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Introduction: Motivation and goals

Reflex control
— Low-level control
— Reflex modulation

Impedance control
— Theoretical foundations (Hogan, 1985)
— Equilibrium-point models
Internal model
— Principles of operation
— Optimal control
— Robot control example

Pathological motor control
— International classification of disabilities

— Motor disturbances:
» Spasticity, CVA, Parkinson, CP, ...
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« Motivation

« Understanding the system

* Intervention:
— Rehabilitation
— Training
« Functional compensation
* Functional electrical stimulation

« Development of bioinspired control systems

18/11/2020



ESCOLA POLITECNICA DA UNIVERSIDADE DE SAO PAULO

Motor compensatlon

Sensors

exteroceptive
Feedback Vision, auditory, inertial

artificial
Sensors

proprioceptive

Encoders

CONTROLLER: Actuators:

—> Artificial > Motors

controller

Forces

PLANT:
Exoskeleton

+ External
loads

Actuators:

BRAIN-MACHINE FES ¢ Environment
INTERFACE *

T CONTROLLER:

Nervous
Intention System Musculos

Activation
Sensors:

Sensors
Feedback proprioceptive

PLANT:
Eskeleton

> Actuators:

+ External
loads

E

Sensors:

Visual

Vestibular




ESCOLA POLITECNICA DA UNIVERSIDADE DE SAO PAULO

* |ntroduce the Nervous system as a controller:
— Hierarchical structure
— Reflexes and modulation
— “Optimal” interaction with the environment
* Controversies in the biological motor control:
— Equilibrium-point theories
— Internal models theories
 Motor control problems:
— Motor control disturbances cause disabilities
— Summary of the motor disturbances

18/11/2020
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Reflex control
— Low-level control
— Reflex modulation

Impedance control
— Theoretical foundations (Hogan, 1985)
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Internal model
— Principles of operation
— Robot control example

Pathological motor control
— International classification of disabilities

— Motor disturbances:
» Spasticity, CVA, Parkinson, CP, ...
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Muscle control structure
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*Reflection:

Dorsal reot

. Stereotyped
ensory|  PTEProgrammed reaction as a
/neuron response to a stimulus

*Simple reflex:

Foot

Motor
ML PO

*Myostatic monosynatic reflex
(stretching)

*Polyinate reflexes:
*Reflex flexor the withdrawal

*Reflexes: modulated by higher
levels

18/11/2020
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Low-level reflex control
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— Efferent signals i‘:. LE:/E/_;_H
— Afferent signals .
* Spindles, GTO AN
— Feedback system [!*’/
st
Reflexes: ko
3;"‘«::,1; : H: h""-i.
— Delay: 60 ms for the leg ./ .P *"f:' .
1 .-'r " '-\.
I'I :. .-".. h "l,il— _.- ,
Motorneurons-y |\ g motr
;} 4 iumn \ h
— Muscle spindles - e ¢ A
i _:’ I'I1I.'E||—"‘-.‘-. -.-"‘: -
. 3pi *u:_th- H -~ lendan
18/11/2020

orpans



18/11/2020

ESCOLA POLITECNICA DA UNIVERSIDADE DE SAO PAULO

Low-level reflex control
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Adaptado de Houk, 1974




| ow-level reflex control

* Central efference:
— Motoneurons
— Pre e post synaptic inhibition on sensory afferent
— Interneurons

* I[mpedance control:

— Gain changes:
* High or low stiffness

18/11/2020
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Condicoes estaticas
* Linearity assumption: Aef=GsAx-GtAF

* Force depends on efference e and muscle
stretching x: AF=AAef+KAx

* Muscle stiffness: AF/Ax=(K+AGs)/(1+AGt)
— Gs<<K/A e Gt<<1/A => Stiffness= K (intrinsic)
— Gt<<1/A => Stiffness = K+AGs
— AGs>>K e AGt>>1 => Stiffness = Gs/Gt

18/11/2020

Laboratorio de Biomeca tronica



P,
S A

ESCOLA POLITECNICA DA UNIVERSIDADE DE SAO PAULO

Example. Simulink model

. Signal
force feedback gain Saturation Generator
80
2 |« . |
<Jms DELAL contractile element activation
—p|+ 50 L+
P P+ 1 1 > mm
—>t s+50 i - ™ 8 P § | m lljlml|n*1m
10s+50
| 1 44— 0.5 -l > 1100
displacement feedback gain  pagsibe parallel stiffness(0.5N/mm)

Behbahani&Jafari, 2009
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Example. Cocontraction model

o-Command <4

Musculo-Tendon Length

v

Muscle Force

Joint
Dynamics
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o (o MN Flexor
Muscle Fiber Length
y-Command ﬂ
Spindle
Spindle
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+ Extensor Fiber Length
Muscle
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18/11/2020

Muscle Force
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Musculo-Tendon Length

Joint
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Lan et al, 2005
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Central modulation of sensory feedback signals
Varies during the task

Modulation during the cycle of travel:
Support: high load. High stiffness
Oscillation: low stiffness

Adapted from Cullell et al, 2008

18/11/2020
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Adapted from Sinkjaer, 1996
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Reflex modulation?

On-line
gait phase

Foot

|;ontrol of 2222
sensors

rope blockage
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Adapted from Forner-Cordero et al, 2003
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18/11/2020 Heel-strike le ft
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Reflex modulation?
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Reflex modulation?
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Forner-Cordero et al, 2007
18/11/2020
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Reflex modulation?
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Forner-Cordero et al, 2015



18/11/2020

m«'(“\‘;»«
4" R
; i
KW
ESCOL C} 6\ h’\tn‘é“n‘t PAULO

Introduction: Motivation and goals

Reflex control
— Low-level control
— Reflex modulation

Impedance control
— Theoretical foundations (Hogan, 1985)
— Equilibrium point models
Internal model
— Principles of operation
— Robot control example

Pathological motor control
— International classification of disabilities

— Motor disturbances:
» Spasticity, CVA, Parkinson, CP, ...
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* Control: ) 1 —
— Position F. Ms2+Cs+K s

AV

— Mechanical impedance:
* Fixes the relation between forces and displacements
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Impedance control

N Positi
Demand position (x,) + osition
’®_’ PID —@—b PLANT
T i Force
1 Impedance filter
O Open-loop force
Ms® +Cs+ K
Desired force Contr(}“er
(zero in this t -
context)

Richardson et al, 2006
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Example: HAL 3 e HAL-5

Modelo da perna: pendulo M, B, K Impedancia desejada
d’ﬂ de
+D C(ﬂj—) =7+ JTF, JTFe_MdZH+Bi—§+K(6-Bg}R

dtﬁ dt

d 2
O torque de ;:zompensagao ' o San it
g / 7 ‘,’(lncludn
Teom = (I = M) + (D - B)— + K (8o - 0) '«'*:. pocniomeers )
( dﬂ) Control PC
+ ) (Formalvsasmd |
T dt ).
Batterlcs
ﬁl 7 o~ .
I -i Bioeleetrical ‘ r its
— =Operational Signal L BUSRAL Bests0rs ( for lowec gt
|Controller of Human gF% '

{The signals are detected
(Including
on skin surfaces.) ' / i )

i | FRF sensors
A (The CoP is deteeted)

Lee & Sankai, 2002, 2003
18/11/2020
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Y

sScopas

N =
w1
A L
Ty SGD_;" Scope3 > 1
::m FJq ANp_R :--pE_): w4 hip R o Scopez
In -

Y W T hip A_F —
2z} Ww_nip_R_p > P W _hip R_d K T F > E.f-“%i' Lo L
Fool FL &l Torgue model_R — dents)
D Ahip_L_p L\ ¢ Maior A Saturationt Transport{  Transter Fon
2 Resat [ Dalay
Foot_BR W_hip_L_pl e - ]
- ) L
- 4 > Patiarn Generator HH aen(s)
Foot BL " > T Transfer Feni

{

o _Fp' K_Ft-____

A hip R d L
P dwiat —— K
—
Dervative -'HT\' ) c e "';"'\\. hﬁ1_w.'l
P it = - —__d__--""- 1 o -
- T _hip R_P -

— |: W_hip R _d
Denvative

el L

KEr_L

-c-

Sir_Oirset L

du/dt

Dervativ_a

scopeg

18/11/2020

Scopet



Equilibrium point models
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central
command L
- Ifﬂfﬁ& foree | | force
1 /- /)
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18/11/2020

Feldman, 1986
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Equilibrium point models

Threshold musche length:
A*=hquv+p+ol)
Muscle is active il the current muscle kength (1) exooeds the theshold

length, 3.*:
—a*=0
Musclo activation is proportional to
A=t
Muscle foroe:
F=F(A, v, 1]

Muotor action resulls from the tondency e diminish the gap between x
and A*, Le.. reach o
min A
The mnge of & rogulation, [&_. &, ]. is greater than the bbomochamical FEIdman; 2009
range af changes in the muscle length, |x ..1:+|.

Level Control form

A angle molomenmd o musck Lhresshaold musele length, 4

M uscl e spdnmang & angde joml Lhresthinlel jomil angle

Several jomis of the arm Lhreshold conliguration of the hand

Lthreshold aperiure of lneers
threshold am conl gurabion
All skeletal museles Lhreshold or relerent body conlieun bon
Eflectomn or whole body in the envimonment Lhreshaold locahzation of ellecton or whok
bindl ¥ 111 Lhe enva foidmenl

18/11/2020
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Introduction: Motivation and goals

Reflex control
— Low-level control
— Reflex modulation

Impedance control
— Theoretical foundations (Hogan, 1985)
— Equilibrium point models
Internal model
— Principles of operation
— Robot control example

Pathological motor control
— International classification of disabilities

— Motor disturbances:
» Spasticity, CVA, Parkinson, CP, ...
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B Neural processes:
— Replicate the dynamics of the body and its surroundings
— Predict the sensory consequences of motor action
— They compare prediction and measurement

— Robustness:
= Delays and
= Noise in sensors

— Learning:
— Model update

B Where and how are they implemented?

18/11/2020
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Wolpert and Ghahramani, Nat
Neurosci. 2003
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Internal model. Evidence
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Internal model

Rapid ballistic Slow terminal !

|

arm transport - : _adjustment :

. Inverse Motor D o

Desired _ I I

displacement model plan Motor command T — @
i R T O A
: - Y ;
i1 | Comective - !
' | command =ENSor
! i
I——— [ ———— |- —-—-——= 1 : l I
i 1 1 —— :
: Hand Target : ! I Y Hand i
' | location || location [— | ES = ocation ||
1 1 : 1‘“-.__ __.af I
1 | I I
Initial conditions Sensory feedback module

Continuous cominol

- =

Inverse| Motor

Desired .

- N, _—— e e e e — e — 1
|| Comective Motor outflow | |
! command sensory inflow !
! 1
! :
:‘ Sy E——————————— 1 : ¥ 1
1 e |
| Hand Target : | I.-f’f ™ Forward | !
1 | location location . =1 | ES |«— Final state estimate |«—+F model |
! ! P A (end-point location) !
] : Tl !

Intitial conditions Feedback module

18/11/2020 Desmurget and Grafton, 2000
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Internal model. Usefulness

Goal Motor command Motor mmmand} Bod}r T State chang;
specification generator environment

Belief about state

of body and world T Predicted sensory v -

FC{IHEEQUEHCEE

Forward model

Integration

N

Measured sensory -

consedquences

Shadmehr, Lecture Notes

— Improves perception of the surroundings
— Avoids the problem of delays

18/11/2020
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Internal model. Optimal control

Motor command generator as a stochastic optimal controller

Actual state of the system Todorov (2005)
(eye state, target state, etc.)

~_x*D - 4x(®) C(u(kj +glF)

Signal dependent motor noise

State change
Goal ___5 Motor command Body + >
selector generator environment
Belief about state .
of body and world Predicted
sensory
consequences
Integration [€ Forward model

Measured sensory
consequences

18/11/2020
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Internal model. Learning

State change

Goal — Motor command Body +
specification generator environment >
Belief about state /1
of body and world Predicted sensory 7
consequences Forward model

F i

rd
Prediction error

Integration 1€ /*\

Measured sensory
consequences

Shadmehr, Lecture Notes

18/11/2020
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Motor control neurophysiology

Experiments with Transcranial Magnetic Stimulation

Modification of the motor maps of the cerebral cortex by vibrating the
muscular tendon: FCR ECR

Proprioceptive illusion!

& MEP-amplitude (mV)

18/11/2020 Forner-Cordero et al, 2008
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ESBiRRobot control architecture

! |
! |
I | Gait phase |
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i . - |
ICE?':_ ‘D (normal gait) Forward Simulator stance |
NVATEW: i I e, |
| normal galy 8,6, F;r |
: . P Geometric Model A |
| ei ! Hi ’ I:gr :
I INTERNAL MODEL Sequence |
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N I R |
Global Level

= m 0.,9.,Cf Returnto LC
i1 Yir Yoot q < OO O
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Introduction: Motivation and goals

Reflex control
— Low-level control
— Reflex modulation

Impedance control
— Theoretical foundations (Hogan, 1985)
— Equilibrium point models
Internal model
— Principles of operation
— Robot control example

Pathological motor control
— International classification of disabilities

— Motor disturbances:
» Spasticity, CVA, Parkinson, CP, ...



Pathological motor control

: Central Nervous Systam (CNS) .

: M5
- CVA
:  Parkinson : :
i Cp 50| . Myopathies Ajml.rte-a
: - ' ! Panr
i E::Ju;' . ﬂﬂlgﬂl Motors: | MOVEMET o} skalatal
: . car hlusches syatams <
: sh:"'.rl ' Fance axiarnal load
SELECNS:
Physiokgical
SENsory <——
SYEEM
Maurcpathies
wilth sensory
deficits

18/11/2020




Motor pathologies

— Cerebro-vascular Accident (CVA)

* Disturbance in the vascular flow. Cortex injury.
— Hemiplegia/paresia upper and lower limbs

— Cerebral Palsy (CP):

e Cortical injury congenital
— Hemiplegia/paresia upper and lower limbs

— Spinal Cord Injury (SCI):

61.0%

e Section of the medula i 30.9%
— Paraplegia / Tetraplegia - “

Caida pes
B Caida cas

3.1% 4.9%

18/11/2020



Motor disturbances

® CNS

BRAIN

EEG/BMI CONTROL SIGNALS FOR

.-—""’_——'—__'
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Ty
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CORD
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CONTROL ALGORITHMS

PROSTHETIC DEVICE A FOR MOTOR ASPECTS
of PROSTHETIC DEVICE

N eurogram/ EMG & \

<«<—> . PNS

Periphery /' R
<«—> MUSCLE «—» MOTION

| / FORCE
N —

A r

,

FEEDBACK SIGNALS FOR
PROSTHETIC DEVICE
+ signal conditioning

A

Giszter, 2008.

—" | | Periphery .
isolated -
SPINAL PNS <—> MUSCLE [«—> MOTION
CORD /{ FORCE
- AN . :
BRI URAT— \ IM/ Bion ¢ oskeleton/orthosis
or ISMS )
PROSTHETIC DEVICE
or ACTIVE ORTHOSIS
18/11/2020
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WHO: Impairment and disability

* Impairment: abnormalities in organs and systems
and body structures;

* Disability: consequences of deficiency from the
point of view of:
— functional performance, or
— performance of activities

* Handicap (desvantagem) is the adaptation of the
individual to the environment resulting from
disability and disability

18/11/2020
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Motor disturbances

"=ip=—p=pemsensrerens

: Central Nervous Systam (CNS) .

18/11/2020

- CVA

»  Parkinson

: CP SCI
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e Spastic hypertonia
* Increased muscle tone dependent on la speed

* Hyperexcitability of the stretching reflex:
— Threshold modification
— Increased gain

* Upper motoneuron injury

18/11/2020
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* Neurological injury:
— Loss of motor control
— Changing sensations
— Cognitive or language impairments
e Caused by altered blood flow:
— Obstructive
— Hemorrhagic
* Deficiency:
— Depends on the place of injury
— Hemiplegia
e Disability: Activities of Daily Life

18/11/2020
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* Non-progressive lesion of the imaduro brain
e Posture and movement disorders

* Deficiencies:

— Neuromuscular control

— Muscle weakness

— Abnormal muscle tone: Contracture and deformities
* Disabilities:

— Limitations of independence

— Lack of mobility

18/11/2020



ESCOLA POLITECNICA DA UNIVERSIDADE DE SAO PAULO
I k .

* Neurodegenerative disease
— ldiopathic
— Dopaminergic neurons (base ganglios)
* Deficiencies:
— Motor: Akinesia, Hypokinesia, Bradikinesia
— Tremor and Stiffness
— Altered posture
* Disabilities:
— Gait:
* difficulty to start, stop or change direction
e stop before lines on the ground (freezing)

18/11/2020
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* Disability:
— Traumatic injury of the spinal medulla
— Level:
— Thoracic ou lumbar: Paraplegia
— Cervical: Tetraplegia
— Complete or incomplete
— Inability:
— Paraplegia: Mobility
— Full tetraplegia: High dependency

18/11/2020



P W
ESCOLA POLITECNICA DA UNIVERSIDADE DE SAO PAULO
IVl I t . I S I .

Destruction of myelin sheaths that cover and
isolate nerve fibers:

Neuronal transmission delay:
Neural activity desynchronization
Weakness, paresthesia, gait difficulties, ataxia



Cognitive interaction

Human =>robot:

EMG, EEG

NCCI Interfaces
Robot=>Human

Electrical stimulation

EEF. Biomechanical models
Epidural

Mechanical stimulation
Sensory feedback

Nervous Sist Physiology

18/11/2020 Nicolelis&Lebedev, 2009 Nat. Rev. Neurosci.
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Future rehabilitation robots

* Neuroprostheses

Prétese de mao implantada Chip de silicio implantado no
no sistema nervoso periférico sistema nervoso central
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Future rehabllltatlon robots

e Motor control<~>BNCI

— Artificial connection
brain-muscle:

Extensor target rates

D...L.

Centre target rates

Lﬁg‘ 20 pps

* Multiple electrodes?
* Assigning
arbitrary electrode-

2s
Muscle?
Biomimeti luti °
— blomimetiC SOolution
TorqueIE —n, ﬂ 2 f\,\._h,.,” 0.1 Nm
10 mA
Stimulation kStlmulatlon “ m
Smoothed threshold \ w ~40 pps
EatTela J\-\J”‘\- Baseline
Cell activity Il 1| TR 0 pps
5s

CT Moritz et al. Nature 2008, 1-4 (2008) doi:10.1038/nature07418
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