10 cm ' Mean: 0.62 ms
Target distance: 60 e
cm -0,3}
Target width: 10 cm |
01,4
y Target error
el Max: 8.4 mm
Min: 0.1 mm
N Mean: 3.2 mm
i 0.6 ) 2.2 0 0.2 0.4
Rome, 10 November 2011 Kick-off meeting 70



m Real-Time Optimal Control for Soft Robots

SAPHARI|  Mmaximize Speed at give terminal time and position for a multi-DOF robot SEVENTH FRAMEWORK
PHysicaL HumaN- AWARE PROGRAMME

RoBoT INTERACTION

= Real-Time optimal control for a two-dof soft robotic arm is achieved by exploiting
Bang-Bang optimal control solution coming from the analysis of the system via
classical OC theory combined with a two stage optimization of the switching instants
(1-Stage off-line to obtain a rough map between switching instants and terminal
position and time. 2-Stage on-line local optimization).

= Experimental tests, conducted combining this
approach with Nonlinear Model Predictive Control,
show that the final velocity can be more than
doubled w.r.t. the one of the rigid arm

Open Loop Vs NMPC

mmmmmmmmmmmmmm

Open |
Loop -

nnnnnn

ccccccccccccccccc

Experimental
Performance Index

NMPC -

Open :
Loop

NMPC

Toulouse, 5 Febraury 2014 Review Meeting 71



Experimental Results

%APHAR' Open Loop Control Vs NMPC

5 SEVENTH FRAMEWORK
Ros
rrrrrrrrrrrrrr Angle link 1 Angle link 2
20 T T T 60 T T
() o)
@ 0}
A2 o
c c
2 e}
= =
Q o]
o Q

0 0.1 0.2 0.3 0.4 0.5
t (sec) t (sec)
’ E— |
_g Open | ; ]
© :
o Loop - ; ]
Qo | I I e e e
2B
S E FT
0 £ 5 ’
£ Open NMPC 1 5 |
NMPC -’ P R

= I I P L |
0 005 01 0.15 02 025
t(sec)

Rome, 10 November 2011 Kick-off meeting 72




Real-Time Op

SAPHARI

SAFE AND AUTONOMOUS
PHysicAL HUMAN-AwARE
RoBOT INTERACTION

Maximize Speed at g : : robot SEVENTH FRAMEWORK
- . PROGRAMME

Rome, 10 November 2011




Variable Stiffness Control for
Oscillation Damping

G. M. Gasparrif, M. Garabinit, L. PallottinoT , L. Malagiat,
M. Catalano™, G. GrioliT¥and A.Bicchit*

T Research Center “E. Piaggio”, University of Pisa, Italy
' Italian Institute of Technology, Genova, ltaly



Problem Definition

1 DoF Variable Stiffness Actuator Objective
E[J]
—» A '
|
v E, .
= I
m |
©) () :
OmONLEN '
ET |
4 — .
. o) to T t [SeC]
g+w(g-0)=0
Mechanical Energy state
w=~k/m without control
u(t)=k Mechanical Energy state

with control



State
x(t) =[x,x,1' =[g-6,4]

State Dynamic

Xy

x(1) =

2
-wx,

Fixed terminal time
T

Terminal Mechanical Energy

¢(x(T))

Control input

u(t)

Optimal Control Problem

_ (1) | =3(T)




Costate

A)=[A,A]

Hamiltonian function

] H=1"f(x,u)=A(t)x,(t) - @12 (t)x, (1)
m

Costate Dynamic

w2, (1)

1) =
(t) [—/’w)

From Pontryagin Maximum Principle (PMP) necessary conditions on the
optimal control u(t) can be derived by minimising the Hamiltionian.
It follows:

Switching function Bang-Bang Control
o(t)=A,(t)x,(1)
e Ko when o(£)<0
Switches conditions u(t) =
x,(2,)=0 kmin when O(7)>0
1\%s
t. €(0,T)

A(t)=0



The switching intervals do not
depend from model parameter

From calculus can be showed
that :

A, = h(x,w ,w,)

The new switching fucntion:

o (1) =x,(t)x, (1) p(w,,w,)
pw.,w,)>0

u(t) =

Optimal Control law

k- x(O)x,(1)<0

Kein x,()x,(1)>0
Model Free




Simulation 1 Dof case with damping

Stiffness profile and Error evolution Phase space
1
——Kmin 3
0.8 ——K max ——K min
— W —— K max
2F —Ksw

o
S
T
-

Stiffness [Nm/rad]
o
(e}

2

0.2 1 1 L 1 1 1 ] E
0 0.5 1 1.5 2 2.5 3 35 = 0

Time [s] @

[0

)
0.4 : : 5 -1r

: —— K min ,E

|

— K max

0.2
—Ksw -2r

Error Position [rad]
S
N o
|
w

-0.4 ! ! ! ! :?).3 -0.2 -0.1 0 0i1 0.2
0 0.5 1 1.5 2 2.5 3 3.5 Error Position [rad]



Results 2 DoF

—— Position Stiff
—— Position Soft

—_ 40 T T T § 50
g’ kel
= 20t 1 s

]
g . % 0
= L 1 o
§ o
£ 2 ¥
= 40 : : l : . ! ' L = -50

1.5 2 25 3 35 4 | ——Link Position ]
Time [s] —— Stiffness Reference
—— Stiffness

o 40
40 . §’
% ‘E‘ 20+
B, 20+ Re)
= =
S @ 0
3 L e = 5

o 20}
o
x -20f E
3 =3

|
H
o
%

=40 15 2 25 3 35 4 45 5 55 6
Time [s]
Fig.4 Fig.5

§ 40

5 20
Results 2 DoF case: g .
Fig. 4 Link position and stiffness evolution (ideal -
case, no thresholds) A
With thresholds 2 “r
Fig. 5 Link position constant stiffness (Max, Min) E k

= -20

Fig. 6 Link position with optimal switching control
Fig.6

2 3 4 5
Time [s]
— Link Position
—— Stiffness Reference
— Stiffness i
N\
O G T
\/
2 3 4 5 6 7 8 9
Time [s]
—— Link Position
— Stiffness Reference
—— Stiffness
— \\:/f\,,/k -
2 3 4 6 7. 8 9




Summing up

Optimal Control gives insight in physical
properties of embodied behaviors, by factorizing
control and physical performance

For safe&fast motion
— STIFF should go with SLOW, and SOFT with FAST

For max speed

— STIFF goes with SPEED-UP, and SOFT with SLOW-
DOWN

For optimal brake

— STIFF goes with SLOW-DOWN and SOFT with
SPEED-UP



Minimize
Energy
Consumption
in Cyclic Tasks



Minimize Energy Consumption

(s

What role does soft actuation play in
the reduction of energy cost for
mechanical systems that perform
cyclic motions?

Joint with SEA

Joint with PEA



Minimize Energy Consumption
Actuation Parameter Optimization

(s

* Hypothesis: K = diag[K,, ..., K ]

The problem can be decoupled

* Optimize actuation parameters
SEA: Stiffness (K)

* Then, optimize trajectory:

q(t) = qa(t), 4(t) = qa(t) . G(t) = Ga(t)




Minimize Energy Consumption

Analytical Results

./1 J2
SEA A Solution of
4 R 2 i BB 4-fs BCe K2 4 De ;K2 =10 K — _ofsi
§yj T oijbg o 2lg jINF o g gy = Y
w _ BpjEpy —2Cp i0p,; & Geitlpj — Ipj
j — J ~AD A
o 4Dp:jFp’j — EI%,j z(quT L LP,j — qe,jMP,j)

CpjEp,j — 2Bp jFp ;

de,j =
2Cpilpg — Brgery

Hp j + KiMp ;

2K; T

A B,CD,FG,E,H,I, M,Lare integrals that depend on the trajectories and on the
mechanical model




Minimize Energy Consumption
The SEA Pick and Place Example: Simulations

* 2 DoF Manipulator

« Sinusoidal joint trajectories

* Given Pick and Place Points

The_oretical Joint 1 | Joint 2 | TOTAL
Optimal stiffness a® | w
A typical performance index VS stiffness curve K (Nmjrad] | 02| 009
| | | | | | | | Ji 0.003 | 0.07 | 0.073
o | K* [Nm/rad] | 0.22 0.1
Ml Jy 0.003 | 0.075 | 0.078
ootal 1 Available |&wnin [Nm/rad]| 0.05 0.05
- oo} 1 Optimal Ji 0.04 | 035 | 0.39
oot | stiffness | Kmax [Nm/rad]| 0.82 0.82
7 007 | 01 | 017
] Stif  |K — 00| K — oo

0.002 ‘ : : ! ‘ : : ‘ Ji 0.09 0.1 0.19

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
K [Nm/rad]




Parametric Trajectory Libraries for
Online Motion Planning with Application
to Soft Robots

Tobia Marcucci, Manolo Garabini,
Gian Maria Gasparri, Alessio Artoni,
Marco Gabiccini, and Antonio Bicchi



GOAL: Efficient Pick and Place

Object positions
are known at the
very beginning of
each task

Energy Effic



The Problem

to combine optimality
and short computation times



The Idea
Online Motion Planning via Parametric
Trajectory Library

Parametric library of optimal trajectories via

Ofﬂ Ine nonlinear programming
Phase - Sensitivity analysis
- Preconditioned tangent Quadratic Program (QP)
/ - Search of the best candidate trajectory in the \
O I library
nine - Trajectory refinement via online QP solution

Phase Average Planning Time < 10 ms
Task time > 1 s
4

%







Exploiting Joint Elasticity in Efficient Walking
and Running via Numerical Optimization

G. M. Gasparri, S. Manara, D. Caporale, G. Averta, M.
Catalano, G. Grioli, M. Bianchi, A. Bicchi, and M. Garabini
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The Energetic Cost of Moving About
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Tucker (1975) Am. Sci.

[www.wprize.org/TheChallenge, updating The Energetic Cost of Moving About, Tucker 1975]



Eliud Kipchoge run a
“Marathon” in 2:00:23

\
o, S8 Eliud Kipchoge missed out
e ¥ - onasub two-hour marathon

by 26 seconds on Saturday.

i
v, T ae
i ‘)_.‘—.,
) ‘
.

4,“5

Passive Walkers beat humans _ . ’ i tmin @2
- Carefully tuned dynamics
- Limited Flexibility Log body mass (kg) Tucker (1975) Am. Sci

[A Three-Dimensional Passive-Dynamic Walking Robot with Two Legs and Knees, Collins et al. ]
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[DURUS: SRI's Ultra-Efficient Walking Humanoid Robot, IEEE SPECTRUM]



Which are the main limitations of robots?

Muscle Efficiency

< 20%

[Mechanical efficiency of pure positive and pure negative work with
Pri me special reference to the work intensity, Aura and Komi 1986, Int.
Journal of Sports Medicine]

Movers

Electric
Motor W Robot Drive Efficiency

Motor Eff. X Gearbox Eff.
Gearbox /—L:;t%. > 40%




Which are the main limitations of robots?

Muscle Efficiency

< 20%

[Mechanical efficiency of pure positive and pure negative work with
Pri me special reference to the work intensity, Aura and Komi 1986, Int.
Journal of Sports Medicine]

Movers
Electric
Motor W Robot Drive Efficiency
Motor Eff. X Gearbox Eff.
Gearbox /_'t:m' > 40%

Robot drives efficiency is at least twice than muscle efficiency



Which are the main limitations of robots?

Musculo-skeletal system

DynamiC - Redundancy
RiChneSS « Compliance, Damping...

» ..that are adjusted based on tasks
» Variable Recruiting Mechanisms

Robot joints and bodies

Actuators Robots




Which are the main limitations of robots?

Musculo-skeletal system

DynamiC - Redundancy
RiChneSS « Compliance, Damping...

» ..that are adjusted based on tasks
» Variable Recruiting Mechanisms

Robot joints and bodies

Actuators < AN Robots

= . VDA

SEA  PEA

new-gen robots are approaching the variety of biologic behaviors
but they did not shown large efficiency improvements yet



Which are the main limitations of robots?

=
';}:E;
%
%
~—

Human Motor Control

» CPG [Sherrington]

» Synergies [Bizzi]

+ Learning [Kawato]

 Peripheral & Central
Loops [Grillner]

»  Reflexes

Robot Motion Control

* Motion generation
based on simple
models (cart-table, IP,
SLIP ...) to guarantee
online feasibility



Locomotion generation via classical models can not
exploit the full robot dynamics to obtain efficient motions

numerical optimization on the full dynamic

model of the robot to determine robot trajectories

(and possibly dynamic params) that

minimize the Energetic Cost of locomotion




Locomotion via Numerical Optimization

The optimal control problem

o /O L(x(t), ult))dt

z(t),u(t),p
subject to

glz,z,u,p) =0
hiz,u,p) <0
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Locomotion via Numerical Optimization

The optimal control problem

T
o / L(x(t), ult))dt
z(t)u(t),p  Jo

Robot dynamics

subiect to through different
J : /_ crcc)):t%ct phzr:;s
g(x7x7u7p) 1R O
hiz,u,p) <0

-+ State/control bounds

» Discontinuities at phase
changes

» Periodicity

» Unilateral Contact




Locomotion via Numerical Optimization

The optimal control problem

o /O L(x(t), ult))dt

z(t),u(t),p
subject to

glz,z,u,p) =0
hiz,u,p) <0



Locomotion via Numerical Optimization

The optimal control problem

o /O L(x(t), ult))dt

z(t),u(t),p
subject to

g(Q:?jj)u?p) Tt O
hiz,u,p) <0

Solution Approach: first discretize then optimize
« Direct Collocation

 Algoritmic Differentiation

 Interior Point Method



Case Study: a Planar 6DoF Soft Biped

Single Support DoubleSupport
Series Elastic Actuation
- Motor
—— , Deflection reference
N llslggitii / /
\\/ Elastic
. ! Element
& &
.9,

—
-

Constraints

» Link Position Limits

« Motor Torque and Speed Limits
« Swing Foot Height



Walking

Speed 0.2 m/s Speed 0.4 m/s
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Classical Locomotion Vs Optimized Locomotion

One Step CoT Vs Forward Speed

ZMP-based (ZMP)

- Given gait params

- Cart-table model to
determine COM ftraj.
- determine joint traj.

Optimization-based (NO)
- Given gait params

- Numerical Optimization
to determine joint tra;.
That minimize CoT




Classical Locomotion Vs Optimized Locomotion

Forward Speed 0.1 m/s

Stance Hip A Stance Knee 5 Stance Ankle




Classical Locomotion Vs Optimized Locomotion

Forward Speed 0.1 m/s

SWING LEG
The two techniques show comparable values

Swing Hip 5 Swing Knee B Swing Ankle

Torque2 [N m2]




Classical Locomotion Vs Optimized Locomotion

Forward Speed 0.1 m/s

Stance Hip A Stance Knee 5 Stance Ankle

STANCE LEG

* Optimized Locomotion

Torques = 0 (except at the very beginning and the very end)
« ZMP-based Locomotion

Hip, Knee (especially) and Ankle torques are substantial due
to the non-straight leg configuration



Opt. Rigid Locomotion Vs Opt. Soft Locomotion

—Rigid Walk

—Soft Walk
Rigid Run

—Soft Run

0.4 0.6 0.8
Velocity [m/s]




Opt. Rigid Locomotion Vs Opt. Soft Locomotion

If compared to the rigid
case, joint elasticity:

has a minor effect on slow

—Rigid Walk i

- Soft Walk
Rigid Run
—Soft Run

0.4 0.6 0.8
Velocity [m/s]




Opt. Rigid Locomotion Vs Opt. Soft Locomotion

If compared to the rigid
case, joint elasticity:

—Rigid Walk
- Soft Walk

\ Rigid Run substantially reduces the
—3—Soft Run CoT at fast walking

0.2 0.4 0.6 0.8
Velocity [m/s]




Opt. Rigid Locomotion Vs Opt. Soft Locomotion

If compared to the rigid
case, joint elasticity:

—Rigid Walk

—Soft Walk
Rigid Run

—Soft Run

allows for remarkable
energy savings in running

0.2 0.4 0.6
Velocity [m/s]




Opt. Rigid Locomotion Vs Opt. Soft Locomotion

If compared to the rigid
case, joint elasticity:

—Rigid Walk

—Soft Walk
Rigid Run

—Soft Run

reduces the walk-to-run
transition speed

0.2 0.4 0.6 0.8
Velocity [m/s]




Opt. Rigid Locomotion Vs Opt. Soft Locomotion

0.2

If compared to the rigid
case, joint elasticity:

—Rigid Walk
—=Soft Walk
Rigid Run

0.4 0.6 0.8
Velocity [m/s]

Increases the forward
speed values for which
running is feasible



Experimental Setup: a planar 6 DoF Soft Biped

Powered by VSA

motor position controlled Structure to constraint

the robot to evolve in
the sagittal plane

Remotized
ankle pitch

Total Mass 7.2 kg

" 4 3-A Force sensors



from simulations to experiments @ 0.1 m/s




——

0.2 m/s



Speeding Up
from 0.04 to 0.1 m/s

Slowing Down
) s,@‘; RESET from 0.1 to 0.04 m/s
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Is Numerical Optimization Viable?

Problem

The optimizations can not be performed at run-time

A possible solution: the off-line/on-line-approach
1) off-line phase to evaluate and store a Library of Optimized Trajectories

2) on-line phase to search the Library for a Trajectory and execute it

Example: fullhumaneid:robot

3

' i/ e 30 joints, 100 sample to describe the trajectories
o *ﬁ‘%‘”"o 10 task parameters (speeds, swing foot pose, ground params, ...)
~ ""“_ - 10 samples to span each parameter range
K

The Optimized Trajectory Library would need 10*2 Tb



Trajectory, First Smergy Trajectory, Second Synergy Pose, First Smrgy

2
2
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€0
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>.2
B2
g
€
>
@ .
0.01

0.03 02 0.15 < 0.15
Step Height weoe Forward Speed Step Height 003 02 Forward Speed  Step Height

3 Second Order Polynomial functions

encode 500 optimized trajectories

Problem
The Trajectory Library size
for a realistic example is not

manageable

A‘possible:Solution
Trajectory Library Encoding
1) PCA

3 principal components allow
to explain the 99% of the
variance of 500 tasks

2) Mapping Functions

second order polynomials to
express the dependence of
the principal component

weights on the task params



Close the Loop




Distance Regulation on Treadmill
Start & Stop




Distance Regulation on Treadmill

In 3 minutes treadmill speed goes from 0.3 km/h to 0.7 km/h and back




Opt. Rigid Locomotion Vs Opt. Soft Locomotion

0.4
Velocity [m/s]




Distance Regulation on Treadmill

In 3 minutes treadmill speed goes from 0.3 km/h to 0.7 km/h and back

—— Speed
—— Distance
—8—T.Speed

—
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o
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Force [N]
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ONLINE OPTIMAL
IMPEDANCE
PLANNING FOR
LEGGED ROBOTS

memmo

\AJ

ORCA HUB

SoftBots

Franco Angelini, Guiyang Xin, Wouter J. Wolfslag, Carlo Tiseo, Michael Mistry,
Manolo Garabini, Antonio Bicchi, and Sethu Vijayakumar




Angelini et al “Online Optimal Impedance Planning
for Legged Robots”

Gains Trade-Off: Issue

]
Low High
impedance impedance
Force
disturbance
Wall
interaction




Results — Walking on Rough

Terrain
S

Increasing task requirements: tracking error Tracking error
004} —t,
E
g
ﬁ001
1.
0.03¢
0 In?UGO 8 %9 100
Damping
400 + =]
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:
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What's next”

¢ the model is not perfect!
— exploit data as much as possible
e [terative Learning Control
— combine model based and data driven techniques

e From articulated to continuous soft robots
— modeling (fidelity/simplicity trade-off)
— planning and control
e the relative degree problem

— Plerallini et al.



hat’s next?

The Dream

éé By the middle of the 21st century, a team of fully autonomous humanoid robot
soccer players shall win a soccer game, complying with the official rules of FIFA,

against the winner of the most recent World Cup.
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What's next”

The Dream

We proposed that the ultimate goal of the RoboCup Initiative to be stated as follows:

€& By the middle of the 21st century, a team of fully autonomous humanoid robot
soccer players shall win a soccer game, complying with the official rules of FIFA,

against the winner of the most recent World Cup.

& e
" 4

To make the Robocup dream come true f . \\
robots will need soft bodies!




SIDRA Summer School 2021

THANK YOU!
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Optimal Planning and
Control of Articulated Soft
Robots
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