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ACTIVE SENSING 

Lecture 2: Motor principles 
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Basic muscle operation and control 
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Muscles have one trick: contraction 
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Muscles have one trick: contraction 

joint  

extension  

flexion  

Torque net  = torque flex  -  torque ext  

Fflex  Fext  

= F flex  d flex  -  Fext  dext   

Flexor Extensor  

Force    =>  translational motion 

Torque  =>  rotational motion 

bone  

muscle  
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Elbow rotation 
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Muscles 

Muscles consist of arrays of individual fibers, 

muscle fibers, covered by a membrane. Fibers are 

constituted from smaller contractile units called 

myofibrils . 

 

ÅMuscles have active state, when they contract 

(shorten) and inactive state when they lengthen. 

 

ÅFibers that work together are synergistic. 

Antagonistic fibers work in opposition to each 

other. 

 

ÅMuscle fibers differ in dynamic range: 

slow: slow, long duration, low tension 

fast fatigue-resistant: fast, medium duration, 

medium tension    

fast fatigable: very fast, short duration, high tension 

  

Inactive 

state 

active 

state 

myofibril 
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Twitch, tetanic force, fatigability 

Slow Fast fatigue-resistant Fast fatigable 

Twitch 

Tetanic force 

Fatigability 

Figure 34-8 Slow, fast fatigue-resistant, and fast fatigable motor units vary in 

twitch, tetanic force, and fatigability. (From Burke et al. 1973.) 

A. Traces show the twitches of the three motor units. 

B. Unfused contractions produced by a train of stimuli at a rate typical for each type of 

motor unit. Fast units produce much larger twitch and tetanic forces than do slow units 

(vertical scale changed for each). 

C. Fatigability can be seen in records of the force produced by sustained activation. The 

motor units were activated by stimulus trains (40 pps) lasting 0.33 s and repeated every 

second. In the records shown here a single vertical line represents the force produced 

by one contraction, recorded at slow speed. In the slow unit the force remained 

essentially constant for over an hour of repeated stimulation. In the fast fatigable unit the 

force dropped abruptly after only a minute. The fast fatigue-resistant unit had substantial 

resistance to fatigue and the force declined slowly over many minutes; some residual 

force remained after 50 min. 
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Each muscle fiber is innervated by 

only a single axon, but a single 

axon innervates several muscle 

fibers. 

The motor neuron and the muscle 

fibers it innervates constitute a 

motor unit .  

 
The size of motor units varies with 

the precision of movement control: 

Leg: >1000 muscle fibers per unit 

Eye: <100   muscle fibers per unit 

 

Constituents of Motor Units 

Ventral horn 

of spinal cord 

Motor neurons 

Muscle fibers 

Motor Units  

MU resolution ăĄRF resolution 
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Excitation Contraction Coupling 

Phase 1:  

Firing of Motor Neuron 

Phase 2: 

Release of Neurotransmitter 

Input to motorneuron 
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Excitation Contraction Coupling 

Phase 1:  

Firing of Motor Neuron 

Phase 2: 

Release of Neurotransmitter 

Input to motorneuron 

Phase 3: 

Muscle contraction 
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Input to motorneuron 

Open-loop system 

Information flows in one 
direction (from neurons 
to muscles  
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Closed-loop system 

Input to motorneuron 

Information flows in a 
closed loop: from 
neurons to muscles and 
from muscles to 
neurons  

What kind of information ?  

Open-loop system 

Information flows in one 
direction (from neurons 
to muscles  
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Closed-loop system 

The direct feedback from 
muscles and joints is mediated 
by proprioceptive signals  

muscle length Sensitive to: muscle tension Flexion, extension 

Proprioceptive receptor types 

Muscle spindle 

receptors 
Name: Golgi tendon 

organs 

Joint receptors 
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Proprioceptive receptor types 

Muscle spindle 

receptors 

muscle length 

Name: Golgi tendon 

organs 

muscle tension 

Joint receptors 

Flexion, extension 

Location: Fleshy part of 

the muscle 

Between muscle 

and tendon 

Joint capsule 

Parallel to 

muscle fibers 

Serial to  

muscle fibers 

Between bones 

Sensitive to: 
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Proprioceptive receptor types 

Muscle spindle 

receptors 

muscle length 

Name: Golgi tendon 

organs 

muscle tension 

Joint receptors 

Flexion, extension Sensitive to: 
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What proprioceptors encode? 
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Proprioceptive receptor types 

Muscle spindle 

receptors 

muscle length 

Name: Golgi tendon 

organs 

muscle tension 

Joint receptors 

Flexion, extension 

From  

Arthur Prochazka, 

University of Alberta  

Sensitive to: 
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Proprioceptive receptor types 

Muscle spindle 

receptors 

muscle length Sensitive to: 

Name: Golgi tendon 

organs 

muscle tension 

Joint receptors 

Flexion, extension 

Encode: 
force 

 f = k1F  
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Proprioceptive receptor types 

Muscle spindle 

receptors 

muscle length Sensitive to: 

Name: Golgi tendon 

organs 

muscle tension 

Joint receptors 

Flexion, extension 

Length + velocity 

 f = k1L + k2 V 0.6  
Encode: 

force 

 f = k1F  

angle 

 f = k1q 
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Proprioceptive receptor types 

Muscle spindle 

receptors 

muscle length Sensitive to: 

Name: Golgi tendon 

organs 

muscle tension 

Joint receptors 

Flexion, extension 

Length + velocity 

 f = k1L + k2 V 0.6  
Encode: 

force 

 f = k1F  

angle 

 f = k1q 

q q q 
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PID control 

É Proportional  (to the controlled variable)  

É Integral  (of the controlled variable)  

É Derivative  (of the controlled variable)  

 

Present 

Past 

Future 

q 

q 

q 

In the absence of knowledge of the underlying process, 

a PID controller is considered the best controller 



Positive and negative loops 
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Negative feedback loop 

É Characteristic : The effect of a perturbation is in opposite direction  

É Requirement : The cumulative sign along the loop is negative  

É Function : Can keep stable fixed points  

 

Joint 

Motor neuron 

q q 
~ 

x x 
~ 
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Positive feedback loop 

É Characteristic : The effect of a perturbation is in the same direction  

É Requirement : The cumulative sign along the loop is positive  

É Function : amplifies perturbations  

 

q q 
~ 

x x 
~ 

Motor neuron 

Joint 
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Loop type 

Negative feedback loop 

Dx(t+Dt) = -f [Dxt)]  ,   f is monotonic increasing 

Dx(t+Dt) = f [Dx(t)]  ,   f is monotonic increasing 

Positive feedback loop 

Motor neuron 

Joint 



Ehud Ahissar/ Active Sensing / Motor principles  29 

Reflexes  

 

 probing closed-loop control 


