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Human finger force
control

gabriel.baud-bovy@iit.it
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Kapandji (1981) [n Tubiana (Ed.). The hand - I _\\ 1 1
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Motor centers fites
—> CNS
— * CNS and body have
Commandsl T evolved together
S 22NN
. I Important to understand
o : Spinal Chord ! ) properties of the “plant”
'§ = : l T I ¢ Reflexes (body)
I
- %' Muscles 1/
8 () ! I\ . .
2 <l l T 1 | Biomechanics
> ! !
: Bones ! S
I"*“'f“' ysics
Environment | )
Gabriel Baud-Bovy Italian Institute of Technology 2010
LAPCO
The plant jitis

* Mechanical structure
— Hand skeletton
» Actuators
— Muscles
* Sensors
— Skin mechanorecptor
— Proprioceptors
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Perception, Acion & Cognitn Lab

Hand skeletton jitis

) distal phalange +

H middle phalange

phalanges
proximal phalange

‘J distal phalange +

; proximal phalange

metacarpus
metacarpal +

trapezald
triguetral trapezium +

hamate

capltate
pisiform scaphoid +

lunate +

radius +
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Hand kinematics jitis
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Hand muscles fit e

1 Extensor digitorum

2 Extensor digiti minimi

3 Extensor carpi ulnaris

4 Extensor retinaculum

5 First dorsal interosseous muscle
6 Abductor digit minimi

7 Extensor digitorum tendons

1 Abductor pollicis brevis

2 Adductor pollicis AR TR

3 Lumbricals Flovor shosth

4 Flexor digit minimi }

5 Abductor digit minimi / rgctor plicis
6 Flexor retinaculum Tepsierse e
7 Antebrachial fascia (oot {O,ﬂ'gw:: b B

8 Flexor pollicis longus
9 Flexor digitorum superfici
10 Flexor carpi ulnaris

Flexor
retinaculum

Gabriel Baud-Bovy Italian Institute of Technology 2010

Hand biomechanics jit i

FIGURE 1—SEVEN SERVANTS OF FINGER MOTION

The index finger needs seven muscles to control its
movement in all directions. Four are anchored in
the forearm and three in the palm. The lumbrical
muscle is interesting because it doesn't attach
to bones but connects muscles and tendons

in a complex “net” that shifts position in
response to ever-changing forces.

_ - Extensor Digitorum

Flexor Digitorum
Superficialis

Extensor Indicis — __
(ties beneath the

extensor digitorum and ’ ~
is shown by dotted lines) <> o

= Interosseous.

Flexor Digitorum Profundus
fhies beneath fhe flexor
digitorum superficialis and
is shown by dotted lines)

(volar and dorsal)
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Hand biomechanics jit s

Long extensor tendon
B

Ceniral band

e ——

Interosseous e —_a
s =)
=
=
-
ST Lumbrical muscle

rotation of joint

Long extensor tendon
’

Lumbrical musche

FIGURE 2—MULTI-TASKING MUSCLE TENDONS

By an ingenious design, the long extensor tendon
performs two opposite tasks. To extend the finger, the
lateral band of the tendon shifts above the joint’s center
rotation point and pulls the finger up, like the reins on a
horse. To curl the finger, the lateral band of the tendon
shifts under the center rotation point and pulls down.

Gabriel Baud-Bovy

Indu(nes. center of

Lateral band <

Inedec ales
\_center of
P rolatiom

|| of joint

FIGURE 3—THREE IN ONE

To ensure complete control
of your index finger, the muscles
are attached in a complex
configuration. For example, the long
extensor tendon splits into three
bands over the second knuckle.
The side tendons can shift above
or below the joint, depending
on the finger's position.
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Muscle properties

LAPCO

Perceptin, ‘Action & Cogniion Lab

fit s

35 impulses/sec .

10 impulses/sec
=2
W
E S impulses/sec
2
Z
o
L=

Lo
7 Passive
1

1 1 il 1 L
15¢° 120° 90° 60° 30°
Angle of ankle

Force-length relationship of an isolated cat soleus
muscle in isometric condition (dotted line) and during
a slow stretch (solid line)

Gabriel Baud-Bovy

» Muscles can only pull and all joints
must be actuated by two or more
muscles to control the joint position

- Co-contraction of antagonist muscles
allow to control the stiffness

* Muscles are visco-elastic

- Important for the stability of the
musculoskelettal system

- Force-length curve (elastic force)
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Muscle mechanical model

*The relationship

Additional force is Endomysium, between stimulation
required to pull or Epu‘)mystlum,t_tl
h ! erimysium, titin,
g s comnect ¥ oo cenn rate and muscle
the fluid environment. PE tendon ’ force IS Comp|eX

«o——
Force The SE can

store and return
elastic energy

+ 85% tendon

* 15% bend of
active /v S E
crossbridges

« titin filaments

A A AAA
Dashpot

models R
Viscosity Terminology:

CE = Contractile

Element
/ SE = Series Element

I ] PE = Parallel Elementr
]
CE |-
[— Active Cross-
4 bridges. The CE is
— the force generating
mechanism.

Figure 6.29 A three-element mechanical model of the sar-

comere.
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Skin afferents

Strato
cormen

- Epidermide

Corpuscoli tattili
di Meissner

Cellule di Merkel o
Fibre nervose — ' U &

) . s | Derma
Vasi sanguigni————w

Corpuscoli _.c
di Ruffini %

I |poderma
Corpuscoli

di Vater-Pacini Jq;‘:\,\

Two point limen (mrm)
8 8 58 38 38 3

=

CO

Perception, Action & Cogniton Lab

 Four type of mechanoreceptors in the
skin

Adaptation Receptive
field [mm?]
FA1 or RA (Meissner corpuscle) Fast 11-12
FA2 or PC (Pacini's organ) Fast 100
SA1 (Merkel's cell complex) Slow 1112
SA2 (Ruffini's ending) Slow 60

* Inervation density varies on body
surface

Two-point discrimination limen

Squire et al. (2003) Fundamental,
2nd ed. Neuroscience, p. 668
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Mechanoreceptor densities jit i

Afferent type Receptive field Density

(and response properties)  (and probe) (afferents per em?)
FA-l (fast-adapting type I)
Meissner endings

RA RA SAl
BEis

* Sensitive todynamic skin
deformation of relatively

high frequency (-5-50Hz)
* Insensitive tostatic force
= Transmit enhanced
representations of local
spatial discontinuities
(e.g.,edge contours and
Braille-like stimuli)

SA-1 (slowly-adapting type I}
Merkel endings

= Sensitive tolow-frequency
dynamic skindeformations
PC SA Il (<=5 Ha)
= Sensitive tostatic force
= Transmit enhanced
representations of local
spatial discontinuities

FA-Il (fast-adapting type II)
Paciniending

* Extremely sensitive to
mechanical transientsand
high-frequency vibrations
(~40-400 Hz) propagating
through tissues

* Insensitive tostatic force

= Respond todistant events

Fig. 3. Locations of the receptive field centres of 334 glabrous skin mechanoreceptive acting onhand-held objects

units separated according to unit type. A, total glabrous skin area. B, terminal

phalanges and the nail projected on to a two-dimensional surface. Interrupted lines gf\;:! (ﬁﬂ?:«kadqaptinQWPelll

indicate the contours of the fingers as seen from the volar side while the triangles uffinlikeendings

indicate the vortices of the skin ridges. ) DT i

Johansson & Vallbo (1979) J. Physyiol. - zensitive tostatic force

* Sense tensionindermal and
subcutaneous collagenous
fibre strands

= Can fire in the absence
of externally applied
stimulationand respond to .
remotely applied stretching BEENCAZINELSE

Johansson & Flanagan (2009) Nat. Rev. Neurosc. oftheckin ¢

Light @apping
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Tangential forces iits

a
A 3D maripulaior B Proximal Johansson & Flanagan (2009)
1 &
) reiE (807 Nat. Rev. Neurosc. - )
pillary whorl
mator
rdng
Radial Ulnar
(180%) iy
Recarding
eledrode 5 imp
“Wacyum cast for 5
arm fiation ‘E?ﬁlanl)
f - = :ﬁ’hﬁ%‘%ﬁ' Frotraction Retraction
Linear stepping i . Plastic clay far D Fa-l
mobor e B hand fixarion 80
Plateau

Borwithioystick - | Hails lued 1o
forstempng motor (I < melal suppart

FalN)
(=] o
[

Time (ms)
— .

125 250 s

Finfafion
siapping mator

0o
Impulses pers Proximal

events
o

Discharge rate, impls

Birznieks et al. (2001) Journal of Neuroscience, 21(20):8222-8237 h Fadial

* Normal force = 4 N (typical in object manipulation but ] ]
higher than most studies focused on tactile afferents)
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Object’s local shape

3 mm bar

754

Impulses per trial
o
(=1
L

254

0 T T T

4 2 0 2
Position (mm)

Response

Sine profile

width

g

20+

]

00 08 18 24 32
Step width {mm)

Figure 2 Responses of single SAl afferents in the monkey s fingerpad. (A) Responses
to a 3-mm bar stepped across the receptive field; the origin for posilion in the receptive
field is arbitrary. Redrawn from Phillips & Johnson (1981a). (8) Responses (o shaped
steps. Each step is a half sine wave (from peak to trough) characterized by the step
width (half the period). Redrawn from Srinivasan & LaMotte (1987).

Srinivisan & LaMotte (1987) J. Neurosc.
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Impulses’s

Response (impulses in 1 s)

Perception, Acion & Cognitn Lab

jit s

Curvature
Contact
00 B
50
F]xf—ﬂ—_A A
o T T 1
0.0 0.5 10 15
a0 E
80 g wt =
60 -
Agwt
404
202

T T T T 1
o 100 200 300 400 500 BO00  T00

Curvalure {m™")

Goodwin, Macefield, Bisley (1997)
J Neurophysiol, 78(6):2881-2888
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Temporal coding

Peripheral nerve fibres
Conduction velocity varies ameng afferents
[-35-75 ms=!, ~14-28 ms conduction delay)

Perception, Action & Cogniton Lab

fites

Cuneate neurcns
[second-order neurons)

Wave of spikes g

Figure 3 | Hypothetical model for the fast processing of afferent information in somatosensory pathways.

—

Second- (and higher-) order neurons function as coincidence detectors and so are sensitive to specific spatiotermporal

properties of impulse patterns in a population of tactile afferents. The first waves of impulses inan ensemble of afferents in
response to the fingertip contacting objects with twotypes of surface shape (flat and curved) are schematically illustrated.
The stimulus shape influences the first-spike latencies of the responsive afferents. The substantial divergence and

convergence of primary afferents onto second-order neurons and the dispersion of conduction velocities among afferents

provide parallel processing of the temporally structured information that aids feed-forward rapid classification of

information by temporal-to-spatial conversion,

Johansson & Flanagan
(2009) Nat. Rev. Neurosc.

 Quick analysis of tactile inputs by second-order tactile neuron (spinal chord,

cuneat nucleus in brainstem)

» primary tactile afferents projects to 1700 cuneate neurons but each cuneat neuron recives

inputs from only about 300 tactile afferent

» Detection of coincidences together with large range of conduction velocities between tactile
afferents would allow in principle of detection of large range of events.

« Still a theoretical model (needs experimental validation)

Gabriel Baud-Bovy
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Proprioceptors it i3

Gabriel Baud-Bovy

Information about position and
movement of the body as well as
information about internal and external
forces acting on body parts

» Golgi tendon organs are found at the
junction of muscle fibres and tendons (i.e.,
they are arranged in series with the
contractile elements) and best mesure force

» Muscle spindles (are small, elongated
structures scattered among and arranged in
parallel with the contractile extrafusal muscle
fibres which best measure length (static
fibers) or length changes (dynamic fibers)

 Joint afferents (not shown)

Italian Institute of Technology 2010

Length and force information jit s
o WA e
v ‘; H_ o GTO Gh E,O,s

~

-/

Receptor potential of a primary ending
of an isolated cat spindle in response to
ramp-and-hold stretch (Hunt, 1990).

» Spindle primary afferents (l1a)
- Muscle length information
- Strong phasic activity

oint
angle ] ! 145°
]
[E— - N
ssec L7 AN Force
7 w3 | 10gf
Ia firing Fﬂ\/\' \/M\f\/v\\f‘ P/H/f
rate V

Stimulation
frequency

}
| 19 Discharge — .
i i frequency

245
g2
By
32
?

2

Velocity dependent activity of primary
endings during active shortening
(Vallbo, 1981)

Response of tendon organ to a repetitive
simulation of an in-series motor unit
(Horcholle-Bossavit et al., 1989)

» Golgi afferent (Ib)

-Force information
-Non-linear

- Instantaneous velocity information

Gabriel Baud-Bovy
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Fusimotor drive
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it

fusimotor newons low Ia afferent firing rate
e EETETNTITET

muscle short l'vvm%——i
) '

]

'

'

H
H
| fusimotor newons

mednan la afferent firing rate
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[ =
.— —_
stretch; ! 3 {
| | H H
W "ei. ons _]a*m,e medium la affereit firing rate
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e AR, e
-— ——
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e
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Gabriel Baud-Bovy

« Static fibers
» Dynamic fibers

« Gamma innervation

* Fusimotor drive

Italian Institute of Technology 2010
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LAPCO
The controller

fites
* Low level controller

— The spinal chord

— Spinal circuits & reflexes
* The bus

— Ascending tracts
— Descending tracts
* High-level controller
— Primary motor area
— Parietal and premotor areas

Gabriel Baud-Bovy Italian Institute of Technology 2010

LAPCO
Central Nervous System Anatomy ¢ s

Cerebral cortex

Fine motor skills
B (spee

ch,
Cerebellum hand-finger control)

Basal ganglia
Spinal cord
|||||||||||||| s )
Eating and drinking
Protective reflexes L Brainstem
Locomotion generator bttt
Breathing
Chewing
Swallowing
Eye movement:

H cifaction

[ Emotion
|Broca's

B visual-parietal
Caognition Visuaktomporal
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Spinal cord it i3

* inter neurons (i) and

,
b

N 2 propriospinal neurons
IE e to (p) are involved in

" DESCENDGES T reflexes and other
(PRTRASES: g, . low-level motor

§ i) synergies
i A i |
! N
MUSCLE (=) mrrarusal « alpha motor neuron
JOINTS Y [ MUSCLE
/ W FIBER control muscles
* gamma motor

"— 5113.?*:{““'“
f—{" FIBER neurons control the
= gain of spindles

Alpha motor neuron

Gabriel Baud-Bovy Italian Institute of Technology 2010
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Stretch reflex jit s

Purves et al. (2001) Neuroscience. 2nd edition.

* In terms of engineering principles, the stretch reflex arc is a negative feedback loop used
to maintain muscle length at a desired value. The appropriate muscle length is specified
by the activity of descending pathways that influence the motor neuron pool. Deviations
from the desired length are detected by the muscle spindles, since increases or
decreases in the stretch of the intrafusal fibers alter the level of activity in the sensory
fibers that innervate the spindles. These changes lead in turn to adjustments in the
activity of the a motor neurons, returning the muscle to the desired length by contracting
the stretched muscle and relaxing the opposed muscle group, and by restoring the level
of spindle activity to what it was before.

Gabriel Baud-Bovy Italian Institute of Technology 2010



Reflexes & spinal cord circuits jit s

A. Presynaptic  B. Muscle strech reflex D. Colgi tendon )
inhibition freciprocal inhibition) C. Recurrent inhibition organ reflex
I l 1

From extensor spindle
receptor (la fibers)

From flexor \
spindle

From flexor spindle

From flexor tendon
receptor {la fibers)

organ (Ib fibers)

Axosomatic or
axodendritic

{la fibers) inhibitory
synapse -
AXDAXONIC presynaptic / nhibitory synapse N
nhibitory synapse ————— Excitatory synapse on . ;
Fisd Renshaw cells Excitatory synapse
To tlexors To flexors
To extensors To extensors Collaterals To extensors
To synergistic muscles
E. Flexor withdrawal reflex F. Renshaw cell bias
[ I 1
Nociceptive fibers
Ipsilateral \ Contralateral
flexion extension
Inhibitory synn[}sh,,__\\]ﬂ it “/Inhihiton; synapse *—— Excites phasic flexors
Excitatory synapse 3 - Excitatary synapse Renshaw cell
TM w ey
- J. Perkins Inhibits tonic
To flexors To exlensors

MS, MFA
Felten & Shetty: Netter's Atlas of Neuroscience, 2nd Edition.
Copyright © 2009 by Saunders, an imprint of Elsevier, Inc. All rights reserved.

extensors To extensors
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Ascending tracts LAPCO
lites

« Skin and muscles afferents project to somatosensory cortex via the thalamus (VPL)

Somatosensory

Postcentral gyrus
Intraparietal sulcus

Posterior
parietal lobule

Thalamus m

./ capsule

: Ventroposterior

Dorsal column nuclei nuclei
nuclei: : \
° Reticular
Grecile formation and

periaqueductal
groy

Lateral (paloes-)
spinothalamic

Anterior (neo-)
froct spinothalamic Postcentral gyrus

Intraparietal &
tract / sulcus

& R

5 ‘;J
* Dorsal columns « Anterior tract ﬁ:!uz:mmus .
- Pain / temperature/ L ;_ Do Input
- Separated tracks for
touch/proprioception cruds touch Squire et al. (2003) Fund tal N ) 690
and pain/temperature - Less developped in quire et al. ( ) Fundamental Neuroscience, p.
P P human

Carpenter (1997) Neurophsyiology, 3" ed., p. 79.
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Sensory Homunculus iit i

« Somatotopic organisation

* Cortical representation is
proportional to inervatin
density, not skin surface

) —Lower lip .
[ 1 — Teeth, gums, and jaw

— Tongue

Pharynx
!

British Museum, Natural History

Penfield & Rasmussen (1950)

Gabriel Baud-Bovy Italian Institute of Technology 2010
: LAPCO
Descending tracts fit i

* Motoneurons and
inerneurons in the spinal
cords integrate the input of
many different centers

CS: cortico spinal tract
RS: rubro-spinal tract

* Higher centers modulate
refexes and, in more general,
the state and functioning of
spinal cord by acting on spinal
interneurons

 Higher centers modulate /
selects sensory information sent
back to the brain (e.g. pain) by
the ascending tracts.

Felten & Shetty: Netter's Atlas of Meuroscience, Znd Edition.
Copyright © 2009 by Saunders, an imprint of Elsevier, Inc. All rights reserved.
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Cortico-spinal tract it

CST fibers originate from motor and
sensory motor areas.

Approximately 80% of the CST axons
cross in the decussation of the pyramids
and terminate directly and indirectly with
alpha and gamma LMNs that control
movements of the distal extremities,
especially the hands and fingers

Fibers originating from sensory motor area
modulate sensory feedbacl

Felten & Shetty: Netter's Atlas of Neuroscience, 2nd Edition.
Copyright @ 2009 by Saunders, an imprint of Elsevier, Inc. All rights reserved.
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Motor cortex it

* Primary motor cortex (M1)
contains a motor representation of
the body (motor homonculus)

* Within-limb somatotopy in M1 is
not discrete nor sequentially

/
G|
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1 culus (Jackson,1917)
rigure acapted rrom Penfield & Rasmussen (1957)

W Digits
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CIEIbow
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A, ICMS of M1 of anesthetized owl monkey

Gabriel Baud-Bovy Italian Institute of Technology 2010



Motor Cortex (M1) it
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Underlying substrate for high-level synergies by representing together
combinations of elementary movements?
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Sensory-Motor Cortical Areas jit s

Peristriate Cortex

P69,
FE69

b————— (HK74 cut)

~ PKG69,WSK73,K78
JP69,PK69,PV7L JCH7S
~
= -
69.pv7LJcH78]l [| 2 E
B Teats |5 =)
. z =
ot = - .
‘ E ~ B Gordon (1978) Active Touchl
| g JP69.K78, (
‘ & JCH78.BHC?9 ml M-e,gl
SK74,JCH?8, Z5A78
Motor ‘:::: *;:‘
Cortex 70, 3
JCK?8 Primary
~ ~ Somatosensory
5 E Cortex Iberall & Arbib (1989) Schemas for the Control of Hand
& = - Movements: An Essay on Cortical Localization. In Vision &

Action: The Control of Grasping, Ablex Publishing.

corticospinal tract
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Premotor (F5) and Parietal (AIP) Areas ’l""i‘t“”q

Fig. 1 A-D. Typical example of a hand-movement-related neuron in the inferior parietal
Iobule. Neuronal activity during manipulation in the lighted room of A a pull lever, B an

e el o s Tonntn

Sakata et al. (1992) Exp. Brain. Res. Series, 22.

Fig. 1. - “Grasping-with-the-hund” F3 neuron.
,

Rizzolatti et al. (1999) Arch. It. Biol., 137.

High level control: Object recognition and grasp selection.

Gabriel Baud-Bovy
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Visual inputs

Porepn,Aton & Cogin Lab
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A
Cortex. —
L
%/\ \"Q{‘ J
J%j%
Infero-
temporal

 Dorsal (Where/How) pathway
» Spatial cues (orientation, motion)
* Involved in unconsious sensorimotor
coordination

* Ventral (What) pathway
» Color vision
* Involved in conscious object
recognition/identification
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Motor Control

Sensory
input

/

e
— S

motonEUrones

[ ] )

MOTOR SYSTEM FUNCTION: CENTRES AND CONNECTIONS

Gabriel Baud-Bovy

Motor cortex

. Spinal + Pariugmnce

|ms‘r:gspl.lemﬂss — maovement
aand ¥

.
gl:ﬁsgﬂla ' Cerebellum
‘ \
Program
organisation
.

At the neurophysiological level, many
different cortical, subcortical and spinal

structures are involved in human

grasping

The structures involved in the motor
system are hierarchically and parallelly

organized.

{ Cerebral cortex - motor areas

iy

Initiation Relay
Selection of station
motor programs
cs

Basal ganglia
Cerebellum

Brain stem

y

Motor™— J RS VS RbS
mgﬂ:ﬂnaﬂofq
anda correction
1 Iz
G Spinal cord )

Muscle movement
and contraction

Sensory
receptors

Skilled
movements

Posture
Eye movements

Spinal reflexes
Locomation

Squire et al. (2003) Fundamental Neuroscience, p. 763
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Motor control models

Perception, Action & Cogniton Lab

fites
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Winstein Wing & Whitall (2003) Motor control
and learning principles for rehabilitation of
upper limb movements after brain injury.

feecnack cortrollers

ww
:. Mm!l
e "y [ﬂ i ™
6B
L)
costa go re <)
1
hewygee

State estmabon
{Parietal corex)

2
Forward model
! (Corebeium)
< (e 11n)

X

Shadmehr & Krakauer
81

Oztop E, Wolpert D & Kawato M, (2005) Mental state inference using visual
control parameters Cog Brain Res 22:129-151

i _‘.IE--'J Sersory fesdtack -,)mm "

(2008) Exp Brain Res 185: 359-

State change
=

[Teme coms]

Italian Institute of Technology 2010



Robotic control schemes

Perception, Acion & Cognitn Lab

jit s

Desired

state | Controller

Control
Commands

Controller

Feedforward

R
+ Feedback
®_’ Controller

Filter

ActualRobot

Robot » State[Position,

Kinematics

Velocity, etc.)

Physical System
Actuator + Plant + Sensor

Design Model
Inverse

Disturbance
Observer

Gabriel Baud-Bovy

Italian Institute of Technology 2010
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iit s

Gabriel Baud-Bovy
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iit &
Finger force analysis
Gabriel Baud-Bovy Italian Institute of Technology 2010
LAPCO
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"Soft Finger” & friction constraints jj¢ ¢

* Four parameters are necessary to
describe a contact force
(F,, F,, F, M)
where F = (F,, F, F,) is a vector that give
the direction and magnitude of contact
force and M, is the normal torque.

* Squeezing constraints: The finger force
must apply a force against the object:

Fy>0
where Fy is the normal force.

* Friction constraints: The force must be
inside the friction cone:
(F2+F2)112<y F,
where F' = (F 2+ F?)12 is the tangential
force (parallel to the contact surface)
Gabriel Baud-Bovy Italian Institute of Technology 2010




Measuring finger forces fit s

m * A six degree of freedom force sensor is

necessary to measure all parameters
F=(F, F,F,M.,M, M)
The force/moment components are measured in

a system of coordinate having its origin at the
center of the sensor

» The position of the center of pressure is:
py=M,/F,
p.=-M//F,

* The forces measured (£, F, F,)applied at

the center of pressure correspond to the
forces applied at the center of pressure

* By definition, moments around the x and y
axes are zero at the center of pressure.
Moment around the normal (F,)

Mt: szx_psz+My

Gabriel Baud-Bovy Italian Institute of Technology 2010
Equilibrium equations jit i

 Equilibrium equations
Afnet :Z Af;

A A A A
Tnet :Z 2-i_i_ rix f;
i

6 equations => 6 constraints

* Number of redundant degrees of freedom in
any grasp is

dn—k

where n is the number of finger and k the
number of constraints on the value of the net
force and torque (k<6).

Gabriel Baud-Bovy Italian Institute of Technology 2010



Pinch grasp
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s |

Grip foree

:

Load force
(e.g. Fy)

* Analysis of forces in the vertical
plane

Fnet F ! F
F=|"* |=| "|4+| > |=F +F,
anw Ex FZx

T=rxF +nrxF,

=> four parameters (F,,, F,,, F,, F,).

Gabriel Baud-Bovy

Tasks constraints in the lift and

hold task
Frnet — 0’ anet — _Fg, T — O
imply Ex :_F2x7
F
Ez = FZZ = _7g
(three constraints)

One degree of freedom (the grip
force) is not constrained by
equilibrium equations

F' :|F1x:Fx2

grip

Friction conditions constrain
partially the grip force

Fz<ngrip

Italian Institute of Technology 2010
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The tripod grasp

Analysis of forces in the horizontal plane

F |:Fxnet:| |:F‘lx:| |:F2x:| |:F3x:| F F F
= = + - =F +F,+F,
Fyt F‘ly FZy F3y

T=rxF+rxF +rxF
=> six parameters (F,,F,F, .F, F; F;)

) * In asimple lift and hold task, net force F and
moment R in the horizontal are equal to zero (if
the object is held horizontally)

=> three constraints (F,"'=0, F"'= 0,7=0)

» Three degrees of freedom are unconstrained in
the horizontal plane by equilibrium conditions

Italian Institute of Technology 2010
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Internal force in the tripod grasp  jjt s

» The internal forces in the tripod grasp have

a simple geometric interpretation because it
can be demonstrated they intersect at a

point called the force focus (Yoshikawa &
Nagai, 1991)

» Therefore, the following three parameters
are sufficient to identify internal forces:

- the position of the force focus (2 parameters)

- magnitude of the force triangle or grip force

» The position of the force focuse is limited by

frictional constraints (grey area).

Gabriel Baud-Bovy

Italian Institute of Technology 2010

Thumb

30 mm
30 mm

30 mm
r

Inilex

e Midile

Ring

Lile

Load 0.5 kg

* Force analysis in the frontal plane:

Torqua 03751 5 Nm

il X

R\‘x

=

F |

-

Fx = f‘t}zlumb - (f‘i:dex + r:iddle + r:lng + f‘lirlltle)
FZ = Fﬂft + (f;'rtzdex + mtiddle + rﬁng + flilttle)

T=>dF"+) rF

moment of normal forces M"

L_Y_J

moment of tangential forces Mt

where F,F, is the the net force and T the net torque

Gabriel Baud-Bovy

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

/-' fl': normal forces

f!: tangential (vertical)
forces

Zatsiorsky et al. (2003) J
Biomech, 36:1745-49

Italian Institute of Technology 2010
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Predictive control & Internal model

Grip force Load force coupling

Gabriel Baud-Bovy Italian Institute of Technology 2010

Load and grip forces g

nnnnnnnnnnnnnnnnnnnnnnnnn

* CNS must adjust grip force as a function of
the load to insure grasp stability

Fl <pF!

* When the load is parallel to the contact

surfaces, grip force is mechanically
independent from the load

| « Grip force is a window on the
i. functioning of the CNS

Load force

(e.g. Fg)

Gabriel Baud-Bovy Italian Institute of Technology 2010



Predictive control

A LIFTING TASK B DISCRETE CONTROL EVENTS
Start of Table
Contact  movement contact Release
b d L]
Load
force
Gn
force
Position —
Grip/load Lo il
force ratio [ fome —al <3 Slip
< ratio
FA | *tu:z (Meissner)
SA | HHHHHHHHHHHHHE (Merkel)
FA Il # +— (Pacini)
SA Il ——+HHHHHHHHH - HHHH— (Ruffini)
SA Il HHH HH (Rutfini)

02 s

Johansson Cole (1994) Can. J Physiol. Pharmacol., 72:511-524

 Brain typically adjusts grip force in a predictively manner

Gabriel Baud-Bovy Italian Institute of Technology 2010

Familiar object jites

B

the weight of familiar
objects from the onset

e 13 Trial 1
Jo— 8 Load force -
/A e
m . _'/,,;//'.-’— : ; rate Lo = \‘-.
- 90 Load forca = //J'/'- = & S = A
7= e ¥ 7("\’\/ \ |
82 St 50 Nis |/ '%a % X I'k
g T e Ty =1 1
B . N] —_//// : NN g
ARG :'/,\ T Load force
N Trial 10
~—JW\—  © L
= A= Load f
D AN - Ll ¢S
. LR \
—n /:\/\—-1»\ e B, ] \
-7 N 5 Nis \ \ |
1 =N R
kN e e L\ S L S
Gordon et al. (1993) J. Neurophysiology " oss | Time 5N Load force
Crispbread Softdrink Crystal Book
0.5 0.27 kg 0.52 kg 0,63 kg 1.3 kg
* Load force is scaled to Loadng s Notg, g o
duration, s shepaeer Noprotas,

at . e

Peak Ioadmc IZ\YI\H«I\I/H I{‘H’H’Hi{ FH/I\H/HH

force rate, 50-
Nis ExparFeazel
0

1 101 10 1 101 10
Trial, number

Gabriel Baud-Bovy Italian Institute of Technology 2010



Unexpected weights jit i

A Adequately anticipated 800-g weight B Adequately anticipated 400-g weight
unexpectedly followed by 200 g vnexpectedly followed by 800 g

Corrective ST e
action (~80 ms) }oad
- Grip
force
Irregular
increase of
ez
ye-"" fion the load force

(probing) until

}! .. Load force lift-off
rate

MU O Grip force
| . ‘ ST rate
GO0 0 e s - . "
| | FA I

200 g WW 800 g e \ ﬁ '
02 s Ex'::}cted 02 s Expected

sensory event sensary event

Johansson & Cole (1992) Cur. Op. Neuriobiology

» Sensory events (or lack thereof) trigger corrective or compensatory
action

Gabriel Baud-Bovy Italian Institute of Technology 2010

Novel weights it s

Day 1 Day 2 Day 3 Day 1 Day 2 Day 3
14 1000g 1000g 3000 19 300g 300g \iio(:g
Loading -
2 0.5 ;
phase 0.5 ]\‘I\}E N S s
duration, s £x¥f R FEFE T T gy, FlemsSieg?

0. 0] ——— —————
Peak load 501 _zighed e 50
force rate, 1 #& 3
N/s I“}?LHZTI | TIsEEEELT ErpusrFiEE
Peak gfip ] HHI% m E tiigy
force rate, ]
Nis ] EyFuE

0
60 7

0 o]
10 kﬂﬂﬂﬁ izt 10 ] .
Grip force at s at | TEEERTEI
movement R
?o,\rldon ethal..(1|993) sat, N S 2 = S
. Neurophysiology o 101 10 1 10 1 101 101 10
Trial, number Trial. number

* Memory representations of novel weights develop quickly

Gabriel Baud-Bovy Italian Institute of Technology 2010



Self produced loads

Force (N} and Acceleration (m/sZ}

Cyclic Arm Movements
Subject RF

Subject AW
Precision Grip

Point-to-Point  Jumping

Subject JT Subject RF
up H

Grip | Force!

Pincer Grip

Time {s)

Flanagn & Tresilan (1994) JEP:HPP.

* GF/LF coupling during object

Time (s)

Grip Force ==—=—  Load Force ———

Gabriel Baud-Bovy

Acceleration ——

transport reflects a general
anticipatory control strategy that is
not specific to any particular grip
or mode of transport.

Italian Institute of Technology 2010

Unusual loads
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A Servo-Controlled Linear Motors

Lil ._".
M'Q"m?; T :v 3d chelx Sensor

Y

X

[ 1 — .".—.\1

& & ' =)
7. Push
| M Pl )
._\ - <’
\\ ‘l— ] I S~
~_| == Subject

Inertial Load Viscous Load Composite Load
Subject 5
i | T ; P
| /" d :
Pos 10 em ‘ _,,’/ i . -"/ | P .4"/
T — T L~
. -~ . g i e —
Vel Smet | b Ry LA \_\\i | iy ~—
— Lt R I —
Acc zms? | AT ST [V
- F5 B N T : e
- i P e,
HE 5N\,/ e o | P | Lt
i i : — e
[ — N = ———
Fosn T N
P s P
GF 10N _)5// ———— T | e
500 ms - - -
Time

Flanagan & Wing (1997) J. Neuroscience

* CNS can learn to adjust grip force with different type of loads

Gabriel Baud-Bovy

Italian Institute of Technology 2010



Learning and control

LAPCO

tion & Cogniton Lab

[ ] ——
lites

z
o
—

T

o

5 ~ AN

= 10

NN\ Ay AT N
c

[+ .
E 15 20 30 40 Trial 4 Trial 10
[}

IASASRTAT | o o

> B

= R

2. NP0 N\ | o7 i

e Aapafepns | 20

o

5 |

=
5

Path Distance
{cm)
Percentage
GF Change

r T T
30

60 L .
Trial Trial

Flanagan et al. (2003) Current Biology

For each ftrial, the hand path is shown and
the grip force (thick trace) and load force (thin
trace) records are shown below. The dashed
line represents zero force. The first three trials
are warm-up trials in which the load was in-
crementally increased. The inset shows grip
force and load force records from trials 4 and
10. For both trials, the left margin of the gray
bar is aligned with peak load force, and the
width of the bar is 100 ms. The open circles
indicate the grip and load force at the start
and end of this 100-ms epoch.

 Grip force adjusts to
load faster than hand
trajectory

» Prediction precedes
control in motor learning

Gabriel Baud-Bovy Italian Institute of Technology 2010

Predictive control limits

Perception, Action & Cogniton Lab

e

fites

Experiment 1 Experiment 2

Condition 1 ~ Robot Condition 2 - Right

Blakemore et al. (1998) I. Neuroscience, 18(18):7511-7518

| Condtion 1: Rebot
0F .+

P \1"~/\—/\"-'\/\4«’/\/;\»
R AVAYAYAVAVAVAVAVAVAVAVAVAVAY

Force (N}

05 1 1.5 2 25 3 35 4

Q

| Condition 2: Right
10}
slAAAA R oo
b/ \J’N/\/U MANRY

3.

4

R
Y
—

4

Condition 3: Left

mL

FAAAAAAPAN

4

00 05 1
Condition 4: Joystick
B U P
£
: .
S 5l \p
EAVAVAVAVAVAVA VAYAVAVAVIVAN
-

00 05 1 1.5 2 25 ki 35 4

Time {s)

y s of gri fine) and load force
Figure 2. Typical example of grip force (dashed
(esiid line) txaces for the four conditions of Experiment 1 taken from a
single subject tracking a frequency of 3.5 Hz. The data are taken from the
same 4 sec time period in each trial and have been low pass-filtered.

Blakemore et al. (1998) ). Neuroscience, 18(18¥7511-7518

» Physical properties of the object must be realistic for grip-load
force coupling to occur in normal conditions.

» Grip-load force coupling is context dependent.
Gabriel Baud-Bovy Italian Institute of Technology 2010



Summary
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(a) (b)
I
A b
Load force |
| I Grip force
| I
e 1
| |
N | |
) Force |
W |
|
| | .
' ' Load force
Grip force >
Time (s)
(©
arm
predicted r:g‘?gr
Borrer) trajectory command

Model

ommand

effdrence copy of motor g

Arm
arm arm motor command
desired

trajectory

Current Opinion in Neurobiology

Kawato (1999) Current Opinion in Neurobiology

+ Efficient force scaling
to the properties of the
object

* Precise temporal
coupling between grip
force and load force

* GF/LF is first observed
at 8-10 months of age
with mature pattern
occurring at 8 years of
age

Gabriel Baud-Bovy Italian Institute of Technology 2010
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Perception,Action & Cagniton Lab

jit vy

Functional pathology of grasping

Nowak & Hermsdorfer (2006) Objective evaluation of
manual performance deficits in neurological movement
disorders. Brain Res. Rev., 51:108-124.

Gabriel Baud-Bovy Italian Institute of Technology 2010

Deafferentation jites

Load Force

= =

e w © & f,"l,

2 —d I -
247 . 1

& o |

Control

T — 24 | 2 |

patient G.L.

m
2 o

G”E Force ‘[l\l]
GF [M]
- b2
La =
}r’ '
|
= B

o

— Nowak & Hermsdorfer (2005) Movement Disorders

1 see

Grip forces produced by a chronically « Absence of GF/LF coupling suggest that at
deafferented patient and a healthy control . . X
subject when lifting a 0.61 kg weight least intermittent somatosensory feedback is

necessary to exploit effective predictive control
mechanisms during object manipulation (e.g.
Update internal models).

Gabriel Baud-Bovy Italian Institute of Technology 2010

» Large increase of grip force



Hand dystonias

o eattysubjects . Dysomapatens .+ Theory that dystonia results from impaird
£g c{: sensory—motor integration has attracted
w w100 E . . .
ez . increasing interest (Abbruzzese & Beradelli,
O @ 50 50140
s 4 . ) 8d0000000s | ngEEEEEE‘E 2009)
@ musician's cramp * Grip force is too large during the first trials
B wiiter” ipgn . .
- R b ystoris of lifting a novel object of unknown weight
= 504 50 -
§ » However, patients are able to quickly
5 1 2 - g adjust grip force
(©]
g o ovo0c0coce | BRBABAREAR . |t has therefore been proposed that
elevated grip force levels may be pre-
= ?] o + learned and a consequence of an effortful
5 0 61 writing style (Schenk and Mai, 2001; Schenk et al.,
8 31 34 .é Q 2004).
o o) 2doo000000 o)8 *Q** g?é
.................... » Schenk and colleagues have
1 AR TR gy 1 RSAERT BOR demonstrated that a behavioral training
i _ tailored to reduce the force output can be
Nowak & Hermsdorfer (2006) Brain Res. Rev. .
effective.
Gabriel Baud-Bovy Italian Institute of Technology 2010
: , : LAPCO
Parkison’'s Disease it
AT
Healthy Controls PD subjects Grip Foree [N] upward dowrtwam

8
g

> & ¢
o N & @ ®

(=] L] i— o o
{
¢ ;
i
[

g

Load Force [N]

w
w

Acceleration [m/s?]  Grip Force Rate [N/s)
&

Acceleration [m/s?]  Grip Force Rate [N/s]
'y
2

Acceleration 4,

141 [mi#s?]
£ z 1 /\
3 3 o ‘\,—.»——V.—...-
- - J Ve
27 2 $ L
2 g2 o
@ o © [¥] 1 2 3 4

18 18 Time [s]

- Bradykinesia: Lower grip force rate
- Postural tremor (5-7Hz)

- Increased variability of grip force (action tremor 10Hz)

Gabriel Baud-Bovy Italian Institute of Technology 2010
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PD treatment effect jitis

14
— - levodopa-induced dyskinesia:
£ Larger arm movement (load)
@ 74 and grip force
o
(T
0
14 - subthalamic nucleus
stimulation reduced levodopa-
Z induced dyskinesias
[
e
LE - Bradidynesia (reduced arm
movement) in absence of

stimulation and medication

— Grip Force - Load Force

Georgiou et al., 1997

Grip force analysis may be a useful tool to objectively evaluate the
effectiveness of therapeutic efforts in subjects with Parkinson's disease

Gabriel Baud-Bovy Italian Institute of Technology 2010

LAPCO
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Gilles de la Tourette syndrome jitis

A
= 12 12 . .
% \ N - Larger grip force and Grip/Load
i === 4\/\_ force ratios than controls
£ ]
© - Preserved temporal coupling
z 12 rnweé 12
g s ~moved| &1 ;
A\ o /\
= = = —
g LYV I IV
25 25
& L
g a —/ | = o-—--\/ S
8 vVl
25— 25
500 ms
B
_— Movement onset Maximum ACC
3-10 " i0
C 5+ 5
3
g o- o

up down up down
O Controls W Patients
Nowak & Hermsdorfer (2006) Brain Res. Rev.
Gabriel Baud-Bovy Italian Institute of Technology 2010



nnnnnnnnnnnnnnnnnnnnnnnn

Cerebellar degeneration jites

Heatthy Control Cerebellar degeneration

-y
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» Deficits of predictive grip force control in cerebellar disorders in in
cerebellar degeneration and when the territory of the superior
cerebellar artery is affected.

Gabriel Baud-Bovy Italian Institute of Technology 2010
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fites
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jit s

Bernstein’'s problem

Selection of contact froce in multi-finger grasp

Gabriel Baud-Bovy Italian Institute of Technology 2010

* Bernstein’s degree of freedom problem:
“The coordination of a movement is the
process of mastering redundant degrees of
freedom of the moving organ, in other words
its conversion to a controllable system”
(Bernstein, 1967, p.127).

Number of Citations

40
INTERNATIONAL
l RUSSIAN

* Nicholai A. Bernstein (1896-1966)

30 1

* “The coordination and regulation of movements”,
Pergamon, 1967.

204

* Reedition with a modern commentary of Bernstein's work
ks “On Dexterity and its development” (ed. Latash),
(1);55 1970 1975 1980 1985 1990 E”baum’ 1996.

Year

Gabriel Baud-Bovy Italian Institute of Technology 2010




Degrees of freedom lites
HTYS
x+y+z=0  The body is a mechanical structure
with many degrees of freedom.
X = 2y —3z=0 * The number of degrees of freedom
. Number of free parameters in a svstem corresponds to the number of parameters
of equation P y that can be varied independently.

» A mechanical structure is said to have
redundant degrees of freedom if it has
more degrees of freedom than required by
the task

* In multi-finger grasp, there are
typically many more degrees of
freedom than task constraints

» Kinematic degrees of freedom: Number
of free parameters in a robotic structure

Gabriel Baud-Bovy Italian Institute of Technology 2010
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Redundant degrees of freedom jit e

Grasp Pinch Tripod

Friction No Yes No Yes

# fingers (n) 2 2 3 3

# dofs (4n) 8 8 12 12

# constraints (k) 6 4 4

#redundant dofs (4n-k) A~ 2 4 8\>
— ——

» Optimal control (minimization of some cost function) is a common
approach both in robotics and humans studies to solve ill-defined
problem (e.g., Minimum Jerk, Minimum torque change)

Gabriel Baud-Bovy Italian Institute of Technology 2010



Optimal control in the pinch grasp it s

» The motor system selects the solution

A _-x that is most efficient:
P 1.minimizing energy expenditure
¢ 2.maximizing grasp stability.
» For the pinch grasp, energy
— Energy Cost . ™
—— Stabity Cost expenditure and grasp stability are two
contradictory principles.
/ —
0 4'5 9‘0
angle
Gabriel Baud-Bovy Italian Institute of Technology 2010
. : - LAPCO
Optimal control in multi-finger grasps ji¢ i

* In multi finger grasps, additional degrees of freedom allow to vary
grasp stability independently from grip force.

_ A Aetforce:
~ NF = Fi 4 Fp+ Fy=0
) > / /

—_———————

—~_~—_— Gripforce:

Fgrip=|F1|+|F2|+|F3|=Cst.

» Grasp stability can be maximized independently from energy
expenditure

Gabriel Baud-Bovy Italian Institute of Technology 2010
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e

« This study analyzed contact
forces under various conditions:

» object geometry
« finger positions
 object center of mass

Baud-Bovy & Soechting (2001) J.
Neurophysiol. 86:604.

Gabriel Baud-Bovy Italian Institute of Technology 2010
: LAPCO
Object geometry lites

« Changing the orientation of
one of the two surfaces
opposed to the thumb affect
directions of the contact
forces of both fingers.The
direction of the thumb force
does not change.

« Thumb force direction is
directed toward a point at
mid-distance between the
two opposing fingers.

Gabriel Baud-Bovy Italian Institute of Technology 2010



Finger Placement iit i3

Baud-Bovy & Soechting (2001) J. Neurophysiol. 86:604.
Thumb force is directed toward a point at mid-distance between the two
fingers whatsoever the finger positions.

Gabriel Baud-Bovy Italian Institute of Technology 2010

Baud-Bovy & Soechting (2001) J. Neurophysiol. 86:604.

* Center of mass position does not affect direction of the thumb
force.

Gabriel Baud-Bovy Italian Institute of Technology 2010



Grasp stability 1t 6

* Is grasp sability maximized?

e Observed force focus o Maximum safety strategy

* The synergy is sub-optimal from a stability point of view

Gabriel Baud-Bovy Italian Institute of Technology 2010
. . : LAPCO
Virtual finger hypothesis iit s

« The index and middle finger force are
controlled in such manner that the
direction of the thumb force does not
vary.

* |In other words, these two fingers can
be replaced by a single virtual finger
aligned with the direction of the thumb
force (approximatively at mid-distance
betwee the the two contact points).

. » The tripod gras has therefore two
virtual fingers and one opposition space

Gabriel Baud-Bovy Italian Institute of Technology 2010



Hierarchical control scheme it

Task constraints

Virtual fingers

Real fingers

Gabriel Baud-Bovy

* Task parameters
— Equilibrium constraints

+ Virtual Finger

— VF position introduce additional
constraints on contact forces

— VF position independent from
thumb position and center of
mass position.

* Individual fingers

— Grasp stability is maximized
under higher-level constraints

Italian Institute of Technology 2010

Minimizing Energy Expenditure  jj¢is

» Given a certain level of grip force, what is the direction of the finger
forces that minimize torques?

* |s nature well done?

|K 7| =||K J'F|| - min
r=[7,...7,]

K =diag(w,,...,w,,)
J=J@,...,6,) Jacobian

F=[F, F,F,]' suchthat |F|+|F|+|F|=cst.

Baud-Bovy et al. (2005) In Multi-point Interaction with Real and Virtual Objects, STAR 18, Springer, pp. 21-40, 2005.

Gabriel Baud-Bovy

Italian Institute of Technology 2010



Minimizing Energy Expenditure jite

* Cost function that do not
take into account the
orientation of contact
surfaces.

Minimum does not satisfy squeezing 7
or frictional constraints '

» Cost function depends on
weight matrix K

» Realistic hand model with
tendons and muscles would
be needed

Ky=[1.1.1.1
2111
2111]

Gabriel Baud-Bovy Italian Institute of Technology 2010

Minimizing Energy Expenditure jites
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Fig. 2.8. Forces predicted by the minimum torque model with gravity (average e L S ) J
hand posture J., and biomechanical weighting matrix K, ). The force triangles are Fan Cons:trdined F, Unconstrained

plotted below. The thumb position is shifted laterally in some panels (the short black

lines represent the contact surfaces). A: Grip force unconstrained. B: Constrained

grip force (Fyrip = 3N). H .

grp force (Farep = SN) + Simulation results suggest that
observed contact forces are near

optimal from an energetic
.K iy ,& 5 “ N £ N expenditure point of view if
. _ external force are not included.
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* This make sense because the
) _ _ optimum, from an evolutionary
No A b PN point of view, should not depend

+

Fig. 2.9. Effect of matrix K on the predicted forees in absenee of gravity (average on arbltrary faCtorS SUCh as the

hand posture, and constrained grip force). Same format as Fig. 2.8. A: Biomechanical
weight matrix K,. B: Heuristic weight matrix K. eXternaI force'
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