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Muscles: 
Motors of the human 

body 

3 Types of Muscle 
(1)Skeletal 
(2)Cardiac 
(3)Smooth Two broad types of voluntary muscle fibers 

(1)Slow twitch: contract for long periods of time but 
with little force 

(2)Fast twitch:  contract quickly and powerfully but 
fatigue very rapidly 

Act to generate force and 
produce movement 

 

Only skeletal can be controlled voluntarily 



Muscle: Produce or resist motion 
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Detailed structure 
of skeletal muscle 

-  A typical muscle is 
controlled by 100 large motor 
neurons 
 
-Each motor neuron 
innervates 100-1000 muscle 
fibers 
 

-A motor unit consists of a 
motor neuron and all 
muscle fibers it innervates 

Muscle Fiber 

Sarcolemma 

T-tubules 

Sarcoplasmic  
Reticulum 

One sarcomere 

Myofibril 

Myofibril 



The beginning of electromyography… 

In 1792, Luigi Galvani demonstrated that 
electricity could generate muscle 
contractions 

In 1849, Emil du Bois-Reymond found that electric 
potential also be recorded 
 
First actual EMG recording occurred in 1890 by 
Étienne-Jules Marey. 

Frog 
Hindlimbs 

Experimental Setup 

“Bioelectricity” 



Muscle Activation Release of acetylcholine depolarizes postsynaptic 
membran of the muscle fiber.  Action potential then 
propagates along the membrane of the muscle fiber 
(the sarcolemma) (propagates at 3-5 m/s).  Because a 
single action potential in motor neuron can activate 
hundreds of muscle fber in synchrony, the resulting 
currents sum to generate an electrical signal that is 
readily detectable outside the muscle itself.  Barrage 
of action potentials resut in complex pattern of 
electrical potentials (on order of 100uV in amplitude ) 
that can be recorded as an elctromyogra (EMG).  
 
EMG reflect aggregate activity of motor neurons that 
innervate msucle.   
 
 
The action potential spreads through the muscle 
fiber's network of T-tubules, depolarizing the inner 
portion of the muscle fiber. 
The depolarization activates L-type voltage-dependent 
calcium channels (dihydropyridine receptors) in the T 
tubule membrane, which are in close proximity to 
calcium-release channels (ryanodine receptors) in the 
adjacent sarcoplasmic reticulum. 
Activated voltage-gated calcium channels physically 
interact with calcium-release channels to activate 
them, causing the sarcoplasmic reticulum to release 
calcium. 
The calcium binds to the troponin C present on 
the actin-containing thin filaments of the myofibrils.  
 

Neuron 

axon 

dendrite 

Axon terminal 

Cell body 

 
Å Motor neurons synapse at neuromuscular 

junction. When action potential reaches 
neuron’s terminal it stimulates the release of 
a chemical transmitter from the cell 
(acetylcholine) 
 

Å Acetylcholine depolarizes postsynaptic 
membrane potential, causing action potential 
to propagate along muscle cell and release of 
Ca2+ 

Action potentials are the main form of 
communication by the nervous system 

Spinal Cord 

Spinal Nerve 

Neuromuscular 
Junction 

Neuron A 

Neuron B 

Å Resting membrane potential  for neuron is  -60 to -70 mV 
 

Å An input signal depolarizes the cell membrane potential and 
opens the Na+ ion channels, allowing Na+ to flow down it’s 
concentration gradient and into the cell 
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Sarcomere length is 1.5-3.5 µm in length. Hence, muscle fiber s 
would have about 20,000 sarcomeres in series. 

Each globular myosin head contains an ATPase that 
converts the chemical energy of ATP into mechanical 
energey, resulting ina cocked deformation of the 
myosin head.  Ths stored mechanical energy can be 
released on ly after the myosin head attaches toa 
binding site ofon e fo the adjeacent thin filaments 
athat has been activted by CA.  The attached head, or 
cross bridge, then acts like an oar pulling the thin 
filament longitudinall ina that increaces the overlap 
betewen the thick and thin filaments..  After slideing, 
the stress in the  cross bridge is relieve and it can 
detach.  The detachment of the mysoin head from 
the acitn molecule is an active prcess that uses 
energy derived from the hydrolysis of ATP in to ADP  
iand phosphate in the presence of CA. The process of 
attachment, rotation and detachment therefore 
continues as long as Ca2+ and ATP are present in the 
cell in sufficient amounts.   

Contractile Unit in Muscle 

Interaction of actin 
and myosin heads 

The process of attachment, rotation and detachment therefore continues as long as 
Ca2+ and ATP are present in the cell in sufficient amounts.   
 



Action potential and force 
development 

A motor neuron stimulates all the skeletal muscle fibers in 
a motor unit simultaneously. The amount of force generated by a motor unit is determined by the number of muscle fibers within the motor unit, the 
size of the individual 
muscle cells, and the number of crossbridges attached in 
the muscle fibers. 
A twitch contraction is the quick shortening observed 
in a skeletal muscle when a single action potential traveling 
down a motor neuron stimulates the skeletal muscle fibers 
of the motor unit to contract. The minimal stimulus that results in a muscle twitch is called the threshold stimulus. 
The three phases of a twitch contraction are the latent period, the contraction period, and the relaxation period. The 
latent period lasts about 2 msec (milliseconds) and is the 
time between stimulation of muscle cells and force generation. The contraction period lasts about 10 –100 msec and 
is the period during which force (measured in grams) is increasing, whereas the  relaxation period, which lasts 
10 –100 msec, is the period when force is decreasing. 
Normal muscle contractions are not twitch contractions, 
but are sustained contractions of varying force. 
If the muscle fibers of a motor unit are stimulated before the relaxation phase of a muscle twitch is complete, 
then the next contraction will produce a greater force. This 
is called  wave summation. Increasing the frequency of 
muscle stimulation produces sustained force generation. 
Unfused tetanus (tetan  rigid) occurs when there is a 
partial relaxation between muscle twitches. Fused tetanus 
is a sustained contraction with no relaxation observed between twitches. Increasing the number of motor units contracting at the same time, motor unit 
recruitment, also 
increases force generated. Lifting a feather requires fewer 
motor units than lifting your anatomy and physiology textbook. Maximal force development occurs when all motor 
units of a muscle are stimulated and all muscle fibers are 
contracting. In the lab, the stimulus that produces maximal 
force is called the maximal stimulus. Therefore, a stimulus to the muscle greater than maximal does not produce 
a greater force. 
Most sustained voluntary skeletal muscle contractions 
are unfused tetanic contractions with different motor units 
stimulated at different times  (asynchronous contractions). The asynchronous contractions delay  muscle 
fatigue, which is an inability to contract caused by long periods of muscle contraction. 
Muscle contraction results in development of tension or 
force usually measured in grams. Muscles will shorten if 
they develop more force than the force that is opposing 
them. For example, contracting muscles in our arm will 
shorten and allow us to lift a book if the force developed by 
the muscles is greater than the weight (force) of the book. 
The weight of the book is also called load because it is a 
force that the muscle is contracting against. 
If a muscle is generating a constant force to move a load, 
that contraction is called an isotonic contraction. There are 
two types of isotonic contraction, concentric and eccentric 
isotonic contractions. In concentric isotonic contractions, 
the muscle is shortening while it is contracting. An example 
of this is using the biceps brachii (large anterior muscle of 
arm) to lift a book off the table. In eccentric isotonic contractions, the muscle is lengthening while it is contracting. 
This occurs when you slowly lower your arm to return the 
book to the table. The biceps brachii is still contracting, but 
it is lengthening while it is contracting. This enables you to 
lower the book in a controlled manner. 
Isometric contractions are contractions in which the 
muscle is developing force but not shortening and no visible 
movement is seen. In this case, the force developed by the 
muscle equals the force (load) it is contracting against. An 
example of this would be holding a book in the same position. Isometric muscle contractions are maintaining the position against the weight (load) of 
the book, but the biceps 
brachii muscle is not moving the book because it is not generating a force greater than the weight (force) of the book 

ÅLatent period lasts about 2 msec (milliseconds) and is the time 
between stimulation of muscle cells and force generation.  
 

ÅContraction period lasts about 10 –100 msec and is the period 
during which force  is increasing. 
 

ÅRelaxation period, which lasts 10 –100 msec, is the period when 
force is decreasing. 

 

Latent Period 

Contraction Period 

Relaxation  
Period 



Hill Muscle Model 

Å ^ Hill, A.V. (October 1938). "The 
heat of shortening and dynamics 
constants of muscles". Proc. R. Soc. 
Lond. B (London: Royal 
Society) 126 (843): 136–
195. DOI:10.1098/rspb.1938.0050. 
 
 Hill, A.V. Proc. Lond. B, (1938) 

Tension developed in muscle not 
only depends on activation level, 
but also on muscle length, velocity 
and history. 

http://en.wikipedia.org/wiki/Hill's_muscle_model
http://en.wikipedia.org/wiki/Digital_object_identifier
http://dx.doi.org/10.1098/rspb.1938.0050


Human Electromyography 

The main role of the muscles in the regulation of walking speed is to control the 
accelerating and decelerating forces of individual body segments to establish safe 
forward progression [5]. As a result, the amplitude of muscle activity increases with 
walking speed because of the need for larger muscular force output.  

Speed related changes in muscle activity from normal to very slow walking speeds 
A.R den Ottera, , ,  
A.C.H Geurtsa,  
T Mulderb,  
J Duysensa, c 
 

EMG amplitude changing references:  
Kinematic and EMG patterns during slow, free, and fast walking 
M. P. Murray1,2,  
L. A. Mollinger1,  
Dr. G. M. Gardner1,*,  
S. B. Sepic1 

 

Speed dependence of averaged EMG profiles in walking 
A.L. Hof 
a,b, 
*, H. Elzinga 
b 
, W. Grimmius 
b 
, J.P.K. Halbertsma 
a,b 
 
 
Motor Patterns in Human Walking and Running 
G. Cappellini, 
1 
Y. P. Ivanenko, 
1 
R. E. Poppele, 
2 
and F. Lacquaniti 
1,3,4 
 

Surface Electrodes: 
Non-invasive method to measure from large 
superficial musculature 

Use EMG as a measure of neural activation during 
locomotion 
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Experimental Setup 

GND 

Bipolar Electrodes 

EMG Signal 
+ 

- 

Amplifier Circuit 
x1000 

DAQ 
Board 

Computer 

High Pass Filter 
between 2- 10 Hz to 
remove movement 
artifact 



Part Quantity Cost Notes 

Battery (9V) 2 $3.00 

Instrumentation 
Amplifier (INA 128) 

1 $3.00 

Surface Electrodes 50 $16.00 

Connector Cables 1 set $45.00 

USB Cord (15’) 1 $15.00 

DAQ Board (NI 
DAQ- USB 6009) 

1 $279 **optional, data 
can be recorded 
using computer 
sound card 

Miscellaneous 
(Jumper cables, 
bread board, solder, 
etc.) 

1 $20  
 
 
 

Computer 1 

Total $381.00 Note: if we use 
sound card then 
price could be as 
low as $100.00 



Speed affects muscle activity 
amplitude and timing  

M. P. Murray, L. A. Mollinger, G. M. Gardner, S. B. Sepic. Kinematic and EMG patterns 
during slow, free, and fast walking. J of Orthopedic Research. (1984) 
 
A. L. hof, H. Elzinga, W. Grimmius, J. P. K. Halbertsma. Speed dependence of averaged 
9aD ǇǊƻŬƭŜǎ ƛƴ walking. Gait and Posture. (2002) 
 
G. Cappellini, Y. P. Ivanenko, R. E. Poppele, F. Lacquaniti. Motor Patterns in Human 
Walking and Running 
 

“The main role of the muscles in the regulation of walking speed is to control the 
accelerating and decelerating forces of individual body segments to establish safe 
forward progression . As a result, the amplitude of muscle activity increases with 
walking speed because of the need for larger muscular force output. ” 

A. R. den Otter, A.C. H. Geurts, T. Mulder, J. Duysens. Speed related changes in 
muscle activity from normal to very slow walking speeds. Gait and Posture. (2003) 
 



Detection of muscle fatigue using EMG 

P. V. Komi  and P. Tesch. EMG frequency spectrum, muscle structure, and gatigue during 
dynamics contraction in man. Euro. J. of Applied Physiol.  (1979). 
 

“Almost a century ago Piper, a professor of physiology at the Royal Friedrich-
Wilhelms-University in Berlin, noticed a certain “slowing” of surface myoelectric 
signals during static contraction (Piper, 1912). In addition to this phenomenon Cobb 
and Forbes (1923) also noted an increase in the signal amplitude as one of the 
manifestations of fatigue during the static contraction. Unfortunately, due to 
imperfect instrumentation, these have remained only laboratory efforts of a kind. 
The development of electronics in the second half  

M. Cifrek, V. Medved, S. Tonkovic, S. Ostoiic. Surface EMG based muscle fatigue 
evaluation in biomechanics. Clinical Biomechanics. (2009) 

http://www.sciencedirect.com.prx.library.gatech.edu/science/article/pii/S0268003309000254
http://www.sciencedirect.com.prx.library.gatech.edu/science/article/pii/S0268003309000254
http://www.sciencedirect.com.prx.library.gatech.edu/science/article/pii/S0268003309000254


Sandfish Burial 
Slowed x10 

High Speed Above Surface Video X-Ray Imaging 

Sandfish does not actively use limbs to locomote sub-surface 

Maladen, et.al., Science, (2009) 325, 314-318 

Black Opaque Spots:  Lead Markers 

1 cm 1 cm 



Electromyography 
Method of recording electric potentials in muscle 
cells caused during neurological activation 

A single action potential in motor neuron can activate hundreds of muscle fibers in 
synchrony and resulting currents sum to generate an electrical signal that is readily 
detectable outside the muscle itself.  Barrage of action potentials results in a complex 
pattern of electrical potentials (on order of 100µV in amplitude ) that can be recorded as 
an elctromyogram (EMG).  
 

Bipolar Hook 
Electrode 

Implantation Sites 


