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–Understanding the fundamental question in biomechanics 
–Are all motor behavior optimal in some sense? 
–Kinematic versus dynamic objective functions 
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gher Leve Contro
Motor Contro System 

tt e more on Ref ex St ffness 
Opt zat on Pr nc es n Motor Contro

Examp es 
Reflexes and motor control from TA McMahon, Musc es, Ref exes, and Locomot on, Pr nceton 
Un vers ty Press, 1984
Houk, J. C. 1989 . Cooperat ve Contro of L mb Movements by the Motor Cortex, Bra nstem and 
Cerebe um. In Cotter Eds Mod es of Bra n Funct on Cambr dge: Cambr dge Un vers ty Press. 

Out ne 

1




• alpha-motoneurons in motor control; without them there can 
be no movement! 
interneurons

• Most of the nerve fibers that innervate a muscle are there to 
sense and control the and of the muscle, not 
to make it contract. 
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primary afferent neurons, certain 
, and the gamma-motoneurons 

length tension 

Contro over Movement 

100 gamma-mn - 300 ntrafusa musc e f bers n 50 
musc e sp nd es 
150 pha-mn - 25,000 extrafusa musc e f bers 

Efferent f bers 

50 group Ia bers - 50 musc e sp nd e pr mary end ngs 
50 group II f bers - 50 musc e sp nd e secondary end ngs 
40 group Ib bers - 45 Go tendon organs 

Afferent f bers 
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Hi l l 
Spinal Cord transect on ust be ow bra n stem

Ma nta stretch ref ex, ref ex withdrawal pa scratch ref ex ck ng , extensors 
contract for stand ng posture .e., ch cken w th the r heads cut off
Great dea about ocomot on that s automat c & preprgrammed nto sp na cord. 

Brain Stem 
Decerabrate dbra Preserve ref exes, and r ght ng ref ex back or s de ntact 
neurovest bu ar

Sensorimotor Cortex and basa gang top of the cha n of command 
the sensor motor area of the cerebra cortex. There s a spec zed area 
devoted to movement of the mbs 1691, the case of a kn ght w th a 
fractured sku and para ys s of the eft s de of the body

Basal ganglia are a set of spec zed nerve ce s. 
The fract on of the cerebra cortex contro ng each part of the body s by no means 
proport ona to the s ze of that part Great graph
If the cerebra cortex s removed, the an ma cont nues to d sp ay a the ocomot on 
ref exes, c mb, d sp ay anger, re ect bad food, but cannot earn new sk

Cerebellum s a ma or focus of ncom ng sensory nformat on musc e, sk n and 
nt receptors

The nformat on has to do w th ength, force, ve oc ty of musc es and pos on of nts. 
Removed: awkward umsy movement, genera zed ntegrat on and smooth ng 

gher Leve Contro
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Motor Contro n the CNS 

Motor Areas of the 
Sensor motor Cortex 
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• Usually just talk about the monosynaptic reflex arc containing
the spindle organ, but it now looks like the
also play a role in the control of muscle reflex stiffness. 

• Tendon organs assumed to be the sensor in a reflex which
turned off muscle activity when force rose too high (i.e., clasp-
knife reflex).
collapse of the limb (looks something like a clasp-knife
returning into its sheath, apparently triggered by the onset of
afferent discharges from tendon organs. 

• Tendon organs don't only respond to large forces, they are seen
respond to < 0.1 g force applied directly to the base of the
capsule. 

A li l l i

Golgi tendon organs

decerebrate rigidity, after a certain force level, see 

Ib 

tt e more on Ref ex St ffness 
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St ffness regu at on n the stretch ref ex. Movement: a pha and gamma mn ncrease f ng s mu taneous y, 
keep ng extrafusa and ntrafusa musc e f bers about the same ength. If a d sturbance force occurs, the change 
n efferent s gna to the musc s affected by afferent nput from both sp nd e receptors and tendon organs. The 
sp nd es cause an ncrease n a pha act ty upon musc e stretch, but the tendon organs cause a decrease 

pha act ty when musc e force r ses. The ba ance between the two prov des a regu at ons of the ref ex 
st ffness. 

Ref ex St ffness cont.
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• “
optimal trajectories that accurately reproduce the patterns
of observed behavior, it implies that the brain ignores non-
kinematic factors in selecting and reproducing that
behavior” 

• “
optimal trajectories that accurately reproduce the patterns
of observed behavior, it implies that the brain considers
dynamic factors in selecting and reproducing that behavior” 

imi i i ipl
On Mode s and Other Demons 

What do you th nk of the fo ow ng quotes? 

If a kinematic objective function can be found that leads to

If a dynamic objective function can be found that leads to

Opt zat on Pr nc es: 
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• The human limbs are involved in a prodigious variety of
tasks. Movements tend to be graceful and usually involve
many limb segments 

• Different tasks typically require 
– di i l i i li i
– di i i

• How are these movements organized? Fundamental 
question in biomechanics: Which muscles are used and in

what pattern? 
[ i i i l i . 

] 

Opt zat on Pr nc es 
Motor Contro

Fundamenta quest on n b omechan cs 

fferent sequenc ng of musc e act vat on and mb mot on 
fferent nformat on from sensors 

Bernste n, The Co-Ord nat on and Regu at on of Movement Pergamon Press, 
1967

• One widely used mathematical tool is optimization theory 
Objective: to discover principles that guide goal-directed
motor behavior 

• Four components to an optimization problem: 
j i i ifi i
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• Given a model of 

theory re-maps Bernstein’
infinity of possible patterns of muscle activation into an
equivalent problem of choosing among an infinity of
performance criteria 

1. An ob ect ve funct on that quant es what s to be regarded as 
opt mum so ca ed performance funct on or cost funct on

2. A dynam c system that s to be contro ed 
3. A set of contro s that are ava ab e for modu at on 
4. An a gor thm capab e of f nd ng an ana yt ca or numer ca so ut on 

too s of var at ona ca cu us
musculo-skeletal dynamics, optimization 

s problem of choosing among an

Optimization Principles in Motor Control 
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• Optimization-based models have been developed to address
the “ ” problem 

• Recall Bernstein question: How does the motor system select
the behavior it uses from the infinite number of possibilities
open to it? 
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• Rephrasing the central question: How does the motor system
chooses values for the large number of parameters that can be
controlled in order to perform a goal-oriented movement? 

excess degrees of freedom

In mathemat ca par ance, th s an -posed prob em n the sense that 
many so ut ons are poss
For examp e, most mb segments are moved by a arger number of 
musc es than appear to be necessary 
To reach a cup of coffee, the hand may move a ong an nf ty of paths 

Optimization Principles in Motor Control 

• Need to make explicit and quantitative hypotheses
about the goal of motor actions 

• Are all motor behavior necessarily optimal in some
sense? Maybe! 

• One appealing possibility is that the nervous system
has evolved to select “ ” that are indeed 
“ ”
motor task, the CNS produces coordinated actions
that minimize some measure of performance (effort,
smoothness, etc.) 

solutions
optimal : the hypotheses is that in performing a

Optimization Principles in Motor Control 
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• Kinematics versus dynamics objective functions? 
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• Even single degree of freedom can be performed in a variety
of ways: 
– i i
– l ( j ) 

• Two different types of objective functions have been
proposed, they reflect the two major competing theories of
motor control: 
Ki ic j i i i j i i

nemat cs refers to the t me course of an ob ect pos on, ve oc ty, 
acce erat on, etc.
Dynam cs refers to var ab es such as forces and torques 

Path s constra nt 
Speed a ong the path can vary tra ectory

nemat ob ect ve funct on Dynam c ob ect ve funct on 

Optimization Principles in Motor Control 

• They are characterized by single-peaked, bell-
shaped speed profiles. It was postulated (Hogan,
1984) that voluntary movements are made to be as
smooth as possible 

• A quantitative measure of smoothness is needed,
one such measure is the squared magnitude of the
jerk (rate of change of acceleration or third time
derivative of position) 

Ki ic j i i
si l joi

nemat ob ect ve funct on, 
ng e- nt movements 
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is the joint angle. Using variational calculus, the
unique time history of joint positions that minimizes
this performance measure may be derived
analytically 

ci ifi ici l i
iti i i

( iti ) 

( )t!

( ) 5

5

4

4

3

3

2

210
tctctctctcct +++++=!

dt
dt

d
J

t

t

2

3

31

0

! "
"
#

$
%
%
&

'
=

(

Kinematic 
single-joint movements (cont.) 

are unspec ed coeff ents whose va ues are determ ned by 
the cond ons at the beg nn ng and end of movements 
boundary cond ons

objective function, 
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When the movement s assumed to beg n at rest 
n one pos on and end at rest n another, the 

mum erk or max mum smoothness
movement turns out to have the smooth, un
moda , be -shaped ve oc ty prof e typ ca most 
exper menta observat ons 

The max mum smoothness hypothes s read
genera zed to mu nt mot ons. 
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• The objective function can be written as follows in the
Cartesian coordinate frame of the hand: 

• Assuming the movement start and end at zero
velocity from (x0 0) to (xf, yf) at time tf (τ = f) 
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1. Trajectories of the limbs are straight line paths 
2. The tangential velocity along that path is smooth

and 
3. The shape of the limb trajectories are invariant

under translation, rotation, and amplitude scaling 

• i i i i
i l i

i
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nemat ob ect ve funct on, 
mu nt movements 

The max mum smoothness theory y ds 
the mu nt movement severa exp
pred ct ons: 

uni-modal 

These pred ct ons are n agreement w th 
exper menta observat ons 

Max mum Smoothness? 
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• A troubling aspect of this theory is that it implies that at
higher levels in the motor system, the brain does not
take into account any dynamic considerations such as
energy required, the loads on the limb segments or the
force and fatigue limitations of the neuromuscular 
system 

• In other words, it implies that the brain determines the
“ ” trajectory independently of the physical
system that will generate the movement, i.e., the limb! 

“ i l j
i i ly i ic 

iti l l
l ” 

Limitations of the 
objective functions 

optimal

It seems very strange that the opt ma tra ectory of our 
movement s determ ned perfect ndependent of the dynam
quant es such as arm ength, pay oad, motor command, 
torque or externa force, etc. Y. Uno and M. Kawato, 1989 

kinematic 

• The trajectories derived for the minimum jerk model are
invariant with respect to the region of the work-space and
independent of external forces 

• The minimum jerk model determines trajectories
irrespective of gravity 

• To circumvent this problem within the framework of
optimization theory, a second type of objective functions
was formulated based on dynamic variables (joint torques,
muscle forces, etc.) 

Limitations of the 
objective functions (cont.) 

kinematic 
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1. Determination of a desired trajectory 
2. Transformation of visual coordinates of the 

desired trajectory to body coordinate 
3. Generation of motor commands (forces and

torques) to realize the desired trajectory 

i j i i

• One dynamic objective function proposed is the following: 

• zi is the motor command fed to the i-th 
out of n actuators 

• In order to compute optimal trajectories predicted by this
minimum torque change model, the dynamics equations
of the 
because J depends on the dynamics of the controlled
object 
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Dynamic objective function, 
multi-joint movements 

Mode s us ng a dynam c ob ect ve funct on 
movements assume that the CNS so ves the 
three fo ow ng computat ona prob ems at 

fferent eve s: 

Dynam c Ob ect ve Funct on 

actuator (muscle) 

musculo-skeletal system must first be specified 
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Prob em: s d ff cu t to descr be the the 
muscu o-ske eta system exact
because s a comp ex system. 

Cons der the fo ow ng two- nt system: 
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• Since the dynamics of the multi-joint system is
nonlinear, the problem of finding the unique trajectory
that minimizes J is a nonlinear optimization problem. 

• Consequently, it seems impossible to obtain
analytical expression of the solution of this problem,
unlike the case with the minimum jerk problem 

• Predictions 
– j l 
– l i

• The minimum torque change model succeeded in
reproducing observed trajectories under various
conditions 

vs experiment 
Tra ectory depends on arm posture and externa forces 
Not a ways stra ght paths 

• iol i l l: 
l inimi

– 
– 

Phys og ca advantage of each mode
Why wou d the CNS want to m ze 

torque change? 
Jerk? 
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Examp e: Ground-Based 
mu ators 

Fa se P atform Exper ments 
Moonwa ker

tered Env ronments 
Rea -t me Adaptat on 

omed ca App cat ons 

tered Performance 
P and FP EMG for t me per od between expected mpact and FP mpact 
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False Platform Jumps: Ankle-CG length 

0.945 

0.95 

0.955 

0.96 

0.965 

0.97 

0.975 

0.98 

0.985 

Sub j ec t  

A B C D E F 

Adaptat on Freefa
Maximum extension 
Minimum extension 
Impact Length 
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– Greenwood and Hopkins (1976) 
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Pre-Programmed Muscle Response During Downward Jumps 

terature rev ew 

and Lundberg (1969) 
EMG act ty dur ng wa ng n cat mbs 
EMG was tr ggered 5 to 10 ms pr or to mpact , sort of feedforward 

act vat on a centra y programmed event ant pat ng stance

and Watt (1971) 
Tested the above conc us on on humans dur ng sudden fa s. Found 
cons stent EMG burst act ty beg nn ng 75ms after drop. Conc uded that 
dece erat on resu ted from a t med burst of pre-programmed musc

act ty . Prob em w th th s study: dropped sub ects from he ghts up to 20cm! 
Act ty tr ggered by vest bu ar nput? 

Stud ed EMG act ty dur ng vo untary and unexpected umps, he ghts up to 
120cm. F nd ngs: Two peaks of act ty: 80ms after re ease on
unexpected umps + cons stent t me before and ng re ated to the vo untary 
contro of and ng) 

16




– Dyhre-Poulsen (1980, 1983, 1985) 
l l i i ivi i i

j ivi i isi
l i ill i i i l 

i i i i j i i i
l i i

– McKinley and Smith (1983) 
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– Watt al. (1986) plus numerous other studies 
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and Laursen 
Ana yzed and ng mechan sms and EMG act ty n monkeys dur ng 
downward umps. Onset of EMG act ty started occurred w th great prec on 
80ms before and ng. St an argument aga nst pre-programm ng: v sua
mon tor ng of d stance dur ng ump? L ghts turned off, same act vat on 
pattern, ocked to the t me of expected mpact 

Performed s ar exper ments on b ndfo ded and abyr nthectom zed cats. 

et 
It s w de y acknow edged that m crograv ty exposure causes 
profound changes n human ba ance, posture contro and ocomot on. 
Watt et a . tested astronauts 
sub ected to sudden drops. A sub ects are unsteady postf ght Reaons for 
decrement n performance? 

Astronauts stated the f oor com ng up to meet them, and s there before they 
were ready for 

• i i li l 
i

– The previous experiments suggest that the “ ” 
has an estimate of the time of impact why? 

– Prior to jump, a visual estimate of the height is performed 
– What is needed to go from estimated height to estimated 

time of impact? 

A representation of the gravity field in the 
system, or an internal g-model 

impactT
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CNS

impact
g

H
T 0

2
)

)
=

The m ss ng nk: A proposed mode to account for 
the above observat ons 

flying object

sensorimotor 
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When astronauts perform postf ght jumps, 
one hypotheses regard ng the performance 
decrement other than musc e atrophy
that nterna representat on of the grav ty f
s a tered: 

Hence the f oor there before they are
ready for 
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