The neuromuscular systems does ordinary manipulation tasks the OhardO way:
Lessons for robotic manipulators?
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l. Introduction

Dexterous function arises from the ability of the nervous system to orchestrate numerous muscles and joint
meet mechanical demands. We Pnd that the neural controller is severely taxed even for ordinary tasks
making contact with a surface rubbing a surface. These results have implicatigrisngstanding questions
about neuroanatomy and notions of muscle redundancy, and begin to explain the vulnerability of dexterc
function to development, aging and neuromuscular pathology; @ndhé design of versatile robotic
manipulators.

Il. Transitions from motion to force
The neural control of tasks such as rapid acquisition of precision pinch remains unknown. Therefore,
investigated the neural control of Pnger musculature when the index Pngertip abruptly transitions from moti
to static force productio(Venkadesan & Valero-Cuevas '08)\ine subjects produced a downward tapping motion
followed by vertical bPngertip force against a rigid surface. We simultaneously recorded 3D bngertip force, pl
the complete muscle coordination pattern using intramuscular

electromyograms from all seven index bPnger muscles. We found that @ _ -

the muscle coordination pattern clearly switched from that for —=—""" = F(m@

motion to that for isometric force ~65ms before contact (p=0.0004)." )
Mathematical modeling and analysis revealed that the underlyirsg '

neural control also switched between mutually incompatiblé§ | - /\/
strategies in a time-critical manner. Importantly, this abrupt switch @1 : ;
underlying neural control polluted bPngertip force vector directior® * .i
beyond what is explained by muscle activation-contraction dynamics l ?
and neuromuscular noise (p!0.003). We further ruled out an°" = O S %

impedance control strategy in a separate test showing no systematic .
change in initial force magnitude for catch trials where the tapping
surface was surreptitiously lowered and raised (p=0.93). \V\Ie
conclude that the nervous system predictively switches betwee
mutually incompatible neural control strategies to bridge the abrgﬁnt
transition in mechanical constraints between motion and static force
Moreover because the nervous system cannot switch between ccgﬁr
strategies instantaneously or exactly, there arise physical limits tmﬁw
accuracy of force production upon contact. The need for such g S :
neurally demanding and time-critical strategy for routine motion-to- <« W o 200

&

e . . . . Time (ms)
force transitions with the Pngertip may explain the existencer@fire 1. Switch in direction (a) and
specialized neural circuits for the human hand. magnitude (b) of the muscle

coordination pattern vector between

. . . motion and static force production.
[1l. Combination of motion and force P

Numerous studies of limbs and Pngers propose that force-velocity
properties of muscle limit maximal voluntary force production during anisometric tasks, i.e. when muscles a



shortening or lengthening. Although this proposition appears logical,
our study on the simultaneous production of Pngertip motion and Posiion 1 Position2  Position 3
force disagrees with this commonly held not{gsenan et al. In Press) : :

We asked eight consenting adults to use their dominant index /
Pngertip to maximize voluntary downward force against a horizontal ;. «
surface at specibc postures (static trials), and also during an +

Maximal
static force

anisometric Orubbing® task of rhythmically moving the Pngertip %
along a 5.8+0.5 cm target line . The metronome-timed Rexiore 2
extension movement speed varied 36-fold from OslowO (1.0+0.5 cinko

s) to OfastO (35.9£7.8 cm/s). As expected, maximal downwagd . ++++§*+
voluntary force diminished (44.8+15.6%; p=0.001) when any motiorg Maximal force +~§
(slow or fast) was added to the task. Surprisingly, however, a 36-fofdl *°[ during fnger
increase in speed did not affect this reduction in force magnitude. 5 rovemer
These remarkable results for such an ordinary task challenge the ,
dominant role often attributed to force-velocity properties of mus8e Maximal
and provide insight into neuromechanical interactions. We propose m. et
an explanation that the simultaneous enforcement of mechanicél80 Maximalforc;"‘i\
constraints for motion and force reduces the set of feasible motgr | duing finger ’
commands sufpciently so that force-velocity properties cease to §eso Fioion - .. ++++
the force-limiting factor. While additional work is necessary to reveaE prase + {‘
the governing mechanisms, the dramatic inRuence that the 4 EX&?ZZ';’”Q..¢___. ............. S — {,..i
simultaneous enforcement of motion and force constraints has (:;gn
force output begins to explain the vulnerability of dexterous functiorg *
to development, aging and even mild neuromuscular pathology. =

Static
Fast
Static
Slow
Fast
Static
Slow
Fast

IV. Conclusions
1. The nervous system responded to the evolutionary pressures (i.e., .
. . e . Movement Condition
mechanical constraints) of transitioning from motion to Wegf :
. . . L2 igure 2. Maximal downward force
directed force production while maintaining Pnger posture (i?gninished when motion was added to the
developing a time-critical strategy of switching control laws. Thigk; but was not affected by movement

suggests roboticists should consider this option carefully beﬁﬂ%ﬁ? tor KOSitign a|0n§|1_ thde éarget !if1€>-I
favoring passive solutions that rely on peripheral endpdﬁﬁ&%x;é ?cofgesngrrrgas'ﬁiwr(] )forpa);{gqt?c

impedance to make this transition. (circles) and dynamic anisometric
2. While the biomechanical system of the Pngers is over-actuatedsfprares) trials.

some tasks, we bnd that it is likely not redundant for ordinary

tasks. Creating over-actuated systems may be a key to creating

versatile manipulators.
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