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Background

1965-1973 B.A., M.D. Johns Hopkins University, internship in surgery
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1988-1999 Professor of Physiology, Queen’s Univ., Canada
1994-1999 Chief Scientist, Advanced Bionics Corp., Los Angeles

1999-present Professor of Biomedical Engineering, Director of the Medical
Device Development Facility, Univ. Southern California

2008-present CEO, SynTouch LLC, Los Angeles

Research Interests

Sensorimotor neurophysiology and control

— Biomimetic prosthetic and robotic systems

Issues in Impedance Control
— Biological components (actuators, sensors, feedback loops) are much more

nonlinear, noisy and slow than their mechatronic counterparts, yet they
perform much better on unpredictable tasks and a baby can learn to use
them.

— We need to understand why if we are going to repair or replace them.



Investigating the role
of muscle physiology &
and spinal circuitry

In movement

Motor
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Extensor
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Muscle
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Main Components Involved in
Human Arm Mgxament

Neural
Controller

Muscle Excitation

Muscle Sensory Feedback
Actuator
Feedback
e1isors
Skeletal
System @, \ >



Actuator Properties: Underlying Mechanisms

* Force — Length: Myofilament overlap

* Force — Velocity: Cross-bridge dynamics
* Force — Frequency: Calcium kinetics

* Moment — Angle: Tendon path

e Elastic Storage: Collagen ultrastructure

* Energy Transfer: Multiarticular muscles
* Impedance Control: Cocontraction

Muscle accounts for the majority of animal mass and
energy consumption. The evolutionary pressures to
find and exploit any advantage are huge.
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Complex Moment Arms

at the Human Elbow

SIP Moment Arm of Brachioradialis

FIE Moment Arm of Brachioradialis
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Velocity

Available from http://bme.usc.edu/gloeb

Length

Muscle = Torque Motor
7
Virtual Muscle, based on ~20 experimental and modeling papers
with Steve Scott, lan Brown, Milana Mileusnic, George Tsianos, et al.

90104



Actuator Properties: Underlying Mechanisms

* Force — Length: Myofilament overlap
* Force — Velocity: Cross-bridge dynamics

* Force — Frequency: Calcium kinetics

* Moment — Angle: Tendon path

e Elastic Storage: Collagen ultrastructure
* Energy Transfer: Multiarticular muscles
* Impedance Control: Cocontraction

Muscle accounts for the majority of animal mass and
energy consumption. The evolutionary pressures to
find and exploit any advantage are huge.



In order to produce active force:

J * Myofilaments overlap
* Myosin heads cocked

* Binding sites exposed

Sarcolemma
(muscle fiber membrane)

Terminal  Transverse  Sarcoplasmic

astem tubules reticulum
Troponin
1/ - O
Thin e
filament
o
l: Thick
i ~o filament
i
!
!
i
' —_—
»

Force

Thin filament
(F-actin)
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Source: Kandel ER, Schwartz JH, Jessel TM. Principles of Neural Science. 4t ed. New York (NY): McGraw-Hill; c2000. Figures 34-2a,3a; p.680



...and other nonlinear properties
of muscle actuators
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Myosin Head

Potentiation

Myosin light-chain phosphorylation
shifts resting position of
myosin heads




In order to produce active force:

ﬂ * Myofilaments overlap
* Myosin heads cocked
Tomna Taneese  Swcopesic  SUCOSTI - rivere) * Binding sites exposed

""" ”/ Troponin
’/ V’ - (8%
,’I Thin
! filament _
l"l‘ / ’ll
Thick
filament
Cocked myosin head Exposed actin site
ATP required to release Activation requires
myosin head and move it action potentials and
to the cocked state calcium release;
ATP used to pump ions
back.
) Exb depends ) Ea depends
on the number of on calcium flux in
Thin filament Cross-bridges and the SarCOp|aSm

shortening velocity

) Erec ATP and PCr replenishment results in delayed
recovery heat

Source: Kandel ER, Schwartz JH, Jessel TM. Principles of Neural Science. 4™ ed. New York (NY): McGraw-Hill; c2000. Figures 34-2a,3a; p.680



Neural Drive - U

Stimulation/\\\ Virtual Muscle™

frequency
@ Cheng et. al. 2000
Sag Yield A e i Song et. al. 2008
o) @ W(t U) funetion” Tsianos et al. in press IEEE-TNSRE

Rise and
fall time

Parallel elastic  Thick filament
‘ Force Length Force-Velocity element compression
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Activation-force
relationship

Fre= Fpgq +Af*FPE2

Total parallel
elastic force

Actlve contractile
force

Energy Velocity
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Series elastic
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Energy related to
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Virtual Muscle

(analogous to Biceps Long)

40% Slow twitch
60% Fast twitch

Mass = 300g
FO = 600N
LO = 16cm
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Validation of Energetics Model

Dynamic knee extension
(Andersen et al., 1985; Gonzalez-Alonso et al., 2000)

Task
Energetics
300 -
O Experiment
- 050 Model
B T e i Y« » | initial
¥
g 200 recovery
i)
© 150
>
Model @
N £ 100 . Total energy (J)
Radius = 4.5cm Exp; 3 1’650-44,769
50 . Model: 39,081
O: : - ;
0 50 100 150

time (s)




Model System to Study Preflexes

Sample Simulation (50 ms):

A level of activation
J > y < indicated by Examples of:
muscle width .
s Active [] Mono-articular muscles
muscle
N muscle [ ] Bi-articular muscles
Trajectory of
j)b _ hand tracked
o O O every 10 ms.
I O@'\
Arm position l |
after 50 ms. Initial arm Gun reaction force

position applied to hand.




The Effectiveness of Preflexes

Constant
Torque
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Sensing & Control: Underlying Mechanisms

* Resolution: Populations of receptors

* Dynamic Range: Predictive gain control

* Signal Processing: Integrative

* Feedback: Multimodal convergent/divergent
e Control: Programmable regulator (MIMO)

Fast & accurate movement is what distinguishes even
primitive animals from plants. Servocontrol is too
limited for multiarticular organisms and inverse
models and optimal control are not feasible
analytically.

Animals use hierarchical and “good enough” controls.



Muscles have hundreds of
proprioceptive sense organs




Fusimotor System as Optimal Sensor Control

A. LINEAR:
High Sat. I i Max.
: :
| :
Transducer : : ProbOaibili!y
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WB Marks, Appendix: Spindle Transduction Properties

in GE Loeb (1984) The Control and Responses of Mammalian Muscle Spindles During
Normally Executed Motor Tasks, Exer. & Sport Sci. Revs. 12:157-204.



Textbook Robotics & Biology

Premotor Extrapyramidal -

Regulator

Sensors

Stability




Biomimetic Hierarchical Control

Task Planning m
y

Motor Adaptive
Controller

“teacher”

spinal ‘
interneurons
Programmable reflexes
Regulator

preflexes
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Biomechanical Model
Simplified 2-axis, 4-muscle, Wrist Joint

Components of the

l l l l l l Simulation Environment
\ 4

Skeletal Model

SimMechanics Toolbox, SimulLink

Controller

Spinal-Like Regulator

A Muscle Model
Virtual Muscle [Cheng, Brown, Loeb, 2000]
x X Muscle Spindle Model
8 g._ [Mileusnic, Brown, Lan & Loeb, 2006]
0 )
© = Ensemble GTO Model
$ -] [Crago, Houk & Rymer, 1982]
L
I [ R— MSMS
-— [Davoodi et al, 2003]
Propri ive [€— —» Propri iv
oprioceptive oprioceptive . T
sensors < | —> Sensors Partial Synergists
Extensor Radialis
Extensor Flexor Extensor Ulnaris
M | M | Flexor Radialis
uscies uscies Flexor Ulnaris

Flexion
Radial Deviation

True Antagonists
Extensor Radialis
Extensor Ulnaris
Flexor Radialis
Flexor Ulnaris

¢ Ulnar Deviation

G

Raphael, G., Tsianos, G.A. and Loeb, G.E. Spinal-like regulator facilitates control of
a two degsree-of-freedom wrist. /| Neuroscience 30:9431-9444 Julv. 2010.



Classical spinal circuits

Stretch reflex and la inhibitory Renshaw
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Partial view of the Integrated Spinal Cord Model
“True-Antagonists”

GO

Inhibitory Synapse Extensor Carpi Ulnaris Muscle

Selective Synapse

Flexor Carpi Radialis Muscle

Gamma Static

Gamma Dynamic

Modeled Pathways

iR W e

Propriospinal
Monosynaptic la
Reciprocal la
Renshaw

Ib inhibitory



Partial view of the Integrated Spinal Cord Model
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Firing Frequency

Computational Model of the Interneuron
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Command Space = 184 dimensions

* Presynaptic
Inhibition

140 Neural pathway gains
8 Fusimotor inputs
Bias to 16 Interneurons &

4 Motoneurons

GO Inputs

* Step input to
16 Interneurons




Assign Random values to gains
-0.5t0 +0.5

A

Y

Pick any one gain randomly

Random Gradient
Descent Optimization

A

Compute cost function

1. for gain = gain + A
2. for gain = gain
3. for gain = gain - A

Method-1 Intuitive optimization !
Method-2 Random Gradient Descent
Method-3 Stochastic Hill Climbing

A

Select gain value with lowest cost

Y

Are
No all
gains

selected
?

Yes = 1 iteration

Cost Function :

~

j (Desired state — Actual state)?




Task 1: Stabilizing response to external force perturbation

Ext 50% . . .
Perturbation response with and without SLR

-
- S

Angle 0 \// < N —
’ [——
L

Flex 50° L
Ext 0.5 T

., k

Output

Extensor [RED], Flexor [BLUE] motoneuron o/p

Flex 0.5-
Ext 30N

Muscle

Force 0 ‘\_\\/'—_

Fleé( i;o%— Extensor [RED], Flexor [BLUE] muscle force
xt 50°<

Perturbation response after Gradient Descent

Angle 04+————
V Stablizing Response to
Flex 50°-1- External Force Perturbation

L 1 1 1 1 1 ]

0 05 1 1.5 2 25 3
Time (sec)

{\7‘ Liles S L 1985 J Neurophysiology

Activity of neurons in putamen during active and passive movements of wrist




Task 2: Rapid voluntary movement to a position target

Ext 50°—

/\\....—-r

Angle 0 . ' .
"9 " TExtension to 35° and response to perturbation

Flex 50°-L
Ext 50N+

Muscle /\_/\/J\/‘
Force 0 W

Extensor [RED], Flexor [BLUE] muscle force
Flex 50N

Ext 504
Angle 0 /
Extension after Gradient Descent optimization
Flex 50%L
Ext 0.8
Output 0 L“' -
utpu e tr
Flex 0.8EXtensor [RED], Flexor [BLUE] motoneuron o/p
L 1 L 1 1 1 ]
0 05 1 15 2 25 3
Time (sec)
30° { FEEEEE Lles S L 1985 J Neurophysiology
Activity of neurons in putamen during active and passive movements of wrist




TARGET

Task 3: Voluntary isometric force to a target level

Restraints
& 1001 A TT——, e PUISF
Supports Earphones —
TN RN % Step force produced after Gradient Descent
[ ' e : o
: = 5 /
I L.
....... 0 J
100 ]
= Pulse force produced after Gradient Descent
@
2
(o]
] L
I 0
: Ext +0.8+
Strain Gauge
a 0 . ] o
(Brief force rise time) V
Flex +0.8—
Oscilloscope
Ghez C and Gordon J 1987 Trajectory control in . - : : . . . . . .
. . a 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
targeted force impulses I. Role of opposing muscles Time (s)
Exp. Brain Res. 67 225-240




Task 4: Adaptation to viscous curl force fields
Experiments: Kluzik 2008, Scheidt 2001, 2000; Diedrichsen 2005; Flanagan
1999; Hwang 2005; Karniel 2002, etc!

Ext 502 >
Angle 0:[—/—/ J" :~
\n , ’

Optimized: Extension-Flexion axis

Scheidt et.al, 2001

Flex 50°L

Rad SOT V)
Angle 0 _ ‘- v [g\.'s]

Optimized : Radio-Ulnar deviation axis

Uln 50°-L
Ext 50

g

Angle 0
After-effects: Extension-Flexion axis

Flex 50°-L

Rad 50°
T »
N
Angle 0 | e /; qu
iy, After-effects: Radio-Ulnar deviation axis ,f!l
L 1 3 § I , :
0 05 1 15 5 25 3
Time (sec) -
Movement BEFORE Optimization

(WITH curl force fields)



:
e Learning Curves

100001
—@— Response to force perturbation
—{@— Voluntary movement to position target
—p— Isometric STEP force to target level Random starting conditions for rapid
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Comparison
with Servo-
Control

Golgi Tendon Organ

gamma dynamic

12 Local projections
4 Descending commands
8 Gamma commands

24 Gains

Spinal cord Servo-control Varlaplllty in Sl(\gle
- model model experimental experimental

data datum
Viscous Curl s — M A A
Force Pulse e —A A

Force Step - fom= A2
Extension samE——— A AL A
m Perturbation dmA A
01 1 10 100

100¢

Cost (log scale)

| (state* - state)? dt

[ (ogyteg + atggatey) dt

C B Spinal cord model A\ Servo-control model
Viscous Curl o oo —MSEAN———————
Force Pulse b—aa—a—a—A—MNAA—
Force Step = = MM
Extension 0 o0 WA
Perturbation NN NA—————
1.00E-13 1.00E-11 1.00E-09 1.00E-07 1.00E-05 1.00E-03 1.00E-01

Cocontraction (log scale)



Descending
Commands

SPINAL-LIKE
REGULATOR

Proprioceptive Feedback
(muscle spindle la and GTO)

/77777777

Learning to Resist
Sudden
Perturbing

Force

|

100N x 10ms

Alpha Motoneuron
Activation

Fusimotor Input
(Gamma static and dynamic)

R
<

Cost (logscale)

10-2

103

SLR Controller for
Planar Elbow-Shoulder
Musculoskeletal System
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BioSearch™ Corticospinal Learning Algorithm

Hypothesis: Landscape has so many “good enough” local minima
that a Random Walk is a viable learning process

+ Steps vs. Learning Curves Optimal step size Delta gain distributions
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Force (N)

V4

Cost = f(Endpoint deviation from initial position)? dt

SET the gains of the SLR
to resist an

impulsive perturbation

at the endpoint.

Passive Musculoskeletal System




Learning curves

BioSearch
— Simple Dyn. Prog.

% 1o “Cost with no muscular action
3
_Good-enough performance
107 -
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' o
10‘3 1 I 1
0 500 1000 1500
lteration
10k
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0 5 10 15 20 25 30 35 40 45

Random SLLR

Jared Goodner, George Tsianos, Yao Li



| Learning curves

BioSearch
— Simple Dyn. Prog.

“Cost with no muscular action

Cost
)

_Good-enough performance
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Jared Goodner, George Tsianos, Yao Li
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Hierarchical v

CO ntrol [”premotor” Cx
onsolidatio

Updated t i

[ “motor” Cx

contrc.)l _yftranscortica
function J reflexes

regulatoryh[ spinal cord
function

segmental
reflexes

feedback
Each control stage operates [ muscles function
on a lower stage whose
local feedback and intrinsic l preflexes
properties constitute a :
regulator that is [ limb

programmed by its

mechanics
controller.



Anthropomorphic Design

o Copy as many details of biological constructs as possible.

o Hope that the machine does something useful.

Biomimetic Design

v" |dentify utility of each biological design feature.
v Understand principle of operation of the design feature.
v Build a machine based on that principle of operation.

v' Demonstrate human-like capabilities enabled by that design feature.



Alfred E. Mann
[nstitute

Valid Analogy?
motonauronal
Theory Of projections
Computation

for the
Spinal Cord




Using a
Musculoskeletal Model
To Interpret
Motor Control Strategies
In a Forearm Pointing
Task

Cheng & Loeb (in prep.);

Cheng, Brown & Loeb (2000)
Virtual Muscle,

J. Neurosci. Meth.
101:117-130

http://ami.usc.edu (Projects, BION)

Incision 1

Incision 2

Incision 3

70
Target lights ®
—>» @

110 e

Manipulandum

Torque Pulse

Task: align to targets

Perturbations



Unperturbed
EMG activity

Force

Virtual
Muscle

*Torque

Integral
kinematics

Angular position
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Calibration of model
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With and without

Torque pulse —— &

—_— )@ — REcorded
\ =

kinematics
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Quantifying intrinsic

muscle resistance

to perturbations




Not all synergists are created equal.

<o
<
I

Agonist:Antagonist
EMG Ratio
7

Relative
kinematic

X independence:
x x X Lf(cm)/MA(cm)

BS —— 6.6/2.5=2.6

éOxx

X x <><> X _
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Torque (Nm)

Muscles are smart.

1.6

0.s lUnperturbed i

Perturbed
\

Preflex torque

-200

300



Even
Inertia
can be
smart

Impulse Al t
Momentum J-m

vy

o

Peak agonist epoch acceleration (deg/s?)

5000

2500

Go0 Flexion @—6—
1+ Extension ——+-

_ 20 30
Session number

Resisting Unperturbed

2500)

500 1000
Trial number



But
momentum
and
preflexes
have fixed
Ccosts
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110¢
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They look
like reflexes.
Are they
important?
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Preflexes alone don’t cut it.

A\. Flexion resisting

0.8

Perturbed with reflex
n /Perturbed w/o reflex

Torque (Nm)
o]

0.4

v_

/

Unperturbed

-200

0 300

B. Flexion assisting

0.8,

0H 4

-200

300

Position (deg)

N
o

©
o

|
o

Unperturbed
Perturbed with reflex \
Perturbed w/o reflex \

~”

Error w/o reflex: 3.44
Error with reflex: 1.75

-200

110~

90+

0 300

Error w/o reflex: -3.67
Error with reflex: -2.24

0 300



S

8

0.2

0.4

O;

8
02

04

-200 Q

Extension resisting
’ H

00 0 300

Extension assisting

300
Time (ms)

110

eQ

70
-2

110

80

70

-200 0

Error w/o reflex: 3.61
Error with reflex: 1.34

00 0

Error w/o reflex: -3.87
Error with reflex: -3.80

300G



Are reflexes selectively controlled?
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MSMS Maln Goals and Featyres

MSMS - Arm_MusculoSkeletalModel -
Modsl Simulabion  Animatior

3‘“:")371311“"

Arm_MusculoSkeletaiModel

Segments
ground

0 Provides interactive tools for modeling musculoskeletal and
prosthetic limbs and the task environments

O Simulates the models to predict limb’s movement caused by
neural controllers and external forces

d Simulates the models in real-time VR environments with the
human or non-human primate subject in the loop

Development since 1999 led by Dr. Rahman Davoodi
Medical Device Developoment Facilityv. University of Southern California



Challenge: Can we endow mechatronic
prosthetic & robotic hands
with haptic abilities?

BioTAC®

Thermistor Rigid Core Pressure
Sensor

Answer:

\ Qﬁ_l Lfl\l/ “
g‘f \ Biomimetic

. tactile sensors
» Contact with object
deforms skin and fluid,
changing electrode

Exé?mal Tex’:ure Impedance Conductive E|astic Skin . q |r-npeda|:.ces
ingerprints Flectrodes Eluid Heat flux into object
Improves vibration _— - . . pe .
¥ identifies material

o~
E properties

* Skin sliding over textures
generates vibration spectra
recorded by pressure
sensor



