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PROLOGUE 

Surface electromyography (EMG) is a technique whereby voltage-measuring electrodes attached 
to the surface of the skin are used to detect andlor infer various phenomena relating to muscular 
contractions. The development of sophisticated electronic instrumentation has permitted the use of 
surface EMG in most areas of ergonomic research and analysis involving muscle activity. Despite the 
increasing diversity of applications, there was, at the inception time of this project, no reference work 
available which provided basic instruction and information on the interpretation and applications of 
surface EMG. It is this need which the present volume begins to address, through the use of expert 
perspectives. A biographical sketch of each author, all experts in the field residing at nationally 
prominent educational institutions, is included at the beginning of each chapter. The Editor-in-Chief 
is Dr. Gary L. Soderberg, Director of the Graduate Program in Physical Therapy at the University of 
Iowa. 

Although not comprehensive, an attempt was made to span the field. Note however that, 
applications aside, the phenomena under consideration are largely restricted to muscle activation, 
relative intensity and fatigue. Chapter One, by Dr. William Marras, provides a brief overview, while 
Chapter Two, by Dr. Robert Lamb and Donald Hobart, presents the anatomic and physiological basis 
for surface EMG. Chapters Three (Dr. Gary L. Soderberg), Four (David G. Gerlman and Dr. Thomas 
M. Cook), and Five (Dr. Barney LeVeau and Dr. Gumar B. J. Andersson) introduce aspects of 
experimental technique, instrumentation and signal processing, respectively; this material is sufficient 
to serve as a source of basic instruction. Chapter Six (Dr. Mark Redfem) discusses interpretation of the 
EMG output, with a particular emphasis on problematic aspects. Finally, Chapter Seven (Dr. William 
Marras) examines various typical applications of EMG to ergonomics from the perspective of 
appropriate of statistical design. 

These chapters represent theexpert opinions ofthe individual scientists who authoredthem, derived 
from their own clinical practice and evaluation of the literature. No comprehensive attempt has been 
made to standardize nomenclature or procedure. Topics were selected b; the individual cktributors 
and editorial efforts have been abbreviated in order to accommodate their differing viewpoints, 
therefore some degree of overlap in subject matter remains. 



... LISTOFCONTRIBUTORS .............................................................. 111 

ACKNOWLEDGEMENTS ............................................................... v 
PROLOGUE ........................................................................... vi 

CHAF'TER 1 
Ovemew of Electromyography in Ergonomics 

INTRODUCTION .................................................. 
GENERALUS ES ................................................... 
RECORDINGTECHNIQ UE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
EQUIPMENT AND SIGNAL CONDITIONING ......................... 
SIGNAL INTERPRETATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

CHAPTER 2 
Anatomic and Physiologic Basis for Surface Electromyography 

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6 
ANATOMYOFSKELETALMUSC LE .................................... .... 6 
ORIGIN OF THE ELECTROMYOGRPAAIC SIGNAL . . . . . . . . . . . . . . . . . . . . . . .  

Resting Membrane Potential ............................................. 
Muscle Fiber Action Potential .......................................... 
Extracellular Recording of Action Potentials .............................. 
MotorUnitActionPoten tial . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

FUNCTIONAL CONSIDERATIONS OF MOTOR UNITS .................... 
FiberTypes ......................................................... 
Recruitment and Rate Coding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

MUSCLEMECHANICS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
ArchitectureofMuscle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Length-Tension Relationship . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Velocity-Tension Relationship . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
REFERENCES .......................................................... 
SUGGESTED READINGS ................................................ 

CHAPTER 3 
Recording Techniques 

INTRODUCTION ...................................................... 
ELECTRODESELECTION ..................................................... 

AdvantagesandDisadvantages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
LOCATION ................................................................... 
THE ELECTRODE AS TRANSDUCER . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
ELECTRICAL PROPERTIES OF THE ELECTRODEELECTROLYTE INTERFACE . . 
THE BIPOLAR ELEOTRODE CONFIGURATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

.................................................. RELIABILITYANDVALIDITY 
PREPARATION OF ELECTRODESSUBJECT INTERFACE ........................ 
ARTIFACTS ................................................................... 
PHYSIOLQGIC AND HISML4XICAL EFFECTS ......................................... 36 
TELEMETERIZED ELECTROMYOGWHY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  36 
SUMMARY ............................................................................ 41 
REFERENCES ......................................................................... 41 

vii 



CHAPTER 4 
Instrumentation 

OVERVIEW . .................................................................................................................................................. 44 
ELECTROMYOGRAPHIC SIGNAL INFORMATION ............................................................................ 44 

Temporal Information ................................................................................................................................. 44 
EMG-Force In fmt ion  ........................................................................................................................... 44 
EMG- Fatigue Information ......................................................................................................................... 45 

C m -  FOR THE FAITHFUL REPRODUCTION OF THE EMG ................................................... 45 . . EMG S i d  CharaEtenshcs ........................................................................................................................ 46 ............................. . ~~ ~ 

EMG Represented by a Power Spechum ................................................................................................... 46 
Amplitude Linearity, Phase Linearity. and Bandwidth .............................................................................. 47 
Noise ........................................................................................................................................................... 47 

ELECl'ROMYOGRAPHIC AMPLIFIERS ................................................................................................. 48 
Conservation of Sianal Power .................................................................................................................... 48 . .......................................................................................................................................... Noise Reduction 49 

................................................................................................................... Onsite Elecaode-Preampfifias 49 
ELE4TROMYOGRAPHIC SIGNAL PROCESSING ............................................................................ 50 

EMG Demodulation .................................................................................................................................... 51 
concepts ............................................................................................................................................ 51 
Demodulation Techniques ............................................................................................................... 52 

Rect i fdon ................................................................................................................................ 52 
Linear Envelope Detects ......................................................................................................... 52 
Integration ................................................................................................................................. 52 
Root-Mean-Square Recessing ..................................................................................................... 52 

Demodulation Applications ....................................................................................................................... 53 
FREQUENCY DOMAIN PROCESSING ................................................................................................... 53 

Transformation of Random Processes ....................................................................................................... 53 
Fast Fourier Transform ........................................................................................................................... 54 

Waveform Sampling ........................................................................................................................ 54 
Aliasing- .............................................................................................................................................. 56 
Discrete Fourier Transform ................................................................................................................. 56 
Modulo Two Requirement ................................................................................................................. 56 

................................................................................................................................. Windowing Functions 60 
RECORDERS . ................................................................................................................................................ 60 

Graphic Recorders ..................................................................... "- .... ............................................... 60 
Maebine-Inrerpretable Recoders ............................................................................................................ 62 

FM Magnetic Tape Recorders ............................................................................................................. 62 
Digital Recorders ................................................................................................................................. 62 

ANALOG-TO-DIGITAL CONVERSION .................................................................................................... 62 
Theory of Operation .................................................................................................................................... 62 
Specifications .............................................................................................................................................. 64 

TELEMETRY .................................................................................................................................................. 64 
General ......................................ralral...-.ral...ral.........ral.ralral............ral....ral............................................................. 64 
Range and Directionality ....................................................................................................................... 64 
Multiple Channel Telemehy ....................................................................................................................... 64 
Telemehy Pafonnance ............................................................................................................................. 65 

Bandwidth ............................................................................................................................................ 65 
Dynamic Range ................................................................................................................................... 65 
Noise and Cross Talk ........................................................................................................................... 65 

MONITORS ..................................................................................................................................................... 66 
BIOFEEDBACK .............................................................................................................................................. 66 
SUMMARY ...................................................................................................................................................... 66 
REFERENCES ................................................................................................................................................. 60 



CHAPTER 5 
Output Forms: Data Analysis and Applications 
Interpretation of the Electromyographic Signal 

INTRODUCTION ......................................................................................................................................... 70 
NORMALIZATION ........................................................................................................................................ 70 

Definition ................................................................................................................................................... 70 
Isomeaic Maximal Voluntary Contraction ................................................................................................. 70 
Options Other lkm Maximal Voluntary Contraction ................................................................................ 73 
Nonnahation of the Task ........................................................................................................................ 73 
Summary ..................................................................................................................................................... 73 

OVERVIEW OF METHODS ......................................................................................................................... 74 
Raw Signal ................................................................................................................................................ 74 
Demodulation ............................................................................................................................................. 77 

Linear Envelope ................................................................................................................................. 77 
Root Mean Square ............................................................................................................................... 79 
Integration ........................................................................................................................................... 82 
Frequency Analysis ............................................................................................................................. 84 
Zero Crossings ..................................................................................................................................... 87 

................................................................................................................................... Spike Countings 87 
Turns .................................................................................................................................................... 89 

APPLICATIONS ............................................................................................................................................. 89 
Linear Envelope .......................................................................................................................................... 89 
Integration ................................................................................................................................................... 94 
Root Mean Square ...................................................................................................................................... 94 
Frequency Specbum ................................................................................................................................... 94 
Zero Crossings ............................................................................................................................................ 95 
b i k e  Couitin~s .......................................................................................................................................... 95 

SUMMARY ...................................................................................................................................................... 95 
REFERENCES ................................................................................................................................................. 95 

CHAPTER 6 
Functional Muscle: Effects on Electromyographic Output 

INTRODUCTION ......................................................................................................................................... 104 
TEMPORAL ASPECTS ............................................................................................................................... 104 

EMG-Muscle Force Timing ................................................................................................................... 104 
EMG RDcessing Effects on T i i m g  ....................................................................................................... 105 

ELEClXOMYOGRAM.FORCE ................................................................................................................ 105 
Isometric Response ............................................................................................................................... 105 
Length-Tension Effect .............................................................................................................................. 106 
Velocity-Tension Effect ....................................................................................................................... 107 
Postural Dynamics .................................................................................................................................... 107 
Cross Talk ................................................................................................................................................ 109 
Coconhaction Effects ............................................................................................................................. 110 
Ballistic Muscle Actions ....................................................................................................................... 111 
Recommendations ................................................................................................................................. 112 

FATIGUE ................................................................................................................................................... 112 
L o c a l i i  Muscle Fatigue and the EMG Signal ...................................................................................... 114 
Specific Measures of Spectral Shifts ..................................................................................................... 115 

Ratio of High a Low Frequencies ............................................................................................... 115 
Median Power Frequency .............................................................................................................. 115 

Limitations ............................................................................................................................................... 117 
SUMMARY .................................................................................................................................................. 117 
REFERENCES .............................................................................................................................................. 118 
SUGGESTED READINGS ........................................................................................................................ 119 



CHAPTER 7 
Applications of Electromyography in Ergonomics 

. INTXODUCIION I .........". ". ....."..... ............................................................................................ 122 
EXPERIMENTAL DESIGN CONSIDERATIONS . .............................................................................. 122 
INTERPRETATION THROUGH SFATISI1CS . .......................................................................... 122 
ELFflROMYOCRAPHIC RELATIONSHIPS AND THEIR APPLICATIONS ................................ 123 ................ . . 

On-Off State of Muscle .........1.-1.1........1.........le.lelele....................................le.................................... 123 
... ................... Muscle Force ....................... ".-"." "... " ................... . ........... ..................... 123 

Muscle Usage llnough Narmalized Activity Level ......................................................................... 125 
Muscle Usage Through Microvolt Activity Level ............................................................................ 129 
Muscle Force Through Nomahabm . . .............................................................................................. 136 
Muscle Force Thmugh Mi~ovolts ............................................................................................... 137 

....... Muscle Fatime ....................... ................................................................................................ 139 . 
Muscle Fatigue 'Ihrough M i m v o l ~  ... - .................................................................................... 139 
Muscle Fatigue Thrmgh SpcQral Analysis ""- ............................................................................ 14 1 

... SUMMARY " ......................................................................................................................................... 142 
REFERENCES . .....11..........-.....~~...1-...-CEScEs.CES..............CES......................................................................... 142 
APPENDICES . ................................................................................................................................ 145 

A. Quantities and Units of Measurunent in Biomechanics. 
Prepared by the Jnternational Society of B i i s  .................................................................. 145 

B . Units. Terms and Standards in the Rcpcmhg of EMG Research . 
Repa by the Ad Hoc Committee of the Internatid Sod* of 
Eleaophysiological Reccdng. 1980 .............................................................................................. 153 

C . Fine Wire Electrodes ..................................................................................................................... 173 
GLOSSARY ............................................................................................................................................... 179 



CHAPTER 1 

Overview of Electromyography in Ergonomics 

William Marras, Ph.D. 
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OVERVIEW OF ELECTROMYOGRAPHY IN ERGONOMICS 
William Marras. PhD 

INTRODUCTION 
Electromyography (EMG) is a tool that can be very 

valuable in ergonomic studies if it is used correctly and 
if the associated Limitations are appreciated. An under- 
standing of the use of EMG transcends many areas of 
knowledge including physiology, inshumentation, m r -  
ding technology, and signal processing and analysis. This 
chapter provides a general overview of these areas so that 
an appreciation for how these areas interact and impact 
on the effective use of EMG. The following chapters will 
review, in depth, all aspects of EMG use. 

GENERAL USES 
Electromyography can be a very useful analytical 

method if applied under proper conditions and interpreted 
in light of basic physiological, biomechanical, and 
recording principles. Through proper design of 
ergonomic studies and by recognition of the limitations 
of the interpretive process, EMG can be a useful tool in 
the evaluation of work performance. 

The use of EMG is not warranted as a general 
method for indiscriminately assessing all work siluations. 
The ergonomist should have an idea about which muscles 
will be affected by the work, before the use of EMG is 
considered. The ergonomist should also be aware that 1) 
unless the work place conditions exhibit several key 
features or 2) certain additional measures of the work 
positions are taken simultaneously, the amount of infor- 
mation derived from an EMG recording is extremely 
limited. The key to successful EMG use is to understand 
the nature of the signal collected, thereby separating the 
useful information of the signal from the noise and arti- 
fact. Thus, procedures require careful calibration, in- 
strumentation, data treatment, and interpretation and use 
of an experimental design that does not violate the 
assumptions inherent to the relationships associated with 
EMG and muscle function. 

Elechomyography is one of several methods used for 
analyzing the performance associated with the work 
place. If the work is heavy, the best techniques often in- 
clude analysis through physiological measures, such as 
oxygen consumption, that provide a general measure of 
whole body work. Elechomyography can be used for the 
same purpose provided that many muscles of the body 
are assessed during the performance of a task. However, 
EMG is used more often to evaluate Lighter, repetitive 

work where the activity of specific muscles is of interest. 
Ergonomic analyses often include use of this technique 
when comparing the specific musculoskeletal stress (in 
given muscles) associated with various work positions, 
postures, or activities and for validating of ergonomic 
principles. It also is used as input to biomechanical 
models that describe the synergistic effects of muscle ac- 
tivities on a joint. The use of EMG, thus, is appropriate 
when it is suspected that a specified muscle or group of 
muscles is affected adversely because of the design of the 
work place. 

As the information gained from an EMG signal 
becomes more quantitative and useful, the complexities 
involved in muscle testing increase. Applied ergonomic 
studies usually are involved with an evaluation of worker 
methods, workplace layout, work pace, or tool design. 
Most ergonomic sludies, therefore, involve investigations 
that use only a limited number of direct or derived 
measures. Conditions under which these various 
measures can be determined and examples of the applica- 
tion and use of these measures in ergonomic in&stiga- 
tions will be discussed throughout the following chapters. 

RECORDING TECHNIQUE 
For purposes of recording EMG in ergonomic 

studies, two types of electrodes are available. Surface 
EMG techniques are much more common, unless there 
is a specific justification for using a fine wire method. In 
general, surface EMG will represent the activity of in- 
dividual muscles or muscle groups over which the elec- 
trodes are placed. Although muscles that are smaller and 
of a deep location are more difficult to record from with 
swface EMG, the major interest probably is in the larger 
muscles or in muscle groups. In this case, appropriate 
methods are available for the recording of the EMG. The 
methods, advantages, and l i tat ions associated with the 
use of these techniques and the immobilization process 
necessary are specified in the following chapters. Con- 
trols necessary to guarantee a high quality signal also are 
detailed. 

EQUIPMENT AND SIGNAL 
CONDITIONING 

The typical equipment configuration needed to per- 
form an ergonomic study is depicted schematically in 



Figure 1-1. Once the signal has been amplified by the 
preamplifiers, if they exist, it is amplified further by the 
main amplifiers. After that, the signal is fdtered and may 
be conditioned or processed by a number of means that 
will be discussed in Chapter 4. For example, processing 
may consist of rectifying, averaging, integrating, defin- 
ing a linear envelope, or performing mt-mean-square 
processing of the signal. Only the raw signal may be 
recorded and interpreted by itself. Most EMG data, 
however, usually are subjected to some type of process- 
ing. Recommended recordmg devices are FM tape, a 
strip chart or light pen recorder, or a computer through 
an analog-tc-digital (A-D) converter. If spectral analyses 
are of interest, these must be performed on a computer. 
Details of the instrumentation and interpretations are in- 
cluded in subsequent chapters. 

SIGNAL INTERPRETATION 
To determine the o n 4 f  state, force, or fatigue pre- 

sent within a muscle. some form of EMG s i d  treatment 
usually is recommended and often is r equ ih .  The type 
of EMG signal treatment appropriate for an ergonomic 
study is a function of 1) the nature of the desired infor- 
mation and 2) the ability of the experimenter to design 
the process so that the EMG assumptions mentioned 
earlier are not violated. 

The most basic information that can be derived fmm 
an EMG signal is  knowledge of whether the muscle of 
interest was in use during an exertion. Little or no signal 
processing is required to determine this type of informa- 
tion. The experimenter simply needs to make sure the 
signal is noise and artifact free and does not contain cross 
talk. If the raw or processed signal exhibited activity, the 
muscle was in use during the exertion. Usually, it is of 
interest simply to note whether the muscle was in use or 
to document the duration of activity during a specified 
exertion. 

If the muscle force is of interest, the EMG signal can 
be processed by either hardware or software and then 
treated in several ways, depending on the form of quan- 
tification desired. First, the activity level of the muscle 
may be recorded. It is customary for this factor to be 
represented in normalized terms. Some researchers, 
however, describe this quantity in absolute terms 
(microvolts of muscle activity). This measure simply 
relates how active the muscle was during the experimental 

conditions. The measure is not an indication of muscle 
force, but simply a function of muscle usage. The signal 
can be quantified in several ways. Quantification may in- 
clude peak activity, mean activity, activity as a function 
of given position or posture, and rate of muscle activity 
onset. 

The processed EMG signal can also be used as an in- 
dication of muscle force present during an exertion. As 
with muscle activity, the signal can be treated in either 
absolute or relative terms. If muscle force is of interest, 
the EMG signal must be used in conjunction with other 
types of calibrations to derive more quantitative informa- 
tion about the muscle. These models and calibration 
techniques are discussed later in this manual. 

Finally, the raw EMG data can be processed so that 
fatigue information can be derived. This has been done 
either by observing the processed signal or by observing 
a change in the frequency content of the raw signal. When 
the processed signal is used, one attempts to identify an 
increase in signal amplitude to perform a given task. Most 
researchers, however, use the frequency information 
from the EMG signal as an indication of muscle fatigue. 
The following chapters indicate that there are changes to 
a lower center frequency after a task that produces mus- 
cle fatigue. These measurements will be discussed in 
some detail in subsequent chapters. 

SUMMARY 
This chapter provides an overview of the main 

aspects associated with the use of EMG for those intend- 
ing to use this technique to study ergonomic problems. 
Content is designed toassist novices in understanding and 
usine EMG. but more exoerienced oersons also should 
bengfit from the materiai in suhsGent chapters. This 
manual is limited in that only didactic material can be 
presented. As direct experience is invaluable, novices are 
strongly encouraged to work with more experienced 
persons. 

As readers of this manual attempt to gain additional 
insights into electromyography, they should pay par- 
ticular attention to the contributors' comments on uses 
and applications in ergonomics. Given these general but 
important rules, readers should be able to use EMG ef- 
fectively in the study of human movement as applied to 
the work environment. 
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ANATOMIC AND PHYSIOLOGIC BASIS FOR 
SURFACE ELECTROMYOGRAPHY 

Robert Lamb, PhD, PT 
Donald Hobart, PhD 

INTRODUCTION 
The purpose of this chapter is to describe the 

anatomic and physiologic information fundamental to 
understanding the recording and subsequent study of the 
electrical activity of muscle using surface electre 
myographic (EMG) techniques. For those readers who 
des i i  a more in-depth discussionof the issues addressed, 
references to review articles and textbooks have been 
included. 

ANATOMY OF SKELETAL MUSCLE 
The structural unit of skeletal muscle is the muscle 

fiber, or cell (Figure 2-1). Light and electron mic~oscope~ 
must be used to view the muscle fiber and its parts. A 
muscle cell is a thin structure ranging from 10 to 100 
microns in diameter and from a few millimeters to 40 cm 
in length. In short muscles, such as the flexor pollicis 
brevis, a single fiber may extend from tbe muscle's origin 
to insertion. In longer muscles, such as the biceps brachii, 
the fibers do not extend the entire length of the muscle. 
Instead, the cells are attached to either the origin or in- 
sertion tendon at one end and a connective tissue septa 
at the other end. 

Just as in other body organs, muscle is surrounded 
and supported by a dense connective tissue generally 
referred to as fascia. Deep fascia, the anatomical term, 
or epimysium, the histological term, is a tbii fibrous 
membrane that invests the muscle and separates it from 
adjacent muscles and other structures (Figure 2-2). The 
resulting architecture resembles a honeycomb. The deep 
surface of the epimysium gives off septa that penetrate 
the muscle to provide supporting and connective struc- 
ture to the various subdivisions of the muscle. 

The first subdivision of muscle, fasciculi, are sur- 
rounded by perimysium, a sheath formed by extensions 
of the epimysium into the muscle (Figure 2-2). The deep 
surface of the perimysium also divides to yield septa, 
named endomysium, that surround each muscle fiber. 
Each fasciculus encased by its perimysium may contain 
from a few to as many as 150 muscle fibers.' In muscles 
such as the lumbricales, only a few fibers are found, 
whereas in muscles like the gluteus maximus, 150 or 
more muscle fibers may be contained in each fasciculus. 
The biceps brachii, a muscle of intermediate coarseness, 

has a mean of 100 muscle fibers in each fasciculus.2.3 
The endomysium, perimysium, and epimysium serve two 
functions. First, at the ends of the muscles the contrac- 
tile portion gradually gives way to the connective tissue 
that blends with and becomes a part of the tendon that 
ultimately attaches the muscle to bone (Figure 2-3). This 
attachment allows the muscles to exert tensile forces. Sec- 
ond, the connective tissue serves to bind contractile units 
and groups of units together to integrate their action. The 
connective tissue, however, also allows a certain freedom 
of movement behueen the contractile units. Even though 
each fiber and fasciculus is connected and can function 
as a group, each fiber therefore can move independently 
of its neighbor. An arrangement that allows independent 
functioning of the fibers is imponant because the fibers 
belonging to a motor unit are spread throughout the mus- 
cle. Activation of a motor unit, therefore, results in the 
contraction of single muscle fibers within many different 
fas~iculi.~ 

The plasma membrane of a muscle cell, or fiber, lies deep 
to the endomysium and is known as the sarmlemrna. Con- 
tained within the sarcolemma are many cylindrical 
myofibrils that make up the muscle fiber (Figure 2-ID). 
Each myofibril is about 1 micron in diameter and runs 
the entire length of the muscle fiber. The myofibrils are 
surrounded by the sarcotubular system that contains 
transverse tubules and the sarcoplasmic reticulum (Figure 
2-4). The transverse tubules form a network of tubes 
perpendicular to the direction of the myofibrils and con- 
neathe sarcolemma with adjacent myofibrils and fibers. 
The sarwplasmic reticulum has tubules numing longi- 
tudinally around the myofibrils. The sarcotubular system 
controls the contraction and relaxation of myofibrils. 

The myofibril is a series of sarcomeres arranged end to 
end (Figure 2-ID). A single sarcomere, 2.5 microns in 
length, is composed of thick and thin m y o b e n t s  
(Figure 2-1E). Because of the precise arrangement of the 
myofibrils, various landmarks can be identified. Those 
c k r i z i g  skeletal muscle fiber are Z lines (discs) and 
A. I. and H bands Wieure 2-5). The Z lines are formed 
b i  &e interconnectib~of the ~myofi laments  from ad- 
jacent sarwmeres. Two adjacent Z lines & h e  a sar- 
comere. The dark A bands of the sarcomere are formed 
by thick myoflaments, called the myosin b e n t ,  and 
interdigitated thin myoflamenu, named actin. The H 
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FIGURE 2-1 
Diagram of the organization of skeletal muscle from the gross to the molecular level. Cross sections F, G, H, and 
I are at the levels indicated. Drawing by Sylvia Colard Keene. 

Reprinted with permiSsionfrom B h m  Wand Fawcetf DW: Tmbook of Hinology, ed 10. Phihdelphia, PA, W 
B W e r s  Co. 1975, Figure 11-19, p 306. 



FIGURE 2-2 
Cross-section of a small portion of muscle, showing relative 
size of connective tissue. 

Reprinted with permission from Bendall JR: Muscles, 
Molecules and Movemen!. New York, NY, American Ekevier 
Publishing Co Inc, 1971, Figure 1-3, p xviii. 

Fasciculus (containing many fibers 
bound mgether by endomysium) 

Epimysium (Penmysium externurn) 

Perimyoivm (Perimysium infernurn) 

FIGURE 2-3 
Cross srmcture of a skeletal muscle. 

Reprinred with permission from Poland JL, Hoban LU, Payton 
OD: Zbe Musculoskeletal System, ed 2. Garden City, NY, 
Medical Eramim'on Publishing Co Inc, 1981 (Figure 2. I .  p 
11). 

baid is the ligbter appearing part of the A band that con- 
tains only myosin filaments (Figure 2-1L.M.N). Adja- 
cent to the A band is the lighter I band that is that part 
of the sarcomere containing only actin filaments (Figure 
2-IJ,K). 

The sarcomere is the smallest contractile unit of mus- 
cle. During contraction, the actin filament slides over the 
myosin filament, resulting in a decrease in the width of 
the H and I bands and the distance between the Z lines 
(Figure 2-5). The contraction of all sarcomeres within a 
muscle fiber results in a total fiber shortening. 

ORIGIN OF THE 
ELECTROMYOGRAPHIC SIGNAL 
Resting Membrane Potential 

A muscle fiber is surrounded by the sarcolemma. 
The sarcolemma is a thin semipermeable membrane com- 
posed of a lipid bilayer that bas channels by which cer- 
tain ions can move between the intracellular and the ex- 
tracellular The composition of the exhaceUular 
fluid and intraceuular fluid are different (Table 2-1). The 
intracellular fluid has a high concentration of potassium 
(K' ) ions and an organic anion (A- ). The K ' ions are 
small enough to pass through the channels in the mem- 
brane. The organic anions are much too large to flow 
through the membrane. The interstitial fluid& a high 
concentration of sodium (N+ ) and chloride (Cl- ) ions. 
The CI- ions are small enough to pass through the mem- 
brane channels, but the slightly larger Na+ ions have 
difficulty in penetrating the membrane. 

To understand the resting membrane potential, con- 
sider for a moment that there is no difference in poten- 
tial between the inhacellular and extracellular (iterstitial) 
fluid lFieure 2-6). Because of the hieher concentration 
inside'th; ceU compared with the oukde, K+ diffuses 
through the cell membrane into the extracellular fluid. 
The A- ions are too large to diffuse outward through the 
membrane. The Na+ ions cannot move inward through 
the membrane in sufficient numbers to replace the K+ 
ions. A potential difference therefore develops across the 
membrane. The positive charge that develops on the out- 
side of the membrane slows the diffusion of K+ ions be- 
tween the inside and outside of the cell. The Cl- ions a a  
in a similar manner and remain in equilibrium because 

TABLE 21 
Intracellular and Extracellular Ion Concentrations for 

Mammalian Muscle (mEQIL) 

Inhndular Interstitial 
Ion Ruid Fluid 

K+ 140 4 
Na+ 14 142 
CI- 4 125 
HCO; 8 28 
A- 150 
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FIGURE 2 5  
Schematic representation of the current interpretation of the changing appearance of the cross striations (left) in 
different phases of contraction, depending on the degree of interdigitation of the sliding filaments (right). The A 
band is of constant length, but lk width of the H band is determined by the depth of penetration of the thin I filaments 
into the A hand. In the amtracted state, the thin filaments slide more deeply into the A band, obliterating the H 
band. In stretched muscle, the thin filaments are drawn out of the A band and the H band is widened. 

Reprinted with permission from B h m  W. Fawcen DW: Tenbook of Histology, ed 10. Philadelphia, PA. W B 
saut&-rs Co. 1975. Figures 11-21, p 308. 

of this interaction between its concentration gradient and 
the elearical charge. 

The net effect of the movement of K+ and CI- ions 
is the creation of a positive charge on the outside of the 
membrane and a negative charge on the inside of the 
membrane. Because like charges repel each other, the 
positive charge on the outside of the membrane in wm- 
bi i t ion with the large concentration gradient of Na+ 
drives Na+ into the cell. If Na+ movement into the cell 
persists, the inside of the cell would become positively 
charged with respect to Ux outside. The membrane poten- 
tial, however, is maintained by an active ion transport 
system called the sodium-potassium This 

pump system uses metabolic energy to transport Na+ 
ions actively from inside the cell to outside and, to a lesser 
extent, to pump K+ ions back inside the cell. 

The effect of the concentration gradients, the dif- 
ference in potential across the membrane, and the active 
transport system, results in the maintenance of a poten- 
tial difference across the membrane when the muscle fiber 
is in a resting state. This voltage difference is the resting 
membrane potential and measures about -80 mV inside 
the muscle fiber with respect to the outside (Figure 2-7). 
In a healthy neuromuscular system, this polarized mus- 
cle fiber remains in equilibrium until upset by an exter- 
nal or internal stimulus. 
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FIGURE 2-6 
Development of transmembrane voltage by an ion concentration gradient. Diagm of an intracellular fluid- 
membrane-interstitial fluid system. Membrane shown has some, but not all properties of a real cell membrane. 
Hypothetical membrane is pierced by pores of such size that K+ and Cl- can move through them easily, Na+ with 
difficulty, and A- not at all. Sizes of symbols in left- and right-hand columns indicate relative concentrations of 
ions in fluids bathing the membrane. Dashed arrows and circles show paths *en by Kf . A-, Na- and C1- as a 
K+ or Cl- travels thmah a wre. Penetration of the wre bv a K+ or CI- follows a collision between the Kf or 
CI- and water molecules-(noishown), giving the K' dr CI- [he necessary kinetic energy and proper direction. An 
A- or Na t  unable to cross the membrane is left beh~nd when a K' or CI-. respectively, diffuses through a pure. 
Because K' is more concentrated on left than on right. more K t  diffuses from left to righl than from right lo left. 
and conversely for CI-. Therefore, right-hand border of membrane becomes positively charged (K', Na') and 
left-hand negatively charged (CI-, A-). Fluids away from the membrane are e & i c a l l ~  neutral because of anrac- 
tion between + and - charges. Charges separated by membrane stay near it because of their attraction. 

Reprinted with permissionfrom Ruch TC, Panon HD, Wwdbury JW, etol: Neurophysiology, ed 2. Phiiadelphia, 
PA, W B  Sounders Co, 1965, p 9. 

Muscle Fiber Action Potential 
Several events must occur before a muscle fiber con- 

tracts. Central nervous system activity initiates a depolar- 
ization in the motoneuron. The depolarization is con- 
ducted along the motoneuron to the muscle fiber's motor 
endplate. At the endplate, a chemical substance, acetyl- 
choline, is released that diffuses across the synaptic cleft 
causing a rapid depolarization of the muscle fiber under 
the motor endplate. This rapid depolarization, and the 
subsequent repolarization of the muscle fiber, is an ac- 
tion potential. 

Specific detail of the genesis of the action potential 
can be found in most basic physiology textbooks.6,' 
Briefly, stimulation of the muscle fiber causes an increase 
in the muscle fiber membrane's permeability to Na+ . 
The increased permeability to Na+ , and the ion's con- 
centration gradient, cause a sudden influx of Na+ into 
the muscle fiber (Figure 2-8). A rapid depolarization of 

the muscle fiber occurs and continues until the fiber 
reverses its polarity and reaches about +20 mV positive 
inside with respect to the outside. Near the peak of the 
reverse polarity, the decreased influx of Na+ and in- 
creased efflux of K+ causes a rapid repolarization of the 
muscle fiber. 

When depolarization of the membrane under the 
motor endplate occurs, a potential difference is establish- 
ed between the active region and the adjacent inactive 
regions of the muscle fiber (Figure 2-9). Ion current 
therefore flows between the active and the inactive 
regions. This current flow decreases the membrane 
potential of the inactive region to a point where the mem- 
brane permeability to Na+ rapidly increases in the inac- 
tive region and an action potential is generated. In this 
manner, the action potential propagates away from the 
initial active region in both directions along the muscle 
fiber. The propagated action potential along the muscle 



FIGURE 2-7 
The inha~eUularrestiog pamtialcan be mrasuredby inserting 
a recording electrode inside the all and amnectbg it by a 
voltage meter to a referena electmde on the surface of the all. 
The cell is immersed in a suitable salt solution. The potential 
differem between the inside and adside of the all is -80 mV. 

Reprooked wiyh permitrim from Shnnd F: Physiology: A 
Regulmorqsysranr A p p d .  adz. N m  Y d ,  NY. M ( ~ u ~ [ I k m  
Mlishing Co. 1983. p 87. 

fiber is a muscle fiber action potential. In vivo, a muscle 
fiber action potential can be recorded using microelec- 
trode  technique^,^ but cannot be seen in isolation using 
surface electromyographic techniques. 

The propagated action potential spreads along the 
sarcolemma and into the muscle fiber through the 
transverse tubules (Figure 2-4). In response to the action 
potential, the sarcoplasmic reticulum releases stored 
calcium. l%e calcium b i d  with troponin, altering the 
location of tropomyosin. This frees the active site on the 
actin, allowing a muscle contraction to take place.9 

Extracellular Recording of Action 
Potentials 

The basis of surface electromyography ii the rela- 
tionship behueen the action potentials of muscle fibers and 
the extracellular remrding of those action potentials at 
the skin surface. Elatrodes external to the muscle fiber 
can be used to detect action potentials. 

6 & 1.b is 
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FIGURE 2-8 
Changes in sodium and potassium conductances during the 
course of the &on mtential. Note that sodium conductance 

Uli.;fold d&ng &latter stages of the action potmtial kd for 
a short oeriod thereafter. (Curves constructed from data in 
Hodgkk and Huxley papers but transposed from squid axon to 
apply to the mmbrane potentials of large mammalian nerve 

Reprinted with permission from Guyon AC: T u f M  of 
Medial Physiology, ed6. Philadelphia, PA, WBSaunders Co, 
1981, Figure 1@3, p 110. 

A simple model can be used to aide in understanding 
the recordine of action ootentials with extracellular elec- 
trodes. ~wo&ctrodes'are placed a considerable distance 
apart, directly on the surface of a muscle fiber (Figure 
2-10). The electrodes are attached to an oscilloscope that 
measures voltage changes. To further simplify the model, 
depolarization, reverse polarization, and repolarization 
are the only phases of the action potential considered. 

In a resting state, the muscle fiber is in equilibrium 
and, electrically, is positive on the outside and negative 



FIGURE 2-9 
Propagation of action potentials in both direaims along a wm 
ductive fiber. 

Reprinted with permission from Guylon AC: T m W  of 
Medid  Physiology. ed 6. Philadelphia, PA, WBSounders 6. 
1981, Figure 10-2, p 110. 

on the inside (Figure 2-10). Because the two electrodes 
are on the outside of the muscle fiher, there is no poten- 
tial difference hetween them. The electrical difference 
and the oscilloscope, thus, remain at baseline. If& fiber 
is excited to the leh of Electrode A, an action potential 
is initiated and nmoaeated alone the fiher toward Elec- . * -  
@ode A. When the action potekal reaches the region 
under Electrode A, it becomes negative with respect to 
Elecaode B, and the oscilloscope deflects upward. As the 
action potential continues toward Elechude B, the region 
under Elearode A repolarizes, and the oscilloscope 
returns to baseline. When the action potential is between 
the two electrodes, the region under Electrode A has 
recovered and the region under Electrode B has not yet 
demlarized. The difference in m t i a l  behueen the elec- 
trddes, therefore, is again zero: Ihe oscilloscope remains 
at baseline until the region under Electrode B is depolarii- 
ed. As the action potential moves under the Electrode B, 
the region becomes negative with respect to the region 
under Electrode A, and the oscilloscope deflects 
downward. As repolarization occurs under Electrode B, 
the difference in potential returns to zem. 

The output of this model is two monophasic waves 
s e m t e d  bv a brief wriod of time when no ootential dif- 
feience is nksuredi~igure2-10). Theti&behueen& 
two waves depends on the amduction velocity of the mus- 
cle fiber and the distance between the two electrodes. If 

the electrodes are placed very close together, for exh,~.- 
ple, the two waves temporally summate forming a 
biphasic wave with a smaller peak to peak amplitude than 
the monophasic waves. This biphasic wave is similar in 
appearance to a muscle fiber action potential. 

Motor Unit Action Potential 
Living tissue acts as a volume conductor; therefore, 

the measurement and recording of the action potential is 
not limited to the surface of the membrane. In a volume 
conductor, a potential source, such as the muscle fiber 
action potential, is conducted away from its origin, 
through ion movement. Living tissue also acts as a filter. 
In reality, electrodes within the muscle or on the surface 
of the skin thus can m r d ,  from a distance, an attenuated 
version of the muscle fiber action potential. 

If one applies the principles of the previously dis- 
cussed model to the schematic representation presented 
in Figure 2-1 1, !Ae variables that effect the amplitude and 
shape of the recording of a motor unit action potential, 
the smallest functional unit of the newomuscular system, 
can be understood. In healthy tissue, the action potential 
propagates along a motonewon to the motor end plate of 
the muscle fibers. Asynchronous activation of muscle 
fibers helonging to the same motor unit differ because the 
axon hranchesdiffer in diameter and length; thus, their 
mnduction times differ. AU the muscle fibers of the motor 
unit, therefore, are not activated at the same time. The 
muscle fiher action potentials spatially and temporally 
summate to form a motor unit action potential. 

The exact amplitude. and shape of a motor unit ac- 
tion potential cannot he predicted. The majority of motor 
unit action potentials, however, are biphasic or hiphasic 
in shape.I0 Amplitude and shape depend on the 
characteristics of the muscle fibers, the spatial orienla- 
tion of the muscle fibers to the recording electrodes, the 
filter charaaeristics of the electrodes and the tissues sur- 
rounding the active muscle fibers, and the specifications 
of the electronic instrumentation used (Figure 2-1 l).ll 

Individual motor units can he mrded and measured 
using needle and fine wire electrodes (Figure 2-12). The 
duration of electrical potentials of motor units vary from 
a few milliseconds to 14 ms; their amplitude vary from 
a few microvolts to 5 mV." Under certain circum- 
stances, single motor-unit action potentials can be ob- 
served by using surface electrodes. Usually, when using 
surface elechumyographic techniques, the measurement 
and mmding of the myoelecnic activity of skeleral mus- 
cle as a whole is more appropriate. Ihe myoelecaic signal 
is the tempnral and sptial summation of all active motor 
units within the recording area of the electrodes (Figure 
2-13). 'Ibe amplitude range for the myoelectric signal is 
from 0.01 to 5 mV. 
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with a high concentration of mitochondria and an ex- high contraction velocities. Twitch contraction times of 
cellent blood supply, use aerobic metabolism almost ex- 40 to 84 msec and contraction velocities of 6 fiber 
clusively. These slow twitch fibers are well suited for sus- lengthslsec have been ~eported.'~,~'." The FF motor 
tained muscle contractions. units have a contraction threshold of above 30% twitch 

tension. They fire intermittently at high rates for short The intermediate typeIIA' Or FOG' are pale' intervals and are well suited for shortduration powerful fast twitch fibers having comi&hle capacity for aerobic isome@ic, or eccentric contractions, There metabolism. They have a reasonable concentration of 
is a positive relationship between power output and 

mitochondria and capillaries making them suitable for percentage of fast twitch glycolytic fibers.24 The peak sustained phasic activity. power output of FOG fibers, in fact, has been reported 
The type IIB, or FG, fibers are white or fast twitch as fourfold that of SO fibers, as a result of shortening 

fibers with a hieh ca~acitv for anaerobic dvcolvsis and . < 

a low capacity k r  aerobic metabolism. TI& h h e  a low . - 
concentration of mitochondria and a poor capillary bed 
giving them a low resistance to fatigue. These fibers pro- Recruitment and Rate Coding 
bably are best suited for short term phasic activity: 

Type IIA (FOG) and IIB (FG) muscle fibers are in- 
nervated by alpha motor neurons with fast conduction 
velocities. Type I (SO) fibers are innervated by slower 
conducting alpha motor neurons. The same type of mus- 
cle fibers congregate to form homogeneous motor 
~ n i t s . ~ . ' ~  We, therefore, can speak of and functionally 
describe fast twitch motor units and slow twitch motor 
nnitc 19 

Humans are capable of performing motor tasks that 
require muscles to generate a wide variety of force levels. 
These forces range from those required for the precise 
and delicate movements of a watchmaker to those in- 
volved in heavy lifting activities. A muscle is capable of 
adjusting its tension output to meet the demands of various 
types of tasks by the interaction of two physiologic 
mechanisms: recruitment and rate coding. Recruitment 
is when inactive motor units are activated initially as de- 
mand is increased for more tension output from the mus- 

Burke classified motor units as S (slow twitch) con- cle. Rate codine isdcfined as an increase in the freuuen- - 
taining type I (SO) muscle fibers, FR (fast twitch, fatigue cy of discharge of active motor units when increased ef- 
resistant) motor units containing type IIA (FOG) muscle fort is required. Although minimum and maximum 
fibers, and FF (fast twitch, fatigable) units containing type discharge rates of motor units probably differ among 
IIB (FG) muscle fibers. Motor unit classification is more muscles, 5 to 50 discharges per second have been 
functional and useful in ergonomics than muscle fiber reported in the literature.26.27 
classifications. 

The slow twitch motor units (S) have distinctive 
characteristics that differentiate them from the other two 
types of motor units. The S motor unit has low conduc- 
tion velocity, long twitch conhaction times, and low con- 
traction velocity. Twitch contraction times of 90 to 160 
msec and contraction velocities of 2 fiber lengthslsec have 
been reported.1s21 Slow twitch motor units have a low 
contraction threshold of below 30% of twitch tension. 
They can fire continuously for long periods at relatively 
low frequencies. This ability makes the S motor unit par- 
ticularly well suited and economical for both low-level 
isometric, concentric, and m n h i c  contractions that oc- 
cur repetitively at low f r e q u e n ~ i e s . 2 ~ ~ ~ ~  

The fast twitch, fatigue resistant (FR) motor units 
have a high conduction velocity and short twitch contrac- 
tion time. The FR motor units have a low contraction 
threshold and, for the most pan, are recruited with the 
slow twitch motor units. The FR units exhibit a greater 
resistance to fatigue and produce less tetanic force than 
FF motor units.'9,20.23 

Numerous questions exist about the role recruitment 
and rate coding play in adjusting the tension output of a 
muscle. Some investigators emphasize rate coding as the 
predominate m e c h a n i ~ m ? ~ - ~  Other investigators con- 
sider recruitment to be the predominate mechanism. The 
data on which arguments are based have been obtained 
by observing motor unit discharges during slowly vary- 
ing muscle contractions. Many questions about the role 
of these physiologic mechanisms are unanswered. Ad- 
ditionally, extrapolating what is known to faster move- 
ments must be done cautiously. A reasonable hypothesis, 
however, can be formulated that may help in understan- 
ding EMG. 

There is evidence under certain circumstances that 
motor units are recruited and derecruited in 0rder.~'.32 
The small, slow, fatigue resistant motor units (S) are 
recruited first. These units appear to be best suited for 
postural functions and finely graded movements. The 
larger, faster, fatiguable motor units (FF) are recruited 
last and appear best suited for movements that are rapid 
and wwerful. Each time a muscle contraction is rexated. 

The fast twitch, fatigable (FF) motor units have high a motor unit is recruited at a similar force threshold fi; 
conduction velocities, short twitch contraction times and each contraction. 
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MOTOR UNIT ACTION POTENTIAL MUSCLE MECHANICS 

muscle fiber ---' 

h(t) 'I lL 

FIGURE 2-11 
Schematic representation of the generation of the motor unit ac- 
tion potential. 

Rrpnnred with permission from Basmojim JV,  Debra U: 
M u c k s  Alive. 7hPir FunCnOns h a l e d  b v E k n r ~ l l ~ ~ m w h v .  

The minimum amount of tension that can be exerted 
on a tendon is the result of a twitch contraction from the 
muscle fibers of a motor unit. As the muscle's force re- 
quirement increases above the unit's force level, its fir- 
ing frequency increases. As the demand for force further 
increases, additional motor units are recruited. Each of 
these units, however, may be producing a twitch contrac- 
tion because the asynchronous firing of all the units their 
twitches summate to oroduce a smooth DUU on the mus- 
cle's tendon. 

At the lower force levels there is a strong interaction 
between rate coding and recruitment. At very high force 
levels, all the motor units are recruited before 100% of 
maximum contraction is reached.29." The additional 
force required above the force threshold of the last motor 
unit recruited, therefore, is a result of increased frequen- 
cies of firing of already activated motor units. 

The mechanics of muscle is concerned with the ten- 
sion created in a contraction and the factors that affect 
the level of tension. This section briefly describes some 
of the most important factors affecting muscle tension. 
Only the mechanics and their physiologic basis are 
discussed. The relationship between these factors and the 
EMG signal is considered in greater derail in Chapter 6. 

Architecture of Muscle 
The arrangement of the fibers within the muscle help 

determine that muscle's function. To understand the rela- 
tionship between architecture and function, two 
hypotheses must be accepted. First, a muscle fiber can 
shorten to about 60% of its resting length. Second, the 
force a muscle is capable of generating is related direct- 
ly to its physiological cmss sectional area. 

Muscle fibers and fasciculi of a muscle can be ar- 
ranged either parallel or at an angle to the long axis of 
a muscle. Where the fasciculi are arranged parallel to the 
muscle's long axis, the muscle takes full advantage of the 
shortening capability of the sarcomeres. Because a mus- 
cle's maximum displacement is proportional to fiber 
length or the number of sarcomeres in series, muscles 
with this type of architecture are found across joints with 
great ranges of motion. Examples of this type of muscle 
are the fusiform and strap muscle (Figure 2-15A,B). A 
strap muscle, such as the sartorius, almost has no tendon 
and yields the greatest range, because its entire length is 
composed of contractile tissue. A fusiform muscle, such 
as the brachioradialis, has tapered ends terminating in ten- 
dons. This type of muscle does not produce the same 
range of motion in accord with its overall muscle length 
because the tendon reduces the contractile portion of the 
muscle. 

When two or three fusiform shaped muscle bellies 
attach to the same tendon, the muscle is called bicipital 
or tricipital (Figure 2-15C,D). Examples of muscles of 
this type are the biceps brachii and triceps brachii. The 
characteristics of bicipital muscles are the same as for the 
fusiform muscles. The triangular muscles (eg, gluteus 
medius) have fasciculi that are arranged at a slight angle 
to the long axis of the muscles because of a wide origin 
and a narrow tendon insertion. Their characteristics are 
also similar to fusiform. 

Muscles with their fasciculi arranged obliquely to the 
direction of pull or long axis of the muscle resemble a 
feather. They, therefore, are called penniform muscles. 
Their fiber arrangement corresponds to the barbs of the 
feather; their tendons correspond to the feather's quill. 
A unipennate muscle resembles one half of a feather 
(Figure 2-15E). Examples of this type of muscle are me 



FIGURE 2-U 
vidual motor units recorded by h e  wire electmdes. Scales as shown in the figure per division on oscilloscope. 

FIGURE 2-13 
Sample surf- EMG remrdings. Scales as shown per division as on the oscilloscope screen 



Photomicrograph of a transverse sectioo of skeletal musde stab 
ed for the enzyme succinic dehydrogenase, which resides in 
mitochoodria.lhreecategoriesof6bresarerecognizable:d 
redlibersrichinmitochondria,~yananrltheperiphery; 
lame white fibers with relativelv few mitochondria: and fibers 

Reprinrcd with pennissionfmm B h m  W, F m e n  DW: Ta- 
rbwlqfffiidogy. d10. Phikufelphia. PA, WBSuwde~s  Co, 
1975. Figuns 11-14, p 302. 

flexor pollicus longus and semimnlbranosus. 'Ibe bipen- 
muscle resembles a complete feather (Figure 2-15F). The 
rectus femoris and d o r d  interossei muscles exemplify 
a bipennate fiber arrangement. A multipennate muscle 
such as the deltoid is one that has many groups of bipen- 
nate fasciculi attached to many intermuscular tendons 
(Figure 2-15G). 

Because the length of the muscle fibers and direction 
of pull determine the range of motion of a muscle, the 
fusiform-type muscle yields a much greater range than 
a pennate muscle. The length of the fiber has little effect 
on maximum tension. The force a muscle can generate, 
however, is directly proportional to its physiologic cross- 
sectional area." The penniform type muscles have more 
fibers per unit area than the fusiform; therefore, they 

generate more force dun the fusiform muscles. Fusiform 
muscles thus pmvide greater range of motion at the ex- 
pense of force production, whereas pennate muscles pro- 
duce greater forces through less range of motion. 

Length-Tension Relationship 
Two basic wmponents of the muscle are responsi- 

ble for producing the relationship between tension and 
length. The active component is the muscle tension pro- 
duced by the contrade process; the passive component 
is the tension produced by the w ~ e c t i v e  tissue sumun- 
ding the muscle fibers. The sum of the active and passive 
tensions equals the total tension generated by a muscle 
contraction. 

The length of muscle has an effect on both active and 
passive tension. Figure 2-16 graphically demonstrates the 
relative effect of length changes. The resting length of 
a muscle is defined as 100% of muscle length. The 
passive tension produced (Curve 1) monotonically in- 
creases from resting length. The active tension ( C w e  
2) is maximal at the resting length and decreases with 
either lengthening or shortening. Curve 3 is the sum of 
these two components. 

The maximum muscle tension attainable in a 
physiologic range of motion is found at about 125% of 
resting length. This length wincides with the length of 
the muscle when the joint is in a relaxed position.13 
These length-tension relationships have been reported in 
isolated muscle fibers34 and in whole muscle 
preparations.3c37 

Until 1966, investigators were unable to relate ac- 
tive tension to specifics of the contractile process. Gor- 
don er a1 postulated, from data obtained by evaluating the 
sarwmeres of single muscle fibers of the frog, that length 
changes involve the interaction of actin and m y ~ s i n . ~  
In shortened muscle, the actin filaments overlap in a man- 
ner that decreases the number of sites in which myosin 
can combine with actin. The fewer actin biding sites 
available, the less tension developed. In a lengthened 
muscle, there also are fewer sites at which myosin can 
combine with actin; therefore, less tension is produced. 
(See H u ~ l e y ~ ~  for a discussion of the sliding filament 
theory). 

Velocity-Tension Relationship 
The contraction velocity of a muscle also has an ef- 

fect on the tension produced." The general shape of the 
relationship between tension and the velocity of shorten- 
ing is presented in Figure 2-17. Note that the muscle 
responds differently for lengthening (eccentric) and 
shortening (cuncentric) mnnactiw. In concentric mus- 
cle contractions, as the speed of shortening increases, the 
maximum tension that a muscle can produce decreases. 
At Po in the figure, there is zero velocity; thus, an 
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FIGURE 2-15 
Illustration of the variety of shapes and fiber arrangements of muscles 

Reprinted withpennissionfrom H a U - c ~ g g ~  ECB: Anarmy As a Basis for Clinical Medicine. Baltimore, MD, Ur- 
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FIGURE 2-18 
Srmischematic three-dirncnsional representation of inlcrrelationship &an length, tension, and velocity. Based 
00 dala fm aracilis muscle of ral at approximately 16O C. Isometric length-tension diagram f o m  the base of 
the figure in t& lengthwnsion plane. FO&-velocilj curve at initial lengm-L is given as a heavy wntinnws line 
with its own velocity-lengtb axes. The foot on velocity-length n w e  at sho~? lengths and small loads is saapolated 
beyond experiment4 data in order lo meel isometric length-tension diagram. Other force-velocity and velocity- 
lmgm~arrsboambybrokmLinslosuggstawahlreofsurface.'Ibenisa$mily ofsuchthrrcduneoslooal . . 
figures, depending on available chemical emrgy fo~ wnwction. 

Reprinted wirh pennissionfmnr Zierkr KL: MecfiMirm ofmurck nmmrcr'on and its energmmu. In: Mowu&k 
VB (ed): Medid  Phsyiobgy. ed 12. Sf. Iwis, MO, C V Mosby Co. 1968. vol2. p 1141. 

isometric contraction OCCUIS. In eccentric contractions, 
as the speed of lengthening increases, the maximum ten- 
sion a muscle produces increases. 

In dynamic movements, the effects of length and 
velocity combine to have dramatic effects on the active 
tension output of muscle. A  summa^^ of these relation- 
ship is well described by Figure 2-18, taken from 
Zierler." The plot shows the interaction of length, 
velocity, and tension for shortening contractions. 

SUMMARY 
In this chapter, anatomical, physiologic, and 

mechanical come@s basic to understanding surface elec- 
tromyography are presented. Specific topics discussed 
are anatomy of skeletal muscle, origin of the elec- 
humyographic signal, functional coasideratim of motor 

units, and mechanics of muscle. 

The contractile unit of muscle is the sarcomere. 
Many -meres placed end to end form a myofibril. 
M ~ I &  myofibrils wrapped in the sarcolemma m&e up a 
muscle fiber. The major types of muscle fibers are 
Tvoe I (SO) slow twitch oxidative. TvDe IIA (FOG) fast 
&itch bxidative, and Type IIB & ~ j  fast &itch'.gly- 
wlytic. The musde fibers are bundled together by con- 
nective tissue to form fasciculi; group of fasciculi make 
up a muscle. Co~ec t ive  tissue provides a means for the 
muscle fibers to be attached to each other and to bone. 

The inside of a muscle fiber has a resting membrane 
potential of approximately -80 mV with respect to the 
outside. The polarized muscle fiber remains in 
eqdibrium until upset by a stimulus. The stimulus causes 



a rapid depolarization followed by a repolarization that 
can be measured; it is called the action potential. The 
spatial and temporal summation of the action potentials 
from the homogenous muscle fibers of a motor unit form 
the typical biphasic or triphasic wave shapes of a single 
motor unit action potential. When surface electrode 
techniques are used, the myoelectric activity recorded 
represents the spatial and temporal summation of many 
motor unit action potentials. 

A group of homogenous muscle fiber types inner- 
vated by a single axon is called a motor unit. Three types 
of motor unit are recognized. Slow twitch motor units (S) 
can fire continuously for long periods at low frequencies. 
Fast twitch fatigue resistant (FR) motor units produce 
more force than slow twitch motor units but cannot fire 
continuously for long periods of time. The fast twitch 
fatigable motor units (FF) produce the greatest force but 
for very short periods 

The actual force and velocity of movement is con- 
trolled by motor unit recruitment and rate coding. Slow 
twitch motor units are recruited first and the fast twitch 
fatigable units are recruited only when rapid powerful 
movements are required. Each time a contraction is 
repeated, a particular motor unit is recruited at the same 
force level. At high force levels after all motor units have 
been recruited, additional force is created by increasing 
the firing frequencies of the motor units. 

The tension created by a muscle contraction also 
depends on the geometric arrangement of muscle fibers, 
the length of the muscle, and the velocity of contraction. 
Muscles with their fibers parallel to their tendon tend to 
produce greater range of movement, whereas muscles 
with their fibers placed at an angle to their tendon tend 
to produce greater force per unit area. A muscle produces 
the maximum amount of tension when it is lengthened 
slightly beyond resting length. In concentric muscle con- 
tractions, the tension a muscle can produce decreases as 
shortening velocity increases. In eccentric muscle con- 
tractions, the maximum tension a muscle can produce in- 
creases as the speed of lengthening increases. 
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RECORDING TECHNIQUES 
Gary L. Soderberg, PhD, PT 

INTRODUCTION 
This chapter will present fundamentals of recording 

EMG data durine activities of interest to the ereonomist - - 
or in the setting where ergonomic activities are per- 
formed. Each subheading will discuss important factors 
for applications of surface electromyographic (EMG) 
techniques relative to ergonomics. Details of fine wire 
techniques are located in Appendix C. 

ELECTRODE SELECTION 
A wide variety of electrodes are available for recor- 

ding muscle action potentials. Although specialized 
microelectrodes, laser etched electrodes, and diagnostic 
type needles are available for use, none of these techni- 
ques are practical for use of EMG in  ergonomic^.^ The 
two varieties most frequently encountered and of the 
greatest practicality and applicability are surface and fine 
wire electmdes. Surface electrodes are of various types, 
usually comprising a disk composed of silver-silver 
chloride (Figure 3-1). The size of these circular shaped 
disks varies from 1 mm to about 5 mm in diameter. Most 
freauentlv. these disks are encircled bv a teflon or other 
s& &&rial that also serves as a mechanism to affix 
the electrode to the skin surface. In some cases, the elec- 
trodes have been mounted into a lightweight housing mn- 
raining instrumentation that will amplify the sigdclose 
to the site of the electrode ~ickuo Noieure 3-2). Althoueh 

A .  - 
it is possible to produce e l k  for recording of EM% 
data by locating common solder on the end of the wire, 
this practice should be avoided. In some cases, elec- 
homyographers have used suction type elexmdes, but 
this is an uncommon practice. The National Aemnautic 
and Space Administration has developed a spray-on elec- 
trcde with a wire incorporated during the drying process, 
best for long term moni to~g .  This technology general- 
ly is not available nor particularly necessary. 

WhichtypeofelectrodetobeusedforsurfaceEMG 
depends on the purpose of the study of muscle function 
during performance. Although surface electrodes wiU 
provide a more general representation of muscle activi- 
ty, limitations exist as to their ability to record the per- 
formance of small muscles or muscles located more deep 
ly in the body. If information is required on the function 
of specific or deep musculature theh fine wire electrodes 
should be selected for use. This selection is also ream- ~ ~ 

mended if there is interest in studying specific mo& k t  
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properties. Otherwise, for temporal, force, or fatigue 
relationships, surface EMG generally is satisfactory. 

Advantages and Disadvantages 
All of the available surface electrode techniques have 

advantages and disadvantages. Although the~primary 
choice of el& to be used in anv collection of EMG 
information is dependent on the pvpbse of the sbldy, con- 
sideration s h d d  also be given m technical feasibility and 
ease of use. 

One advantage of the surface technique is that the 
electrodes are readily obtainable or made. They also of- 
fer the ergonomist many conveniences in terms of relative 
ease of application and lessened discomfort to the subject. 
The discomfort factor, however, may be significant in 
that where less than optimal instrumentation 
characteristics exist, skin-electrode preparation may 
create considerable subject discomfort. 

Among the disadvantages for surface electrodes are 
that the electdes are not selective to a specific area. That 
is, the pickup area from muscle is rather generalized. Fur- 
ther, they lackany ability of the user to determine the ac- 
tivity from muscles situated at a depm within a given body 
part. The general rule of thumb, however, is that the 
smaller the muscle from which the recording is made, the 
smaller should be the electrodes. It is not surprising, 
therefore, that electrode sizes down to 2 to 3 m a r e  used 
for some of the smaller muscles. An additional disadvan- 
tage is that muscle will move under the skin, thereby 
creating different volumes of muscle tissue from which 
the electrode is recording. As Basmajian has noted, 
substantial progress can be made with skin electrodes in 
such uncomplicated general investigations, but their 
mutine continued use should be a~o ided .~  This wn- 
demns the exclusive use of surface electrodes in any cir- 
cumstance where scientific precision is desirable. 

An additional disadvantage associated with surface 
electrodes is the difficulty they present in determining 
from which muscle the activity is beiig generated 
This leads to the issue of cross talk. which raises mes- 
tions as to the validity of recordings. How, in fact: can 
the electromyographer be sure that the recording is from 
the muscle of interest? Although efforts have been made 
to quantify and determine the effect of cross talk, there 
is no established or easy way for surface EMG to 



FIGURE 3-1 
Standard Beckman surface electrodes (lower right), electrodes with snap on collars and larger diameter pickup area 
(uooer rieht) and Wo views of a silver-silver chloride adhesive disk that can be connected to amplifier with a clip 

Three views of a surface electrode with preamplification circuiuy included. Dimensions are 33 mm by 17 mm by 
10 mm. Doublesided adhesive washer is shown in the upper right. 

Reprinted with permission from Soderberg GL and Cwk TM: Elecrromyography in biomechanics. Phys lher 
64:1813-1820, 1984. 



eliminate this problem. Some have used functional tests 
to establish if cross talk occurs between muscles that per- 
form different functions. By using manual resistive 
techniques for testing isolated motions and observing the 
display of the EMG signal from all muscles, el=- 
tromyographers may get assistance in determining 
whether eleenical activity is beiig recorded simul- 
taneously or by each individual muscle. One specific ex- 
ample may be cited for the gastrocnemius and soleus 
muscles. Eleftrodes can be applied over each muscle and 
the selectivity of the electrode can be demonstrated dur- 
ing knee flexion performed against manual resistance. If 
the electrodes are applied correctly, such contraction 
should show high gastrocllemius aclivity and little, if any, 
activity from the soleus muscle. 

Others have developed and tested models related to 
cross talk.6 This work has resulted in the recommenda- 
tion that calculation of the crossamelation function be 
used to determine the presence of cross talk. In most 
cases, however, the ergommists using EMG would most 
probably be interested in generalized activity from a mus- 
cle or muscle group, to make inferences about the activity 
performed. Although cross talk is a factor to consider in 
using EMG, the practical implications thus may be 
minimal. A section of Chapter 6 discusses this issue fur- 
ther. Some ergonomists have gone to the selectivity of 
the fine wire technique to at least help minimize the pro- 
blem of cross talk. 

LOCATION 
Despite the relatively long-term use of EMG by in- 

vestigators in a wide variety of disciplines, little infor- 
mation is available in the literature as to the preferred 
location of electrode sites. Obviously, for fine wire work 
the elecnode is placed directly in the muscle belly of the 
muscle of interest. In these cases, similar criteria as used 
for diagnostic EMG are acceptable (Figure 3-3). For sur- 
face electromyography, however, the decision as to 
where to put the electrode is much less clear. Some have 
advocated the use of the site where the muscle can be the 
most easily stimulated (motor point) as where the max- 
imum amplitude of potentials will be located. Basmajian 
and Dehca, however, state that this location will not 
yield the greatest signal amplitude.' Rather, they sug- 
gest an interdeteetionaurteee4 spacing of 1 cm for sur- 
face electrodes. 

Some electromyographers have suggested specific 
anatomic locations for electrode locations (Figure 3 4  A- 
F).8 More recently other locations have been specified 
(Table 3- 1. F i w  3-5 A-PL9 The latter fieures. for all 
but two ukc&.s, include'a mechanism n o d e  
placement based on the body dimensions. This 
mechanism, therefore, would be an acceptable technique 

in ergonomic applications. 

.Among the original investigators of the effect of skin 
electrode position on EMG potentials were Zuniga et 
al.1° They evaluated both unipolar and monopolar re- 
cordings and were able to identify locations of greatest 
EMG output (Figure 3-6). They also evaluated the rela- 
tionship between the amplitude of the average EMG 
potential and alongitudinal bipolar electmdeposition in 
units of equal distances between the centers of various 
bipolar electrodes (Figure 3-7). This work on the biceps 
brachi was followed by the work of Kramer et al, who 
produced plots of recordings over the muscle midpoint 
and two other symmetrical positions (Figure 3-8)." 
Other plots are available fromthe work by Kramer et al, 
but little additional information is provided. Work has 
also been completed by Jonsson and Reichmann on 
multiple-site insertion of fine wire elecnodes in back 
muxdaOm, but no optimal locations were identified.u 
In an attempt to determine the effects of contraction in- 
tensity and joint angle, Scderberg et al produced results 
for hamstring and erector spinae m-e for surface. 
electrodes with a 6 x 4  interelectrode distance of 8 
mm." A study of Figure 3-9 shows how these variables 
affect the EMG output. 

With consideration given to issues of signal-to-noise 
ratio, stabiity (reliabiity and cross talk), and a presen- 
tation of selected data relative to EMG output, Basma- 
jian and D e b  state that the preferred location of an 
electrode is in the region of halfway between the center 
of the innervation zone and the funher tendon.' More 
specific guidelines have been provided by Loeb and 
Gans.ls They state that the considerations given to the 
electrophysiological system from which we are recording 
allows them to make several recommeodatiom regarding 
electrode dimensions and placement. These include the 
following: 

1. Electrode contacts should lie parallel to the mus- 
cle fibers and not across them. 

2. Given the duration of the electrical events and the 
velocity of conduction, the elecnode center-to- 
center separation should be between 2 to 10 mm. 
Caution is provided that there may be differences 
indistalversusproximalfibe.rs.Noteshouldals0 
bemadethatthedistancesaresmallbemusetkse 
workers use implanted electrodes in an animal 
population. 

3. Recording contacts should be as large as feasible, 
meaning that one linear dimension should be at 
least equal to about half the distance between the 
pair of electrodes. l l e y  caution that reducing 
contact dimemiom below half the distamp b e  
tween their (electrode) centers adds only to 
nuke and unduly b i i  the reeordh@ by am- 
centraljng on the signals from a few fibers that 



TABLE 3-1 
LEAD PLACEMENTS AND FUNCTION CHECKS FOR VARIOUS MUSCLES.' 

No. Muscle Posture Lead line Central lead point Function check Comments  NO.^ 

I. M. epicranius pars Looking straight ahead Horizontal line 3 cm Electrode placement: Raising the eyebrows 1 , 2 , 4 ,  6 , 9  
frontalis above the eyebrows intersections of the lead 

line and the veRical 
lines through the pupils 

2. M. sterno-cleido- Head turned slightly 1. Mastoid process 113 LLL from the Turning the head to the 4,  6 
mastoideus toward the opposite 2. Suprasternal notch mastoid process opposite side 

side 

3. M. trapezius pars Head turned slightly 1. Acromion 112 LLL Lifting the shoulder 4, 6, 8 
descendens toward the opposite 2. Spine of the 7th 

side cervical vertebrae 

4. M. deltoideus pars Sitting or standing; 1. Acromion 114 LLL from the Raising the arm 4 , 6  
acromialis arm limp 2. Lateral epicondyle acromion sideways 

of the humerus 

5. M. deltoideus pars Sitting or  standing; Subsidiary line: Subsidiary point: Raising the arm 4, 6 
clavicularis arm limp I. Acmmion 115 SLL from the forward 

2. Suprasternal notch acromion 
Lead line: Central lead point: 
I. Subsidiary point 115 LLL from the 
2. Lateral epicondyle subsidiary point 

of the humerus 

6. M. biceps brachii Sitting or standing; 1. Acromion 113 LLL from the Flexing the forearm 4,7 
upper arm vertical; 2. Tendon of the cubital fossa against an external 
forearm horizontal; biceps muscle in the resistance 
palm upward cubital fossa 

7. Triceps brachii Sitting or standing; 1. Acromion 113 LLL from the Extending the elbow 4, 7 
arm limp 2. Olecranon olecranon joint 

8. M. flexor digitorum Sitting; forearm on a 1. Medial epicondyle 114 LLL from the Flexing the fingers 4, 7, 10, l l 
superficialis table; elbow slightly of the humerus epicondyle against an external 

turned inward; palm 2. Skin fold at the resistance 
upward wrist 

9 .  M. extensor digitorum Sitting; upper arm 1. Lateral epicondyle 114 LLL from the Extending the elbow 4, 7 
communis abducted laterally; of the humerus nlecranon joint 

forearm on a table; 2. Midpoint between 
palm downward the styloid processes 

of radius and the ulna 

10. M. extensor carpi See No. 9 1. Midpoint between 113 LLL from midpoint Abducting the hand 3, 4, 7, 10, 15 
N 
.I ulnaris the lateral epicon- sideward toward the 

dyle of the humerus ulna 
and the olecranon 

2. Styloid process of 
the ulna 



TABLE 3-1 (continued) 

No. Muscle Posture Lead line Central lead point Function check Comments  NO.^ 

M. pronator quadratus See No. 8 Parallel line 2.5 cm 
proximal from the 
skinfold at the wrist 

Point of intersection of 
the lead line and the 
tendon of palmaris 
longus muscle 

112 LLL 

Pronating the right 1, 5,7,  10,13 
hand counterclockwise 
or the let7 hand 
clockwise 

Sitting; forearm on a 
table; thumb and index 
finger extended 
forming a V 

I. VertcxoftheV 
2. Basal joint of the 

index finger 

Squeezing the thumb 1, 5 , 6  
and the index finger 
together 

M. interosseus 
dorsalis I 

M, erector spinae 
(ttunci) 

Standing erect Parallel line to the 
spinal column on the 
crest of the erector 
muscle 

116 of the distance 
from the iliac crest to 
the spine of the 7th 
cervical vertebra above 
the iliac crest 

Stooping with a 4, 6, 8, 14 
straight back 

Standing 1. Anterior superior 
spine.of the pelvis 

2. Medial gap of the 
knee joint 

115 LLL from the knee 
gap 

Extending the knee 3. 4, 7 
joint 

I. Lower margin of 
the patella 

2. Lateral ankle 

113 LLL from the 
patella 

Standing on the heels 3, 4.7, 15 M. tibialis anterior Standing 

1. Head of the fibula 
2. Heel 

I13 LLL from the head 
of the fibula 

Standing on the toes % 4 ,  7 M. gastrocnemius Standing 

'In ma81 lnaunces, the lad line is given in term8 of Its end point. LLL: l u d  line length; SLL: subsidiary llne length. 
bcommenta: 

I .  S d l  elsnmda m mqulred. 
2. Skin-tlnted electrode cases should be u d .  
3. Sbvl% m y  be necesury. 
4. Electrode Mchment: Adhesive washen. 
5. Elsctrodc attachment Collodion. 
6. Elsctrode attachment should be ascurd with elastic ulhrive uw. 
7. eleft- attachment should bo wud with circu\ar e\astic 14 adhesive bandqes. 
8. Interference from the ECO cm be reduced by a change of aides or by muting the lud line about the centnl tud poia. 
9. lnMrferenm from the BOO and the EEO can be reduced by a hiph-pa fllar wnh a bruk point of 20 Hz. Eye blink mifacts can be minimized by aslightly shiftmg one of the electrodes. 

10. Cmsulk from other forurm mulcla will occur. 
I I. The slnnrla of the ilnner flexor muscle am weak alnce other musclea are nutmrlmponed. Different portions of the mu8cle attached to the different fingers can be ~elecled by shifting the or 

lion oithe lard llne either to the thenrr or the hywthenrr eminence. The flkl maltion nhould be conflnned by ~ l ~ t i o n  whlle movinn the flnner under study. 
12. Dlllorent poniona of the m u ~ l e ~  beloqinl to 6; dinerent finpars can ba neiided by a h l n i q  the orienutionoide line eather to&d lhiulnrr or the ;dial styloid. The final poaiti 

8hould be mnnnned by plptlon whlle moving the flnger under study. 
13. The tendon become8 pmmlnenl 11 be pllm ia amngty cupped If Le tendon Is sbnnt, extend the skin fold of the plm (Linu stomach~ca). The electrodes should not be atuched over the 

tendons. 
14. Lrpa nooplng movementn Impow wnaiderable atrain on the uuchmont and may caune failure. A horironul or oblique orientation of the adhesive u p  will reduce the smin. The diffelr 

mywlsnric activltlea between the alden may amount to a 3:l for equal loldlng (Ormneveld 1976). 
15. Thln kdy  nlte exhlblta very hlgh nkln impdance(Almnl and Schmln 1970). 



SUPRASPINA TUS 

FIGURE 3-3 
Examples of suggested needle insertion sites for muscles a) 
supraspinatus and b) soleus. 

Reproduced by permisswnpom Dehg i  EF, Pemno A, I m -  
ti 3, et d: Anatom'c Guide for the EIectromyographer. 
Springfield, IL, CharIes C. lltomas, Publisher, 1975. 

may he lying right on top of one small contact. 
4. Bipolar recording contacts should be as similar 

as possible in sue, and impedance. 
5. Specific rules apply to the selective recording or 

rejection of electrical potentials.15 

In view of the Limited availability of information as 
to optimal electrode positions, electromyographers are 
required either to locate the best anatomical position or 
to use the work of previous investigators to justify their 
elecaode locations. That more numerous descriptions for 
electrode locations do not appear in the scientific or ap- 
plied literature is surprising. 

No matter the electrode location, numerous tech- 
niques are available to validate or verify the electrode 
location. In the case of the fine wire technique, some elec- 
tromyographers have used stimulation through the im- 
planted wires to determine if the appropriate muscle con- 
tracts. The contraction usually is determined on a sub- 
jective or clinical basis. Many others have used standard- 
ized manual muscle testing procedures to help determine 
if the muscle of interest is heiig activated during the given 
contraction. However, a limitation is that isolation of any 
given muscle cannot he guaranteed. Because local mus- 
cle or nerve blocks are not practical, techniques of valida- 
tion and verification of the optimal location for surface 
electrodes are less than scientifically desirable. 

THE ELECTRODE AS TRANSDUCER 
The chemical electrode transducer is the means by 

which muscle activity may he detected. A great variety 
of electrodes are used in EMG but common to all elec- 
trodeSis a metal-electrolyte interface.' The electrode is 
formed of metal, and the electrolyte may he an elec- 
trolytic solution or paste, as used with surface electrodes, 
or the tissue fluids in contact with the embedded elec- 
trode. It is at the site of the electrode-electrolyte inter- 
face that an exchange occurs hetween the ionic current 
of the various tissue media and the electron current flow 
of recording instrumentation. The quality of an electrode 
as a transducing element depends on the ability of the in- 
terface to exchange ions for electrons and vice versa, with 
equal ease, thus preventing the formation of a charge gra- 
dient at the electrode-electrolyte interface. 

ELECTRICAL PROPERTIES OF THE 
ELECTRODEELECTROLYTE 
INTERFACE 

The ideal characteristics of the nonpolarizable 
electrode-electrolyte interface are not realized in prac- 
tical electrode systems. The charge gradient, or "elec- 
trode double layer" as it is known, exhibits undesirable 
electrical properties. Although these properties may be 



modeled as combinations of resistance, capacitance and 
a direct current potential, their magnitude is unique to 
each electrode application. The electrode metal, its area, 
the electrolyte, the current density, and the frequency of 
current are all factors that iniluence the mapihlde of the 
im~edance.'~ The frmencv de~endence of the elec- 
&lectro~yte impedslce,ytedecr;tasing with increasing 
frequency, attenuates lower frequency components of the 
detected EMG to a greater extent than higher frequency 
components. This action is typical of a class of electronic 
filters termed high-pass filters. Although the impedance- 
fresuency transfer characteristic of a particular electmde- 
electrolyte combination is difficult to predict, the elec- 
trode W o n  surface area is a key variable in determin- 
ing the magnitude of the electrode impedance. As il- 
lustrated in Figure 3-10, an increase in the surface area 
of an electrode type resulted in a decrease in electrode 
impedance. 

THE BIPOLAR ELECTRODE 
CONFIGURATION 

Electromyopphic detection electrodes are used 
nearly always in a bipolar configuration. In the bipolar 
electrode configuration, two electrodes are used at the 
detection site and a third common-mode reference, or 
p u n d  electrode, is placed distally in a neu&al electrical 
environment. This arrangement of electrodes is dictated 
by the use of a differential preamplifier as the means of 
signal amplification. The differential preamplifier in- 
creases the amplitude of the difference signal between 
each of the detecting electrodes and the common mode 
reference. Signals that are common to born -on elec- 
trode sites are termed common mode signals and produce 
a nearly zero preamplifier output. This desirable 
characteristic of differential preamplifiers significantly 
impmves the signal-twnoise &o of the measukment and 
allows the detection of low level EMG ootentials in wisv 
environments. (See Chapter 4 for greater details.) 

- 
The sizable benefits of the bipolar electrode con- 

figuration are achiexed at some c0st.h undes'ile side- 
effect to this arraneement is the role the differential 
amplifier plays as ba&pass filter. 'lie filtering action oc- 
curs as a result of the differences in the time of arrival 
of the signal at each detection site. Because the differen- 
tial amplifier amplifies only the difference in potential at 
each electrode, a signal frequency whose wavelength is 
equal to the interelectrode distance or is an integer multi- 
ple of that frequency would be cancelled. Figure 3-11 
illustrates the bandpass response. Signals whose wave- 
lengths are equal to double the interelectrode distance are 
passed without attenuation. It should be evident that the 
larger the electrode spacing, the Lower the frequency at 
which the first null occurs. Consequently, the bandpass 
filtering effect is of more concern for surface elecwdes. 

RELIABILITY AND VALIDITY 
The complexity of the detected EMG should not be 

understated. A brief review of the factors known to ef- 
fect the signal information content is illustrative. These 
factors are discussed in greater detail in Chapter 4 and 
listed in Chapter 4, Table 4-1. The detected waveform, 
thus, is representative of many intluencing and often con- 
flicting factors. It should reasonably be considered a 
limited view of the phenomena, as if one were viewing 
a distant scene with unfocused bioculars. 

Considering the sheer number of factors influencing 
the information content of the detected EMG, it is pru- 
dent to question the reliability of information obtained. 
Fortunately, many of the factors can be controlled, par- 
ticularly if surface electrodes are used. The size and type 
of the electrode, the prepamtion of the recording site, the 
interelectrode spacing, and the standardized location of 
e1echude.s relative to anatomical landmarks, are all fac- 
tors that may he controlled to improve the reliabiity of 
the measure. Anatomical variation within and between 
sexes and motivational inconsistency are more difficult 
to assess and control. 

The reliability of each available method is an impor- 
tant factor in investigating muscle function. In general, 
acmss channel (muscle) wmparisons are precluded be- 
cause of differences in insbumentation and constituen- 
cies of body tissues from one recording area to another. 
Further, between subject wmparisons are precluded on 
the hasis of individual differences and subcutaneous fat, 
muscle geometry, and other variances. In virmally all in- 
stances, therefore, a normalization process should be 
completed to allow for comparisons. Frequently, both 
clinicians and researchers have been using the procedure 
of recording the EMG during a maximum voluntary con- 
traction and then converting the values recorded during 
the test or procedure to a percentage of the EMG pro- 
duced during the maximum voluntary contraction. (See 
Chapter 6 for greater details.) Individual variations that 
preclude direct wmparisons, thus, can be taken into ac- 
count. In any case, measurements made during one day 
and one setting are wnsidered to be far superior hecause 
they generally will avoid the issues associated with be- 
tween-day reliability and reproducibility. In those in- 
stances when the study procedure or design requires 
EMG measurements during multiple sessions, however, 
issues of reliability must be considered. Because the 
acrossday andbetween-muscle wmparisons are limited, 
for reasons specified in earlier portions of this section, 
attention should be paid to normalization procedures 
described in Chapter 6. 

Despite the extensive use of EMG for the last several 
decades, little work has been completed that examines 
reliability issues. In one of the earliest studies, Lippold 



FIGURE 3-4A-F 
Recommended IocaIiom for surface electmde leads for selected 
muscles pavies JF: Manual of Surface Electromyography. 
WADC Technical Report 69-184, December 1959). 

reported interday reliability coefficients for recorded 
EMG.17 The values, ranging from .93 to 9 9 ,  were 
high, partly because electrodes were not replaced be- 
tween trials. Vutasalo and Komi, in applying electrodes 
over the motor point of the rectus femoris muscle, used 
an integrated signal from which to derive reliability coef- 
ficients.Is For a maximal contraction, values ranged 
from .80 to .91 between contractions within day, and .64 
to .73 between tests within day. Submaximal between- 
day tests produced coefficients that ranged from .80 to 
3 6 .  

Reliability has also been studied during functional ac- 
tivities such as gait. In comparing elecaode types, Kadaba 
et al showed that the variance ratio can be used to 
demonstrate that surface electrode recordings produce 
higher reliability than those from fine wire elecaodes.lg 
Yang and Witer evaluated reliabilities from submaximal 
and maximal contractions for the biceps muscle, testing 
on three different d a v ~ . ~  Tbev recorded EMG durine 
5 maximum voluntG conuactibns of 1-semnd duration 
and 10 submaximal efforts, 5 at each of two different 
levels. ?bes investigators demonstrated mat wnhdctions 
of 30% and 50% of maximum yielded the highest in- 
traclass correlation coefficients. .78 to .95 respectively. 
depending on the number of days and trials included in 
the analysis. Maximal conaactions producedcoefficients 
that ranged from 5 2  to 331. While offering several ex- 
planations for the coefficie& attained, * canment mat 
the significance of their work is that the maximum volun- 
tary test is not the most reliable mehod for day-today 
recording. 

PREPARATION OF ELECFRODES 
SUBJECT INTERFACE 

The method of electrode application will depend on 
the electrode selection and UIC -on o&lable. 
The followine sections will discuss the amlication tech- 
niques for &ace electrodes. 'lbe &cs associated 
with fine wire technique are W e d  in Appendix C. 

Sufaceelearodes,asiodiGuedinprevioussecrions 
of this chapter, vary greatly in size and type. Most will 
be adhered by a doubled-sided adhesive washer hat 
should first be affixed fvmy to the electrode surface. If 
preamplifiers are available mat amain the electrode sur- 
face, the same procedure can be followed. Tbe available 
surface of the recording site should then be filled with an 
appropriate conduction gel. Excess paste is removed so 
the conductive gel is flush with the adhesive washer mat 
has been placed on the disk. 

Before fuing the eleftrode to the skin the prepara- 
tion of the subject needs to be complehl. Ibeamount of 
this preparation will primarily be dependent on the in- 
strumentation available. Onsite preamplification (see 



RGURE MA-F (continued) 
R e c o d e d  locations for surface elecbude leads for s e l d  muscles @vies IF: Manual of Surface Uectmmyography. WADC 
Technical Repon r59-184, December 1959). 

DISTANCE 



FIGURE 3-5A-P 
Recommended Locations for surface clectmde leads for selected muscles. 

Reproduced by pennissionjhm Zipp Pi Rrcmnwdut im for fhe stanhrdizaiion oJlmdporirimr in nu@cc elm- 
womyognrphy. Eur J Appl Physiol50:4/-54. 1982. 



FIGURE 3-5A-P (Coatiamed) 
Recommended locations for surface electrode lads for selected muscles. 

Rcpmdvred bypcrmirsionJrom Zipp P: RccommPndmiaufir ilu . . &Cmdposinmr in suqhce e k r  
rromyo#mphy. Eur J Appl Physid 50:41-54. 1982. 



FIGURE 3-5A-P (Continued) 
Recommended locations for surface e l e d e  leads for selected 
muscles. 

Reproduced by permission from Zipp P: Recommendations for 
the standardizafion of lead positions in sueace elec- 
rromyography. Eur J Appl PhysioI50:41-54, 1982. 

Chapter4) has been noted virmally to eliminate specific 
skin preparation. In this case. the surface of the skin can 
bewipedlightlywithalcoholm help~ssuregoodadherence 
of the adhesive washer to the body. However, if 
preamplification is not available and insmunentation of 
poor characteristics is used. the skin must be abraded at 
least lightly with an unory cloth. An abrasive conductive 
gel could also be used. Alcohol on gauze. may also be 
used, but it is generally less effective. In any case, a 
general recommendation is to lower skin resistance to 

less than 500 ohms to eliminate artifacts fmm the 
ing. Such resistancecan be measured simply wit1 
of ahand-heldvolt-ohm-metexby applying the 
from the EMG eleclmda to the ohm and common mi- 
nals of the m e m  Resistance will be read in duns. Note 
should be made that the amount of resistance will dimin- 
ish some as the conductive gel penetrates the surface. In 
many eases, the electromyogmpher will find it helpful to 
wraplightly eitherehtichdagesnasubstancesuchas 
prewrap, used by athletic trainers, over the electrode 
attachments to prevent movement and loosening during 
muscular effort or body movement. 

Regardless of the electrode technique used for the 
study of EMG activity.appmpriatepmcednres shouldbe 
used following data collectia For surface EMG. a 
cleaning of the subject's skin with alcohol scaked gauze 
will suffic~ Electrcde cleaning can be accomplished 
with gauze. scaked with distilled water, before any of the 
conductive get hardens. If hardening has occurred, more 
vigorous wiping should accomplish the necessary clean- 
ing . Other solvents or cleaning agents are greatly dis- 
couraged because they may have a negative interaction 
with the materials used in the electrodes.' 

ARTIFACTS 

Several majorartifactsocntrthat must be avoided to 
have an appropriate and high quality signal. Mechani- 
cally induced anifacts arevery common and occur when 
cables are handled or allowed to move when activity 
occurs. Changes may also be seen with electrode move- 
ment occurring between the skin and electrode interface. 
These artifacts are usually of low frequency. A major 
problem also can be 60 cycle intaference. This occurs 
when a reference electrode is not applied appropriately 
on the subject, when there is a loose wire, or when 
electrical6eldspersiStThelattercan c o m e f r  
shielding of wires If 60 cycle interference (50 cycle in 
some m u i e s )  continues to be a problem in recordings. 
attention should be paid to the environment, includiig 
grounding of all outlets and evaluations of equipment in 
use in adjacent areas. One other important artifact the 
e l e c m  yographer needs to be aware of is that produced 
through the e l e c m o g r a m .  This is noticeable par- 
ticularly over the l u m k  portion of the erector spinae 
muscles and in certain other muscles such as the gluteus 
medius. Figure 3-12 shows the most common artifacts 
encountered during the collection of EMG data. 

To eliminate artifacts, consider catain important 
factors. Amongtheseare rharanoprimalelectrodedesign 
will minimize electrode impedance. In addition, high 
quality insmentation is essential- including a differ- 
ential amplifm with a high common-mode rejection 
ratio. Further, an adequate reference electrode and the 



FIGURE 3 4  
Relationship bawan amplitude of averaged EMG pocmtials 
and longitudinal bipolar electrode position in units of equal 

Rcpmdrradbypcnn*sim fmm ZmigaEN. T m g  XT, Simmr 
DG: Effects of skin elenmdr jwsiticm on averaged rkc- 
~rmyogmphicposmrials. Arch Phys MediWmbil W12.54-21L. 
1970. 

FIGURE 3-7 ~~ ~ 

Same relatiooshrp as dcpiacd in Figure 3-6 cxapc for hamverse 
monopolar electmde position. 

Rqnuduced bypemtirrimfmm Zmiga EN. T m g  XT. Simonr 
DG: Effects of shn rlenmdr position on awmged ekc- 
Rrmyog~posmr ia ls .  ArchPhys MedRehabil70:264-271. 
1970. 

. .  . 
rmnuruzation of the number of devices concurrently col- 
lecting data help to avoid ground loops. The use of bat- 
tery driven equipment is also recommended.15 

Evaluation of the raw signal is essential to assure that 
there are no artifacts produced. A variety of gain and 
sweep settings on an &illoscope is the mode 
to monitor this signal. This should be done before, dur- 
inn. and after data wllection to helo assure the elec- 
&kYographer that data is artifact frk. 

36 

PHYSIOLOGIC AND HBTOLOGICAL 
EFFECFS 

Ordiaary use of EMG has no known adverse 
physiological effects on the human body. Those systems 
that do not provide subject protection with shock 
resistance circuitry or that are powered by conventional 
wall currents, however, are potentially dangerous. Ef- 
forts should be made, therefore, to assure that these fac- 
tors are taken into account before pmceeding with data 
collection. A discussion of the effect of fine wire elec- 
hudes on tissue is presented in Appendix C. 

Use of telemeterized EMG has the great attraction 
of relieving subjects from the constraint associated with 
the instnunentation necessary to record data. Partly as 
a result of this interest, systems have been devised to 
record multichannel EMG data using telemeterized in- 
formation. Although this method of data recording is in- 
herently appealing, great consideration needs to be given 
tothedesignandselecJionofthetelemetryequipnentand 
to the experimental purpose and configuration (see 
Chapter 4 for further discussion). Although having the 
subject actually carry the mass of the transmitter and 
associated instrumentation probably is not difficult for 
most human subjects, there are equipment difficulties 
such as in being able to modify the number of channels, 
the gain of the iasmrmentation, and the range of transmit- 
tal.15 Each of these facton, therefore, must be taken in- 
to account in the design phases of any experiment or data 
collection procedure. 

Loeb and Cans detail the numemus limitations 
associated with the use of telemetry.15 They discuss 
these limitations in terms of range, special orientation, 
and transmitting traditionally available within the in- 
strumentation. Further difficulties arise in using 
multichannel techniques even though multiplexing is 
available. Winter et al, however, have stated that it is 
possible to multiplex about eight subcarrier channels to 
carry a modified EMG signal.21 Other Litations 
associated with telemetry include the abiity to pmvide 
adequate control of sensitivity, noise, and cmss talk. 
Newer transmitters now serve the ptrposes associated 
with collection of EMG data in the work setting. Note 
should be made, however, that meSe techniques have suc- 
cessfully been used in evaluating activities performed at 
the work site or during functional activities such as 
 locomotion.^^^ Work experience with seasoned in- 
vestigators or technicians should be gained before em- 
barking on the use of a telemeterized EMG system. 



Influence of electrode placement on the amplitudes of the potentials in the elecmmyograph. A synchronous three- 
channel recording from the muscle midpoint (reference point for calculating) and two positions symmetrical to it 
are the basis of the measured values. 

Reproduced by permissionfrom Kramer H, Kuchler G. Bmuer D: Invesrigafiom of the pofmrial distribution of 
acriwTedskeleral muscles in man by m c ~ s  ofsutface electrodes. Elearomyogr Clin Neurophysio112:1~24,19j1. 
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FIGURE 3-9 
Electrode location sites for hamstring muscles under varying conditions of kwze angle and percentage of maximum 
voluntary conWaction (MVC). Normalized values are to MVC as reference contraction for each p~amplifier elec- 
aode location and then ntnlr ordered to identify where maximum voltage was obtaioed. 
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FIGURE 3-10 
Typical values of the magnitude of the impedance of surface 
and wire electrodes. The filled circle represents a monopolar 
arrangement; the rest are all  bipolar. S, diameter of dnection 
surface; D, interdetection surface spacing; L, exposed tip 
length. 

Reprinted with permission from Anronelli D ,  et al: 
Pathhh'~swl0gy lmbomfory. Rancho LAV Amigos Hospital. 
CA, 1982. 
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FIGURE 3-11 
Schematic (A) of the filterine asDeds of the differentially 
amplified b&lard&on. Gtheiignal travels along a mu.& 
cle fiber at its conduction velocity, it will pass by bah &kc- 
tion surfaces sequentially. wim adelay pr6portional to the in- 
terdaection surface spxing (d). Some of the fnquency corn- 
p o r n  of the signal d l  & wavelmgms whcb arc multiples 
of the dinance d (cancellation frcquary); these will cancel art 
when mMed differentiallv. When the waveleneth is eaual 
to 2d ( k i n  signal 2). the iignal will pass. (8) kterna& 
behavior of the filter funaioo and caoEellation M e s .  T6e 
solid line represents the filter function of a & electrode 
andiscalculatedforaninterdaeetionsurfacesoacin~of 1cm 
and a a m i u ~ i o n  velocity 014 m/s. % ~ i l o c  ripresents 
the filter W o n  of a twical nadkeleamde ard is calculated 
for an interduedon &ace spxing of 0.5 mm ard a conduc- 
tion velocity of 4 mls. It is amarmd hat  the bipolar filter func- 
tion is ofa&em for snrfxesurface~ ard haFmimr relevance 
in needle eleetmdes. 

Reprinted with pennissim /mm BOSmajion JV. DeLuco U: 
MuscIcs Alive: 7heirFunnimrRNmlcdbvUr~fmmon&, 



FIGURE 3-12 
Common anifacts encountered during EMG recordings: n = 60 Hz; b = eleclrode or cable movement: e = EKG, 



10. Zuniea EN. Tluone XT. S i o n s  DG: Effects of skin elec- SUMMARY 
This chapter discussed the techniques of surface 

EMG as applicable to ergonomics. Reasons for electrode 
choice and location are specified, and the technique of 
application is stated. Although limitations associated with 
data of these types are noted in this chapter, the 
ergonomist should be able to use EMG in a valid and 
reliable manner. 
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OVERVIEW 
l%e purpose of instrumentaton in elemmyography Clearly, not all information contained in the signal 

(EMG) is to preserve information contained in the is needed to answer every research question regarding 
bioelectric activitv associated with the initiation and muscle activation. Perham the first step in the formula- 
regulation of muscle contraction. Relevant questions to tion of a measurement question using EMG is to decide 
ask at the outset of any investigation using (EMG) are what information is needed from the signal to satisfy the 
about what information can be obtained by this measure- purpose of the investigation. The discussion that follows 
ment and how that information relates to the o u m s e  of will divide the information into three general categories . . 
the ergonomic study. This chapter discusses the in- 
strumentation requirements necessary for obtaining in- 
formation from the EMG signal. Chapters 5 through 7 
will elucidate further on how this information may be 
used in questions relating to ergonomics. 

To provide a framework for the discussion of EMG 
instrumentation, the information obtainable from the 
EMG can be divided into the following three general 
categories. 

1. The relationship between temporal aspects of 
EMG and anatomically associated movement. 

2. The relationhip between EMG and the produc- 
tion of force. 

3. The relationship between EMG and muscle 
fatigue. 

Each of these categories repuires the EMG signal to 
be processed in ways -that the signal inForma- 
tion necessary to accomplish the aim of the measurement. 

ELECTROMYOGRAM SIGNAL 
INFORMATION 

based on their wide use and generawacceptance- This 
treatment should not be considered an implied limitation 
on other viable uses. 

Temporal Information 
The most basic information obtainable from an EMG 

record is whether the muscle was on or off during an ac- 
tivity or at a particular point in time. For EMG to be on, 
it must exceed a threshold, whether defined by an ar- 
bitrarv or statisticallv  redetermined level or bv the noise . - 
level of the equipment responsible for the measurement. 
It often is more difficult to determine that a muscle is off 
because a muscle may infrequently be in a state of total 
relaxation. In such cases. the threshold must be set high 
enough to avoid false on Anditions. In the context oft&- 
poral measurements, the goal of the information gather- 
ing process is to determine, with as much precision and 
sensitivity as practical, the point in time the muscle was 
activated or deactivated. The amro~riateness of simal 
processing methods must be ev&& with this in 
mind. 

To respond definitively to the questions posed above EMGForce Information 
requires a complete accounting of the contribution of the 
many and interrelated factors that influence the signal 
characteristics of the detected EMG. Researchers have 
developed mathematical models relating selected factors 
and have compared their behavior to empirical observa- 
tions.'-' Although no current scientific consensus on a 
comprehensive model exists, work in this area has reveal- 
ed many important relationships. Until the effect of fac- 
tors such as velocity, acceleration, and type of muscle 
contraction are more fully understood, the interpretation 
of information obtained from the EMG signal will be 
clouded in uncertaintv. What can be concluded from a 

Perhaps the most used and abused category of EMG 
information is in the measurement applications that relate 
the EMG detected at a muscle site to the resultant force 
or torque generated by the muscle. The popularity of 
these applications are due to the potential value of the in- 
formation obtained. For example, in ergonomic studies, 
potential applications include the use of EMG to evaluate 
tool use and worker postures in the prevention of work 
related injuries. 

An EMG-force measurement seeks to quantify the 
average number and firing rate of motor units con- 

review of Table 4-1 i&t the detected EMG contains in- t r i b ~ & ~  to a particular muscle contraction, and to relate 
formation about not only the anatomic, physiologic, and the quantity to the actual force produced. A number of 
neurogenic factors that shaped the waveform, but about assumptions are implicit to the validity of the measure- 
a host of other factors that distort this information. ment application. These are detailed in Chapter 6. Of 



TABLE 4-1 
Factors That Influence the Signal Information Content of Electromyography 

Factor Influence 

Neuroactivation - the firing rate of motor unit action potentials 
- the number of motor units recruited 
- synchronization of motor unit firings 

Muscle fiber physiology - the conduction velocity of muscle fibers 

Muscle anatomy - the orientation and distribution of muscle fibers of motor units 
- the diameter of muscle fibers 
- the total number of motor units 

EIecuode size and orientation - the number of muscle fibers within the pickup area of the electrode 
- the number of motor units within the pickup area of the electrode detection surface 

relative to the muscle fibers 

Elecuode4ecuolyte interface - material and preparation of electrode and electrode site 
- electrode impedance decrease with increasing frequency Wgh-pass fdter) 

Bipolar electrode configuration - effect of distance between detection electrodes and bandwidth (bandpass filter) 
- the orientation of detection electrodes relative to axis of muscle fiben 

primary importance is the degree to which the muscle site 
beimg monitored is representative of the muscle as a 
whole. Also crucial is that the relationship between the 
measured quantity and the resultant force be known a 
priori for the actual conditions of the measurement (eg, 
isometric versus isotonic, wncenhic versus eccenhic, the 
position of the joint). A h e a r  relationship should not be 
assumed. The degree of controversy sumundimg this 
relationship suggests that the relationship be determined 
for each subject and measurement situation. 

The aim of signal processing in this category of 
measurement is to assign a numerical value (usually a 
percentage of a maximum voluntary contraction) to the 
level of EMG activity associated with the generation of 
a corresponding force. With the increasing intensity of 
a contraction, more and more units are recruited, and the 
unit firing frequency increases. The summated motor unit 
activity reflects these changes as the resulting interference 
pattern becomes more dense and of greater amplitude. 
Signal processing methods attempt to quantify the general 
character of these changes by some form of averaging. 

EMGFatigue Information 
The third category of information obtainable from 

the detected EMG signal may be used to identify the 
occurrence of localized muscle fatigue. A host of 
investigators have demonstrated a decrease of power 

density in the high frequency region of the EMG signal 
and an increase in the low frequency region during 
fatiguing  contraction^.^-' Lindstrom et al have 
demonstrated that the frequency shifts were almost 
entirely dependent on the propagation velocity of the 
action potentials.* The reduced propagation velocities 
have been linked to the production and accumulation of 
acid metab~lites.~ 

The median or center frequency of the power density 
spectrum is the variable usually used to characterize the 
frequency shift linked with fatigue. Figure 4-1 is an 
idealized version of the frequency spectrum with the 
median or center frequency indicated. Lindstrom et a1 
have demonstrated that the center frequency of the power 
spectrum is proportional to propagation ~ e l o c i t y . ~  
Lindstrom and Petersen have shown that decreases in 
center frequency during isometric and isotonic 
contraction follow approximately exponential curves 
characterized by their time constants.1° Figure 4-2 
graphically illustrates the dependence of the power 
spectrum on the developing fatigue. 

CRITERIA FOR THE FAITHFUL 
REPRODUCTION OF THE EMG 

To gain an appreciation of how information is 
encoded in a complex waveform and better understand 
the technical specifications required of processing 
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FIGURE 41 
An idealized version of the frequency spectrum of the EMG 
signals. Three convenient and useful variables are indicated: 
tk median frequency, fd; the mean frequency, f-; and the 
bandwidth. 

Reprimed with prrmission from Basmjian JV, Dehm U: 
Mucks Alive: 7heir FLnnions Rmakdbv Ek-ctmwmwhy. 
ed. 5. Baltimore. MD. Williams & Wilkiri, 1985. F&ej-lb. 
P 99. 

Time (mi") 

FIGURE 4 2  
Dependence of the power specmun on thedeveloping fatigue. 
Signals from a masseter muscle under a constant biting force 

Reprinted with pennirsion fmnr .!idmom L., Pefersan I: Power 
spectra of myoekctric s i g h :  M a o r  vnir miviry and musck 
W g u e .  In: :rg E. Young RR (cds): Clinical Neuro- 
physiology. .Gnuton, England. Eunemnhr Publishers. 1981, 
Figure 4.6. p 75. 

inshumentation, a brief discussion of the content ot me 
EMG signal will prove useful. 

EMG S i  Characteristics 
Factors influencing the peak-topeak amplitude of the 

detected EMG include the number and size of d v e  mus- 
cle fibers, the size and orientation of the elecaode detec- 
tion surfaces relative to the active muscle fibers, and the 
distance between the active fibers and the detection elec- 
trodes. The frequency content of the EMG also is in- 
fluenced by factors such as the size and distancebetween 
electrodes and the distance behueen the active fibers and 
the detection elexmdes. The confluence of hex. faaors 
makes it imssible  to specify a definitive peak-topeak 
amplitude a& signal frequency range. The M Hoc darr 
minee of the International Society of Umysiological  
Kinesioloev (Amendix B). however. has wblished the - . .. 
following typical ranges fb;r surface el&myography: 
amplitude range (mv) 0.01-5; signal fresuency range 

EMG Represented by a Power Spectrum 
The detected EMG is a dynamic analog signal in 

which the value or magnitude of the waveform varies with 
time. In contrast to a steady direct current signal which 
may contain a single piece of information, a dynamic 
analog signal continuously varies in magnitude and thus 
information content. lbe amount of information lbat may 
be transmitted or communicated in a segment of t h e  is 
determined by the maximum rate of change in the signal 
amplitude. The power density spectrum of a signal is a 
unique way of representing the relationship behueen the 
signal amplitude and the signal rate of change or 
frequency. 

The Fourier transform used to mmpute the power 
density spectrum is a mathematical technique by which 
any signal may be expressed as an infinite sum of 
sinusoidal components. The relative fmpexies and 
pbases may be combined to represent, exactly, the 
original signal at each instant in time. Alhugh the 
theoretical number of sinusoidal componenh summed is 
infinite, the contribution of higher order eompooents 
becomes smaller and smaller until they are unrecog- 
nizable from noise. This may occur after only a few har- 
monics or after 100, depending on the shape of the 
waveform. Figure43 ill&& powerd&i spec- 
hum of EMG recorded from bipolar surfaceand indwell- 
ine electrodes. Note that the sDecrmm extends from 10 
~toabout400Hzforsurfadeelechodesandfmm 10 
Hz to about 1000 Hz for indwelling elebmdes. lbe lower 
frequency content of the surface electrode spectrum is 
consistent with the narrower bandps charaaeristic 
typical of bipolar surface electmdes having greater in- 
terelectrode distances. 



FIGURE 4-3 
Frequency spectnun of EMG as recorded via surface and in- 
dwelling electrodes. Higher frequency content of indwelling 
electrodes is due to closer spacing between elmodes. 

Reprinted wirh permission from Winter DA: Biomechics o f  
 an ~me&nt.  New fork, M: John KIey & Sons 1 k  
1979. Figure 7.5, p 135. 

Amplitude Linearity, Wase Linearity, and 
Bandwidth 

To preserve the original information content of the 
detected EMG requires any EMG instrumentation to 
possess amplitude linearity, phase linearity, and adequate 
bandwidth." Amplitude limearity dictates that the ratio 
of input to output voltages be a linear function within the 
working voltage range of the instrument. Bandwidth, or 
frequency response, refers to the requirement that the 
amplitude linearity be extended to all frequencies within 
the working frequency range of the instrument. 'Ihe logic 
of this requirement may be understood easily by refer- 
ring to the Fourier spectrum in Figure 4-3. For the in- 
formation in the original waveform to be preserved, each 
individual frequency component of the signal must be 
treated similarly, lest the instrument output signal spec- 
trum change its shape. It should be obvious that any 
change in the shape of the frequency spechum as a result 
of signal processing constitutes a distortion from the 
original waveform. Likewise, phase liiearity requires 
that the phase relationship of each frequency component 
at the output of an instrument be identical to the phase 
relationship that existed at the input. 

Noise 
If the signal detected at the electrode site contains in- 

formation only relevant to the purpose of the measure- 
ment, and nothing is done to alter this information dur- 
ing signal amplification and processing, the precision and 
acmmcy of the measurement is determined by the record- 
ing or output reading device. This is a description of an 

ideal measurement system, not realizable in 
instrumentation. 

In addition to the desired EMG signal not being the 
only signal detected at the electrode site, it contains much 
less signal power than other extraneous signal sources 
commonly present. Noise is defined as any extraneous 
or unwanted signal that interferes with the transmission 
of the correct information. Noise is present and is in- 
aoduced to the relevant information at the muscle site and 
during signal amplification, processing, and recording. 
Chapter 3 contains a discussion of the common artifacts 
seen during EMG recordings. Because the EMG signal 
information becomes mixed with the noise information, 
the signal-@noise ratio is the single most iqmttant factor 
in judging the quality of the information obtained. 

Equally significant are those noise sources generated 
by the equipment used to detect, amplify, and record the 
EMG. All conductors exhibit some resistance to current 
flow and, therefore, generate thermal noise. Thermal 
noise is generated by the random movement of electrons 
and other free carriers and is a consequence of the Sec- 
ond Law of Thermodynamics. The thermal noise voltage 
is dependent on the resistance of the material, the tem- 
perature, and the bandwidth, according to the equation: 

V2 (RMS) = 4 KTRB (1) 

where K is Boltzmann's constant; T is temperature in 
degrees Kelvin; B is bandwidth in hertz; and R is the 
resistance in ohms. Because of the randomness of the 
noise voltage, the Fourier spectrum extends from DC to 
infinity. Thermal noise is generated in the electrodes, in 
the wire leads connecting the electrodes to the amplifier, 
and in the host of electronic components internal to the 
EMG instrumentation. 

Because of the limited bandwidth required of EMG 
instrumentation Oess than 10 kHz), llf, or flicker noise, 
plays a dominant r ~ l e . ' ~ J ~  As the name l/f implies, 
flicker noise decreases with increasing frequency, being 
of little consequence above 1 kHz. Flicker noise is 
associated with semiconductor junctions and certain types 
of film resistors, the DC level of which depends on the 
energy level at which the junction or film component is 
operating. 

Of particular significance in EMG is the motion ar- 
tifact that may result from a movement disturbance of the 
electrodeelectrolyte interface. As previously discussed, 
a charge gradient exists at the electrode-electrolyte inter- 
face and any relative movement at the interface will alter 
its capacitance. This has the effect of redistributing the 
charge at the interface, thus producing an input current 
to the amplifier. The resulting voltage artifact is a low- 
frequency randomly occurring noise source that is very 
troublesome. Another type of motion artifact is generated 



by the movement of the wire leads connecting the elec- 
trodes to the amplifier. These artifacts are induced into 
the wires through electromagnetic induction, the method 
used to induce alternating voltages in electrical 
generators. 

Although motion artifacts are at the low end of the 
EMG signai spectrum (less than 30 Hz), they often are 
of sufficient amplitude to be difficult to remove with sim- 
ple high-pass filters. 

ELECTROMYOGRAPHIC AMPLIFIERS 
The standard processing component in any EMG in- 

strumentation system is the amplifier. Achtally, the 
amplifier normally is composed of several stages of 
amplification, the most important of which is the first 
stage or preamplifier. Together the stages perfom 
several important functions including 1) isolation between 
the signal source and recording instrumentation, 2) cur- 
rent to voltage conversion, 3) voltage gain, and 4) noise 
reduction. 

The two most important characteristics of an EMG 
amplifier are high input impedance and a differential in- 
put. These characteristics translate into two important 
benefits: conservation of signal power and reduction of 
noise power. 

Conservation of Signal Power 
The need to isolate the signal source from the record- 

ing instruments can best be understood by considering the 
power of the signal source. Signal power is deiined as the 
signal voltage squared divided by the source impedance. 
The object of amplification is to increase the signal power 
to a level necessary to drive recording devices. This re- 
quires the efficient transfer of power between the signal 
source and preamplifier. Any increase in the impedance 
of the source will reduce the power available for hansmis- 
sion. Clearly, the reduction of source impedance is ad- 
vantageous. This may be accomplished in two ways. 
First, steps should be taken to reduce factors conmbuting 
to the source impedance, such as abrading the electrode 
site with an abrasive to reduce the skin resistance. The 
second primary method, however, is to reduce the effec- 
tive source impedance by isolating the source from the 
load. 

Isolation is accomplished by buffering the source 
with an amplifier exhibiting a large input impedance and 
a small output impedance. For the purpose of illustration, 
the transmission link can be viewed as a signal source in 
series with two lumped impedances as in Figure 4-4. One 
impedance is used to represent the source impedance, 
made up of the combined tissue, skin, and electrode- 
electrolyte impedances. The other impedance represents 

the input impedance of the preamplifier. Together L., 
fonn a voltage divider. The magnitude of the voltage drop 
across each lumped impedance is proportional to the hac- 
tion of each impedance to the total impedance. Thus, the 
larger the source impedance, the larger the fraction of the 
total voltage dropped at the source. 

In the illushation, any voltage dmp across the source 
impedance represents signal power that is lost. By in- 
creasing the size of the input impedance, the percentage 
of power lost is decreased, thus increasing the efficien- 
cy of the transmission. The high input impedance of the 
amplifier coupled with its low output impedance has the 
desirable characteristic of lowering the effective source 
impedance while preserving the signal power. 

The actual magnitude for input impedance desirable 
for high fidelity amplification dependv on the size of the 
source imoedance. A mod rule of thumb is that the in- 
put imp&ce be 100-times larger than the source im- 
pedance. For a typical value of surface electrode im- 
pedance (impedance measured between the detection 
electrode) of 20 Ldl, an input impedance of 2 MO is 
desirable. This impedance is easily obtainable with solid 
state amplifier designs. 

A common error made by persons unfamiliar with 
electronics is to assume that the published input im- 
pedance specification extends over the total bandwidth 
of the amplifier. This is not the case, however, because 
even small amounts of capacitance in parallel with the in- 
put resistance will significantly d u c e  the input im- 
pedance at 100 Hz. This problem is exacerbated by the 
capacitance of the input lead wires, their capacitanceoften 
being many times the input capacitance of the amplifier 
itself. To prevent confusion, the input impedance should 
either be specified as an equivalent parallel combmation 
of resistance and capacitance or specified at a represen- 
tative frequency within the usable bandwidth. A 
reasonable frequency for surface recording is 100 Hz. 

FIGURE 4-4 
Simplified circuit of bioeleclric generator to amplifier hansmis- 
sion link. Zs represents the lumped impedance of the source to 
include the comulex tissue. skin. and electrode-elecuolvte im- 
pedances. Zi represents the input impedance of the amplifier. 



Noise Reduction 
Conserving as much of the power of the EMG signal 

source in the transmission to the preamplifier is one way 
of dramatically improving the signal-to-noise ratio. 
Another approach is to reduce the noise power. 

For those noise sources that are external to the 
amplifier, the most potent method of noise reduction is 
through the wmmon mode rejection property of the dif- 
ferential amplifier. In such a circumstance, the differen- 
tial amplifier amplifies only the difference voltage be- 
tween its two input terminals. Any signal voltage wm- 
mon to both input terminals, each referred to a common 
reference terminal, should ideally produce a zero output. 
The degree to which this ideal is realized in practical 
dcsignsk designalcd by the wmmon male rcjc&on rdtio 
(CMRR). defined as the difference sienal eain divided 
by the cbmmon mode signal gain. ~s\uch:the CMRR 
specifies the improvement in the signal-to-noise ratio that 
will occur, after amplification, as a result of common 
mode noise sources. The International Society of Elec- 
tmpbysiological Kinesiology (ISEK) recommends the 
preamplifier CMRR be greater than 90 dB.14 The 
decibel notation is commonly used to express voltage 
ratios. The conversion is as follows: 

CMRR(dB) = 20 loglo CMRR (2) 

Because the CMRR is influenced by both frequency and 
gain of the preamplifier, a more meaningful specification 
would relate the CMRR to a s~ecific in~ut  frwucncv and . . 
preamplifier gain, if variable. 

In practical EMG measurement applications, in- 
cluding those in ergonomics, the CMRR of the 
preamplifier is never realized because of the unequal 
source impedance seen by each input terminal. This is 
due, to uneqdelectrodeimpedances. The ef- 
fect of the so called source imwdance imbalance is to 
create an unequal voltage dropkross each elecaode im- 
pedance. The different voltage drops creates an artificial 
difference signal that is indistinguishable from any other 
difference signal. Thus, it will be amplified by the dif- 
ference signal gain, the effect of which is to reduce 
CMRR. It should be emphasized that it is not the absolute 
value of source impedance that determines the reduction 
in CMRR but rather the difference as seen from one in- 
put terminal compared with the other." Because the 
source impedance forms a voltage divider with the input 
impedance, increasing the input impedance will greatly 
reduce this problem. 

Reasonable precautions should be exercised to 
reduce the level of noise seen by the preamplifier. These 

include avoiding the location of interfering equipment, 
shielding of the input cables and preamplifier, and 
locating the reference electrode judiciously. In extreme 
cases, shielding the research subject with a Faraday cage 
may be required. 

The noise generated internal to the preamplifier is 
a significant concern because it represents the major wm- 
ponent of the total amplifier noise.12 Amplifier noise 
can be reduced to very low levels by the use of battery 
operated low power preamplifiers and postamplifiers. 
Amplifier noise usually is specified in microvolts RMS, 
referred to the input (RTl). The ISEK recommends 
amplifier noise be less than 5 pVRMS measured with a 
source resistance of 100 k 0 and a bandwidth from 0.1 
to 1000 ~ 2 . 1 ~  

Finally, the amplifier input bias current should be 
specified. This variable is important because it determines 
the minimum signal that can be amplified. Low input bias 
currents are desirable to minimize the effect of changes 
in electrode source impedance that may occur as a result 
of electrode movement. Applying Ohm's law, the 
amplitude of the movement artifact is equal to the change 
in the source impedance multiplied by the input bias cir- 
rent. The ISEK recommends input bias current be less 
than 50 nA for direct coupled amplifiers." 

A summary of recommended minimum specifica- 
tions for surface EMG amplifiers may be found in Table 
4-2. These specifications may serve as a general guideline 
for the selection of equipment appropriate for use in sur- 
face EMG. 

Onsite Electrode-Preamplifers 
The development of small onsite surface electrode- 

preamplifiers, or active surface electrodes, has been the 
result of the natural evolution of equipment design as a 
response to the inconvenience and umeliability of con- 
ventional surface electrodes. 

The improved performance of active surface elec- 
trodes is due to the inherent advantages of moving the 
preamplifier as close as possible to the signal source. This 
advantage, coupled with improvements in direct current 
amplifier performance, has resulted in improved signal- 
to-noise ratios and the near elimination of problematic 
motion artifacts. An example of a typical surface elec- 
W e  of this type was presented in Chapter 3. The demand 
for convenient electrode application has resulted in ac- 
tive electrode designs with very high input impedance 
(1012 n) that require no electrode paste or skin 
preparation. 



TABLE 4-2 
Recommended Minimum Specifications for Surface EMG Amplifier 

Variables Recommended Minimal Specifions 

Input impedance > 101° 0 at DCa.b 
> 108 0 at 100 Hz'.b 

Amplifier gain 2-100,000 * 10% in d i m  increments 

Gain nonlinearity s f2.5% 

Gain stability Combined short term (1 day) and long term (1 year) gain variations < 
S%lyear 

Common mode rejection ratio > 90 dB measured at 60 Hz with zero source resistancea 
(CMRW 

Frequency response 1-3000 Hz measured at -3 dB pointsa 

Input bias current < 5OnA (50 x 10" A). 

Isolation s pA (10 X 10d A) leakage current measured between patient leads and 
ground (Underwriters Laboratories, 1985) 

Noise < 5 pV RMS measured with a 100 k 0 swrce resisfancece 

%dicafes miaimurn spsificatio~ rsnnmended by the International Society of Elecm,physiological Kinesiology.14 
%e ISEK sositication for inout imoedance does not differentiate between the reauirements for nvfaee versus indwehe  electrodes. 
el& maierial. Ihc l e n d  &elstrode leads. and aher factam Ihat msv effst th; maenimde of inwt im~edance r d t o  mainlain 

ELECTROMYOGRAPHIC SIGNAL 
PROCESSING 

The processing of the EMG signal to obtain 
information relevant to an experimental question has 
taken many foims. To this point in our discussion, we 
have emphasized the need to preserve the information 
wntent of the detected EMG without preference to a 
specific measurement goal. A low noise, high input 
impedance linear amplifier with a bandwidth of from 1 
to 3000 Hz and adequate gain to amplify the peak EMG 
to a 1 V output level will ensure signal fidelity. This 
performance is recommended to allow the raw 
unadulterated EMG to be monitored and, in some cases, 
stored. Monitoring the raw data is necessary to ensure 
the quality of the signal before or during processing so 
that the processing does not eliminate the recognition of 
interference and artifacts. 

Anyone who has observed a several second record 

of EMG activity from a complementary muscle pair, sucb 
as the forearm flexors and extensors, during a working 
task will be sbuck by the phasic nature of the activity. 
The flexors will be very active during one phase of the 
cycle, while the extensors will be active during another 
phase. During such a brief period of visual examination 
of sucb a record by the electromyograpber, the brain 
makes comparisons between the signal information and 
the general character of the movement and makes 
decisions on what is valuable information. The rapid 
random fluctuations io the signal are ignored as beiig due 
to the random summation and subtraction of the many 
muscle fiber action potentials detected. Instead, attention 
is paid to the boundary or envelope of the EMG signal. 
This signal pmcesing is context specific and intuitive aod 
has a quantitative basii that the majority of signal proces- 
sing methods seek to mimic and even exploit. A notable 
exception is the frequency analysis technique used in 
detection of muscle fatigue, the technique for which will 
be discussed separately. 
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FIGURE 4 5  
Schematic of several common EMG processing systems and lhe results of simulfaneously pmzssing of EMG b g h  
these systems. 

Reorinred with mnnission from Winter DA: Biomechanics o f H m  Movement. New York. NY, John W1ey & SMS 

EMG Demodulation 
Concepts 

The terms modulation and demodulation are familiar 
in the communications industry. They refer to methods 
of modulating low frequency information on high fre- 
quency camers to simplify broadcast transmission over 
long distances. Once the modulated signal reaches its 
destination, the original low frequency information is 
retrieved by demodulation. All radio and television 
signals undergo this process. In a similar way, the 
detected EMG has been modulated by the command of 
the alphamotoneumn pool.'5 An increase in the com- 
mand is represented by an increase in the level of net 

postsynaptic depolarizations of all the neural inputs to a 
muscle. This in turn causes the rate of motor unit firings 
to be frequency modulated by the neural command. Final- 
ly, the summation of the frequency modulated motor-unit 
action potentials produces an amplitude modulated 
envelope representative of the recruitment and firing rates 
of the original neural command. Demodulation, in this 
context, refers to processing techniques that recover the 
information associated with the neural command and 
discard evetything else. Figure 4-5 illustrates several 
common EMG processing systems and the results of 
simultaneous demodulation of the raw EMG through 
these systems. 



Demodulation Techniques 
Rectification 

The raw EMG detected by surface electrodes and 
amplified by a linear differential amplifier is a bipolar 
signal whose random fluctuations, if summed over a 
significantly long time period, would produce a zero 
result. Rectification is one qhnique frequently used in 
EMG-pmssor designs to translate the raw signal to a 
single polarity. This translation may be accomplished by 
either eliminating one polarity of the signal (half-wave 
rectification) or by inverting one polarity (full-wave rec- 
tification). Zero offset full-wave rectification is the 
preferred method because in this case all the signal energy 
is preserved. The effects of full-wave rectification is illu- 
strated in Figure 4-5. 

Linear Envelope Detector 

The linear envelope detector is one of the least com- 
plex and most often &ed circuits for approximating the 
modulatine neural control. The circuit consists of a zero 
offset fullkave rectifier followed by a low-pass filter 
(Figure 4-5). The cutoff frequency of the filter is selected 
to allow the capacitor voltage to track the envelope with 
the degree of smoothness desired. The effect of the 
low.pass filter response is to average the variation that 
occurs in the input signal. Hence, it is associated closely 
with the mathematical average or mean of the rectified 
EMG signal. The primary distinction is that the output 
of the h e a r  envelope detector represents a moving 
average of EMG activity. An undesirable side effect of 
the lowpass filter is the phase lag it causes in theenvelope 
respollse. ?his lag may introduce significant errors in the 
measurement of temporally related variables. 

The cutoff frequency of the filter is selected by 
evaluating the kinetics-kinematics of the experiment in 
the context of the measurement goal. If an investigator, 
for example, wishes to use EMG as an indirect measure 
of the force produced during a 1-second constant force 
isometric contraction, a cutoff frequency of 1 Hz would 
ensure adequate response while offering maximum 
smoothing. On the other hand, the EMG associated with 
dynamic movements, such as quick movements of an a m  
during a working motion, would require a cutoff of the 
same frequency order as the movement itself. As frequen- 
cies of human movement generally do not lie above 6 Hz, 
no frequency thought to represent muscle conml should 
necessarily lie above 6 Hz.16 

Contemporary filter designs feature transfer charac- 
teristics that improve the rate of attenuation above the 
cutoff frequency. The rate of attenuation is related to the 
order or the number of poles of the filter design. All 
filters roll off at 6 dB/&ve (20 dB1decade) for each pole 

in the network. It is important that investigators report 
the filter design (eg, Butterworth, Bessel), the order of 
the filter, and the cutoff frequency used when com- 
municating research &dings. The unit for the moving 
average is millivolt (mV) or microvolt @V). 

Integration 

Integration refers to the mathematical operation of 
computing the area under the curve. Because the integral 
of the raw EMG is zero, it is necessary to full-wave rec- 
tify the raw signal to obtain the absolute value. This 
operation is expressed as follows: 

I { IEMG(~) I  1 = j E M w ) ~ d t  (3) 

0 

As is evident from the formula, the integral will increase 
continuously as a function of time. In practical integrator 
designs, the time period must be limited because of the 
Umited dynamic range of the integrator circuit. Typical- 
ly, this is accomplished by integrating over fixed time in- 
tervals. In such cases, the operation is expressed as 
follows: 

t+T 

I {IEMG(~)I)  = I E M G ' O I ~ ~  (4) 

t 

where T is the fixed time interval. Figure 4-5 illustrates 
the continuous integration as well as time and voltage 
reset integration. Ibe  EMG integral is a two dimensional 
quantity whose unit is mV. s or pV. s. 

Root-Mean-Square Processing 

The root-meamsquare (RMS) is a fundamental 
measure of the magnitude of an AG signal. Root-mean- 
square processing is a method that allows consistent, 
valid, and accurate measurements of noisy, wnperiodic, 
nonsinusoidal signals. It has been widely used in 
engineering applications to measure a host of phenomena 
from vibration and shock to thermal noise. 

Mathematically, the RMS value of an EMG voltage 
is defined as follows: 

t+T 
RMS {EMG(t)) = (1 

Unlike previous detection methods, the RMS pm- 
cessor does not require full-wave rectification, because 



the time varying EMG signal is squared. This nonlinear 
operation is the basis of the square-law amplitude 
demodulator." Root-mean-square processing has en- 
joyed increasing popularity as investigators have become 
more aware of its benefits. DeLuca and Van Dyk have 
demonstrated that the RMS value contains more relevant 
information than the mean rectified or integrated 
EMG.2 In particular, the RMS is not affected by the 
cancellation caused by the superposition of motor unit ac- 
tion potential trains. 

Low cost analog integrated circuits are commercially 
available for performing the RMS computation. These 
designs invariably incorporate a low-pass fdter to com- 
pute the average or mean. As with the linear envelope 
detector, a trade off must be made between the response 
of the circuit and the allowable DC error. Longer time 
constants create less DC e m r  hut longer settling times. 
Settling times may be longer for decreasing signals than 
for increasing signals, depending on the particular design. 
This characteristic may cause timing errors if too long 
a time constant is employed. The unit of the RMS EMG 
is mV or pV. 

Demodulation Applications 
Conceptually, demodulation may be viewed as an in- 

formation filtering process. The raw EMG contains in- 
formation about a great number of factors, such as the 
contribution of a single muscle fiber, that when con- 
sidered individually play only a minor role in the result- 
ant muscle contra&in. The demodulation process allows 
us to filter out the information soecific to the individual ~ ~ ~~ 

signal contributors and to maintain the information con- 
cerning the general behavior of the individual con- 
tributors taken together. Information from demodulated 
EMG, therefore, may only be used to answer research 
questions concerned with the general neural control of 
muscle. 

Demodulation signal processing techniques are used 
commonly to obtain temporal and EMG-force informa- 
tion. AU the techniaues discussed mav be used to obtain 
temporal informatibn, with the inte0grator being least 
suitable, as a result of the nature of the measurement unit. 
Caution must be exercised, however, in the selection of 
an appropriate cutoff frequency or integration interval. 
It is recommended that the processed signal be compared 
with the raw EMG using either an oscilloscope or a 
recorder with a sufficiently high frequency response (see 
section on monitors and recorders later in this chapter). 
In this manner, time delays in the processed waveform 
can be identified. The identification of specific temporal 
events requires that the information content of the pro- 
cessed signal be further reduced. This may be ac- 
complished in a number of ways. The classic method is 

first to output the processed data to a strip chart recorder, 
then to measure the distance between significant temporal 
events and divide the distance by the chart speed. This 
method can be very time consuming and is subject to 
reading error. Automated and semiautomated procedures 
are becoming more common, largely because of the low 
cost of powerful microcomputers and the availability of 
appropriate software. The primary disadvantage of 
automated procedures is that they are often unable to 
distinguish noise artifacts from genuine signals. As a 
result, commercial software packages often require user 
visual recognition of events and positioning of a time 
cursor. 

The sophistication required to identify significant 
temporal events correctly has limited the application of 
hardware based data reduction methods. Amplitude 
discriminators and threshold detectors may be of con- 
siderable assistance in identifying the presence or absence 
of muscle activity. L i e  other automated methods, 
however, they are susceptible to noise artifacts. 

Besides temporal measurements, the other masor a p  . . 
plication area for demodulation processing techniques in- 
volves the quantification of the amplitude of the EMG 
envelope for the purpose of predicting muscle force or 
joint torque. The data reduction options applicable to this 
category of EMG measurement are similar to those 
discussed in connection with temporal measurements. In 
this context, however, the process of reducing the infor- 
mation content is far more, laborious because of the 
magnitude of information that must be necessarily con- 
sidered. Computers are invaluable in this regard in that 
they have the capability of time-sampling signals from 
multiple variables, storing the information in ordered ar- 
rays, and performing mathematical and logical 
operations. 

Frequency Domain Processing 
Tmnsfonnaiion of Random Processes 

Often, the solution to a complex problem becomes 
easier to comprehend if viewed from an entirely different 
perspective. Frequency domain processing is used to shift 
the electromyographer's reference to the information 
content of the EMG signal intentionally from the time do- 
main to the frequency domain. The value of the technique 
is in simplifying the identification and quantification of 
EMG information that manifests itself as changes in EMG 
frequency content. A common use of this technique in 
EMG is to identify EMG frequency specbum shifts 
believed to be related to localized muscle fatigue (see 
Chapters 5 through 7). 

As discussed previously, the Fourier transform is the 
mathematical technique by which the time-to-frequency- 



domain transformation is performed. The technique is 
general and applicable to many diverse areas. Of par- 
ticular relevance to the electromyographer is the use of 
the Fourier transform in the context of random processes. 
Electnnnyographic signals are neither periodic nor deter- 
ministic.18 Indeed, they do not repeat with a definite 
time interval, and a single mathematical expression can- 
not specify a detected EMG signal for a l l  time. An EMG 
interference pattern, therefore, must be treated as a ran- 
domor stochastic process with an associated cumulative 
probability distribution. 

The power specaal density is the function commonly 
used for frequency domain analysis of EMG. It is defined 
as the Fourier transform of the autocorrelation func- 
tion.19 The autocorrelation function may be wmputed 
from the time avqage of a sufficiently long finite length 
of data if one assumes the random process to be 
e r g o d i ~ . ~ ~  For a random process to be ergodic it must 
I) have a normal or Gaussian probab'ity distribution, 2) 
be stationary over the time period of the average, and 3) 
have an average value of zero. The formula for com- 
puting the autocorrelation function R(T) from the time 
average of the EMG is as follows: 

wherer represents the random outcome of an experiment- 
al event, t the time c o r n  of the random event, T the time 
difference, and T the period of the time average. A close 
examination of the equation will reveal that the autocor- 
relation in this context is simply the mean of the product 
of the same signal displaced by T seconds and wmputed 
for all time displacements. 

The Fourier transform G(f) for any nonperiodic 
signal s(t) is given by the following: 

m 

( 0  = 1 s(t)e-QrRdt (7) 

--OD 

The power spectral density P(f), defined as the Four- 
ier transform of the autocorrelation function becomes as 
follows: 

0 

P(0 = 1 R@)e-Qfidt (8) 

--OD 

As P(f) is an even function, the integrals are real 

54 

numbers and the equation can be written as follows: 

An integration of P(0 over all frequencies yields the 
total power, hence the term power specbum. 

Fast Fourier Tmnsfonn 
As implied by name, the fast Fourier transform 

(FFT) is an efficient method of computing a discrete 
Fourier transform. The discrete Fourier transform must 
be used in frequency transformations of sampled func- 
tions, such as the type created by digital wmputer samp 
ling at discrete instants. The computer is an indispensable 
aid to that type of computation because of the number of 
mathematical operations n e c e s q  for the calculation of 
the transform. The treatment of this topic follows the 
logical development of the discrete Fourier transform 
from the wntinuous Fourier transform as presented by 
Brigham.zl.n 

Waveform Sampling 

When a signal is sampled at discrete instants, the ef- 
fect is to multiply the s i g d  by a unit sampling pulse hain. 
This is illustrated graphically in Figure 4-6 where the 
function h(t) is sam~led at discrete samnline intervals . - 
defined hf i .  The ksultant sampled waveform (Figure 
M e ) ,  thus, is an infinite sequence of equidistant im- 
pulses, the amplitude of each corresponding with the 
value of h(t) at the time of occurrence of the sampling im- 
pulse. The Fourier transforms of h(t) and A(t) are shown 
in Figure 4-6c and d, respectively. The symbol is used 
to designate a Fourier transformation. The frequency 
convolution theorem establishes multiplication in h e  time 
domain as equivalent to convolution in the frequency do- 
main. This is demonstrated graphically in Figure 4-6 by 
noting that the function H(f)*A(f) (Figure 4-60 is the 
Fourier transform of the sampled waveform h(t) A(t) 
(Figure 44e) and may be formed by the convolution of 
the Fourier transforms of the original functions shown 
in Firmre 4-6c and d. What is of Darticular sieniticance 
in theapplication of the Fourier trksform to t&e sampl- 
ed functions is the relationship between the wntinuous 
Fourier transform, shown in Figure 4-6c, of the original 
wntinuous function h(t) and the continuous Fourier 
transform, shown in Figure M f ,  of the sampled func- 
tion h(t) A@). The waveforms are identical with the ex- 
ception that the wntinuous Fourier transform of the 
sampled waveform is periodic, with a period equal to the 
sampling interval T. 



FIGURE 4-6 
Graphical frequency convolution theorem development of the Fourier transform of a sampled waveform. 

M d e d  wirhpermirsionfmm Brigham EO: Ihe Fasl Fourier T m u f b m  Englnmod Cliffs. NJ. Pmrmncc-Hdl 
Inc. 1974. Figure 5-3, p 81. 



Aliasing that is comuatible with dipital comouters and that ammx- - 
If the sampling interval is too large, an overlapping imates the results of a w&uous &form. TO ~ I Z W  for 

computer calculation of the Fourier transform, the sam- of the periods of the continuous Fourier transform of the 
pled time and its Fourier transform pair must be sampled function h(t) A(t) will occur as shown in Figure 

4-7f. This distortion is known as aliasinn. Referrine to represented by a finite number of discrete values. 

the sampling function At, note that as the sample inir-  To appreciate how the discrete Fourier t r a n s f o r  
val T is increased (Figure 4-6b and Figure 4-7b), the im- fers from the continuous transform, consider the 
pulses of its transform pair A f become more closely graphical derivation of Figure 4-9. The function h(t) is 
spaced (Figure 4-6d and Figure 4-7d). It is the decreas- multiplied by the sampling function Figure 4-9b to pro- 
ed spacing of the frequency impulses, which when con- duce the samnled function. and its Fourier transform  air - - 
vo1;ted with the frequency h;lct ion~(f)  result in the is illustratedh ~ igure4-k .  The aliasing depicted in'the 
alaised waveform of Figure 4-7f. As the name alias im- sampled function's transform pair (Figure 4%) is due 
plies, the waveform of Figure 4-7f is not representative to a failure to satisfy the Nyquist sampling rate given the 
of the frequency information needed to characterize the bandwidth of the original function h(t). The Fourier 
original signal h(t). Indeed. the waveform h(t) cannot be transform pair of F i w  4-9c is not appropriate for digital 
reconstructed from the aliased waveform. cornouter calculation because an infinite number of 

The condition necessary to prevent overlapping of 
the Fourier transform of the sampled waveform is when 
the sampling frequency (1iT) is at least twice the frequen- 
cy of the highest fresuency component (fc) of the Fourier 
transform of the continuous function h(t). The frequen- 
cy 1/T = 2 fc, known as the Nyquist sampling rate, is 
the minimum frequency at which no overlapping will oc- 
cur. This condition is represented in Figure 4-8. 

samples of h(t) are required. It is necessary, therefore, 
to truncate the sampled function with the rectangular 
function as illustrated in Figure 4%. The effect of bun- 
cation is to convolve the frequency transform of Figure 
4-9c with the Fourier transform of the truncation func- 
tion illustrated in Figure 4%. This has the negative ef- 
fect of causing a ripple in the frequency transform of 
Figure 4-9e. This error may be reduced by increasing the 
length of the truncation function. It is desirable. therefore, - 

A difficulty arises in selecting an appropriate sampl. to select as long a truncation function as possible. 
ing frequency for EMG because it is impossible to know The transform pair of Figure 4-9e must be modified 
precisely the high& fraluency component in the detected further to make it possible to represent the frequency 
EMG. This is because the EMG frequency spec- is transform with discrete values. This may be accom- 
influenced several factors, the most obvious being the plished by sampling the frequency transform of Figure 
interelectrode spacing. 4-9e with the frequency sampling function of Figure 4-9f 

The usual method used to select the sampling fre- 
quency for fast Fourier analysis is first to make a guess 
of the highest frequency component in the signal, based 
on elecaode type and insmunentation specifications, and 
then to select a sampling frequency three or four times 
greater than that frequency.18 Confusion often exists 
concerning the application of the Nyquist sampling rate 
to digital sampling in general. Although the Nyquist rate 

using a m e n &  sampling &te&al of 1/T. Thealresulting 
discrete transform pair of Figure 4-9g, approximates the 
original continuous transform of Figure 4-9a with N 
discrete samples. Basrnajian et al states, "if the original 
time function is real (as in the case of an autocorrelation) 
then the real part of the D m  is symmetric about the so- 
called folding frequency, which is by definition equal to 
half the sampling frequency. "'8 

. - 
doesoesdefbe me minimum sampling rak to n&v& the in- 
formation content of a signal, elemomyographen who Modulo Two Requirement 
rely on visual recognition or identification of significant 
signal attributes will find the Nyquist rate to be hadequate 
for recovering the same information. This problem may 
be appreciated by considering the difficulty of recon- 
structing a sine wave from two visual samples. Sampl- 
ing at frequencies 10 times the highest frequency of in- 
terest in the signal is suggested as a conservative guideline 
when the methods of data recovery do not incorporate 
spectral analysis. 

A constraint of the FlT algorithm is the requirement 
that the number of samples, N, be an integral power of 
two. For periodic waveforms, it is difficult or, in some 
cases, impossible to sample the signal at three. or four 
times the highest frequency component in the signal and 
then to truncate the sampled function in such a way as to 
represent a single period of the function, with an integral 
power of two samples. In these cases, it is customary to 
complete the sampling interval with a number of zem . - 
valukd samples. 

Discrete Fourier Transform For random events associated with EMG activity, the 
The discrete Fourier transform OFT) is a method EMG waveform is nonperidc, and the modulo two 
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FIGURE 4-7 
Aliased wansfom of a waveform sampled at an insufficient rate. 

Reprinred with permiision from Brigham EO: lh Fast Fourier Tmnrf.mr. Ljrglnvood Clijfs. NJ, Pretuice-HUN 
Inc, 1974, Figure 5-4, p 82. 
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FIGURE 4 9  
Graphical development of the discrete Fwrier transform. 
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requirement is less difficult to satisfy. Caution must be 
exercised, however, in the choice of the truncation inter- 
val because of the requirement that the random process 
be ~tati0nary.'~ 

The time domain truncation inherent in the d i m e  
Fourier transform has the potential to create sharp discon- 
tinuities in the sampled function corresponding to the 
beginning and end of the truncation function. These sharp 
changes in the time domain result in additional frequen- 
cy components, t e d  leakage, in the f.requenq domain. 

Referring again to Figure 4-9, recall that the ripple 
generated in the Fourier transform of the huncated same- 
red function (Figure 4-9e) was created by the convoi- 
tion of the frequency transform of the sampled function 
(Figure 4-9c) i d  the characteristic sin(f)/f function of 
thekctangular truncation tinction (Figure 4%). It is the 
side-lobe characteristic of the sin(n1f hrnction that results 
in the ripple, or leakage. To red& the negative effects 
of leakage, it is desirable to use buncation function that 
has reduced side-lobe characteristics in place of the rec- 
tangular truncation function. 

The FlT weighting or windowing functions il- 
lustrated in Figure 4-10 are wmpared with the rec- 
tangular function in both the time and the frequency do- 
mains. As shown, all the windowing functions have 
reduced side lobes as compared wi!h the rectangular h c -  
tion. Unfortunately. all the windowing functions also 
have a broader k i n  lobe (Figure dl&). This has the 
undesirable effect of smearing the results of the FIT. 
which results in decreased frequency resolution. 

The equation for the windowing functions of Figure 
4-10 are given in Table 4-3, along with the highest side- 
lobe levels, -3 dB bandwidth, and muoff rates. Ihe  Han- 
ning or similar Hamming window are widely used as 
truncation functions in the application of the FFT to 
myoelechic signals.' 

RECORDERS 
The purpose of a recorder is to provide a permanent 

time record of the variations in the input signal that can 
be reviewed later to obtain data for analysis. The rational 
for selectine a recorder for an EMG recordine amlica- - -. 
tion will deknd on both the faithful reproduction of the 
EMG waveform and the end goal of the information 
gathering process. As with other parts of the instnunen- 
tation system, the recorder must possess the appropriate 
amplitude and phase linearity, bandwidth, and noise 
level, necessary to preserve the desired information wn- 
tained in the signal. Beyond these essential character- 

istics, there are many other practical considerations IN 
selecting a recorder. Among these are the wst of the 
recorder, the cost of the recording media, the storage re- 
quirements of the recording media, and the ease and ac- 
curacy with which data may be extracted from the record. 

Graphic Recorders 
Graphic recorders are distinguished by their ab'ity 

to provide a permanent graphic recording of the time 
variations of the EMG waveform. The most common type 
of graphic recorder is the pen-and-ink recorder in which 
an ink delivering stylus is mechanically positioned to p m  
duce an ink tracing on a moving paper surface. A key 
design factor associated with the pen-and-ink recorder is 
the method used to position the stylus mechanically, 
because the response of the stylus limits the bandwidth 
of the recorder. Pen-and-ink recorden using a galvano- 
meter positioning mechanism rarely have a full scale 
bandwidth greater than 60 Hz. This clearly is inadequate 
for recording raw EMG, but may be used for recording 
demodulated waveforms. 

Several ingenious recorder designs have improved 
on the bandwidth limitation of the basic pen-and-ink 
galvanometric recorder by eliminating the stylus and 
replacing it with other writing methods. The light beam 
oscillograph incorporates a tiny mirror attached to the 
galvanometer mechanism to direct a light beam onto light 
sensitive recording paper. The low mass of the minor im- 
proves the frequency response of this recorder design to 
1000 Hz and above, suitable for recording raw EMG 
signals. 

Two new graphic recorder designs incorporate com- 
puter processing and control with unique writing 
methods. One design incorporates a direct writing ther- 
ma1 array to produce permanent recordings on heat sen- 
sitivepaper. Another design uses an elecwstatic writing 
system to apply toner to the paper. Both of these designs 
have the advantage of W i g  programmable with no over- 
shoot or limits on transient response resulting from in- 
ertia. As a result, the recorder may be programmed to 
adjust the paper width allotted to each channel, greatly 
improving the amplitude resolution over other designs. 
Although the frequency response of both recorder types 
is adequate to represent the amplitude of raw surface 
EMG accurately, their usefulness in timing studies is 
limited by their writing speeds. Selecting one manufac- 
turer's specification for each recorder type as represen- 
tative, the maximum chart speed was 10 cmls for the 
direct writing thermal array recorder and 25 cmls for the 
electrostatic recorder. Given the usual circumstances for 
recording EMG in ergonomic situations, these paper 
speeds should be adequate if this recording mode be 
desired. 





Machine-Interpretable Recorders 
Central to the function of any recorder is the ability 

to store information. In the case of a graphic recorder, 
the information is stored in the graphic record itself. 
Machine-interpretable records store information in a 
form that cannot he read or interpreted without a machine 
interface. 

FM Magnetic Tape Recordem 
The appeal of the FM tape recorder as a storage 

device is its abiity to reconstruct the EMG waveform in 
its original analog form at the convenience of the in- 
vestigator. During a recording session, the elec- 
tromyographer is free to focus attention on the data col- 
lection aspects of an experiment, even voice annotating 
the record during significant events. Subsequently, the 
investigator may review individual channels and perform 
alternativedata reductionand analysis methods using the 
original analog signal. The long-term storage aspect of 
the FM recorder allows data to he reanalyzed using 
methods that were unavailable or unappreciated at the 
time of the data collection. The FM recorders are pre- 
ferred over other direct analog recording designs hecause 
of their superior linearity, harmonic distortion, noise 
level, and DC response. The DC response is necessary 
for recording the output of transducer types normally 
associated with EMG, such as force, joint position, and 
acceleration. The bandwidth of an FM tape recorder is 
proportional to the tape speed. It is necessary, therefore, 
to select a recording speed that provides a bandwidth ade- 
quate for the signal beiig recorded. 

The ability to record data in real time at a fast tape 
speed and play hack at a slower tape speed has the effect 
of slowing time. This effect may he used to extend the 
bandwidthof an ordinary pend-ink recorder artificially 
and allow the m r d i n e  of raw EMG sienals. Thus. 
re&rding at a tape s&of 15 ips and repla&g at 15/32 
ips can produce a bandwidth expansion factor of 32. 
When m&plied by the typical Go-and-ink bandwidth 
of 60 Hz, the effective bandwidth is extended to 1920 Hz. 

The primary drawhack to the use of an FM recorder 
concerns the reduction in the signal-to-noise d o  that is 
likely to occur. The recorder signal-to-noise specifica- 
tion defines the upper limit of this ratio for a signal wver- 
ing the full dynamic range of the input. The EMG signals 
are characterized by a large dynamic range spanning the 
signal amplitude from those generated by a few motor 
units to those generated by a maximal contraction. Con- 
sequently, for a 0.1 V signal recorded on a recorder with 
an input dynamic range of * 1.0 V and a signal-to-noise 
ratio of 100:1(40 dB), the aaual signal-to-noise ratio is 
5:1(14 dB) or 20% noise. This level of noise may well 
be intolerable. 

h'gital Recorders 
The widespread use of digital computers to process 

experimental data has created a need for recorders that 
can store large quantities of data and can provide the data 
in a digital format suitable for direct computer input. The 
digital magnetic tape recorder and the digital magnetic 
disk are the two most popular digital recoding tech- 
nologies. In both types, a numerical value is represented 
by a formatted digital code. The codes used have been 
standardized to allow data to be interchanged hetween dif- 
ferent computer types and software applications. Unlike 
FM tape recorders, the density of the information plac- 
ed on the digital tape or disk medii is independent of the 
frequency content of the information. AU blocks of the 
coded data are formatted in the same way. Consequent- 
ly, signals with high frequency components require pro- 
portionally more storage. For wide-band EMG signals, 
this will require thousands of stored values for each sec- 
ond of recorded data. Fortunately, the capacity of digital 
storage technologies are increasing rapidly at the same 
time the price per storage unit is dropping, making digital 
storage of EMG data attractive in many applications. 

In comparing analog and digital recording methods, 
it is important to realize that the digital recorder does not 
digitize the EMG data itself, but rather it relies on another 
computerantrolled process termed analog-todigital 
conversion. The fidelity of digitally recorded data as 
representative of an analog EMG waveform is dependent 
primarily on the performance of the analog-to-digital con- 
verter. For EMG signals that eventually will he digitiz- 
ed and pmcesxd using computer methods, digital storage 
is advantageous because this technique side-steps the 
noise and distortion problems of FM recorders. 

ANALOG-TO-DIGITAL CONVERSION 
Clearly, from the foregoing discussion, analysis of 

EMG measurements very often requires digitization of 
the signal and subsequent numerical computations. This 
is true particularly when relating EMG signals to other 
simultaneously measured variables such as force, posi- 
tion, and angle and when addressing issues of muscular 
fatigue that require processing in the frequency domain. 
The term analog-todigital convenor is used to describe 
any component or device which changes a continuously 
varying signal, such as EMG, into a discrete number 
representing the amplitude of that signal at some par- 
ticular instant in time. 

Theory of Operation 
Theoretically, an analog signal like EMG is con- 

tinuously variable over its entire range. In practice, there 
is a Jinite resolution to the numerical value that is assigned 



FIGURE 410  
Fast Fourier Transform weighting or window functions. 

Reprinted withpemissionjiom Brigham EO: The Fart Fourier Transform. Englewood Cliffs, NJ, Prentice-Hall 
Inc, 1974, Figure P8, p 181. 



whenever the analog signal is sampled. This means that 
for any given numerical output of an analog-todigital 
converter, there is a limited range of signal inputs, not 
just a single point. This range is referred to as the width 
of the output code and, in practice, is equal to the least- 
significant-bit (LSB) of an A-D converter. 

Four popular types of A-D converters are available 
currently in integratedcircuit form. Table 44 lists these 
four types, the signal band width with which they are 
mmmonly associated, and some of their attributes. The 
successive approximation converter with a sample-hold 
Circuit is the most popular for data acquisition systems 
(Figure 4-1 1). The method allows great versatility, and 
recent cost reductions have made it suitable for many ap- 
plications including EMG. The parallel, flash, or 
multi-r Iadder design provides the highest speed 
but usually at the expense of limited resolution (only d 
or 8-bit). 

In addition & resolution, important specifications for 
A-D convertors include accuracy, number of channels, 
maximum sampling rate per channel, and throughput 
rate. The needs in each of these areas should be deter- 
mined by the ergonomist when considering the purpose 
of couectiog EMG data. 

TELEMETRY 
General 

A practical problem associated with performing 
EMG recording in simulated or actual work settiogs is 
the quknmt mat the workers' mOVaIEnts be confined 
to an area defined by the length of the cable(s) wmec- 
ting the subject to the recording apparatus. Electrode 
cables may not exceed a few feet in length without 
seriously degrading the signal+mmhe ratio ofthe d- 
ing. Electmmyographic instrumentation using onsite or 
centrally located preamplitiers may be used to extend this 
distance to a maximum of appmximately 15 m (50 A). 
Although allowing greater mobility, a cable of this length 
may pmve unwieldy or even dangerous, given the 
mechanized nature of many job sites. 

The telemelry of the preamplified EMG signal via 
radio frequency transmitter and receiver affords the sub- 
ject untethered movement. An ordinary telemetry link 
used to transmit electrocardiographic (ECG) information 
is shown in Figure 4-12. A small battery powered 
transmitter frequency modulates a radio frequency car- 
rier with the ECG signal that is then broadcast at the car- 
rier frequency. The receiver in turn receives and 
demodulates the FM signal to recover the ECG 
information. 

Range and Directionality 
The range of the telemetry link is determined by the 

power output capability of the transmitter and the sen- 
sitivity of the receiver. As a practical matter, the range 
of the telemetry equipment is rarely a concern because 
commercially available battery powered transmitters are 
capable of transmitting signals that may be received over 
distances in excess of 30 m (100 A), a range encompass- 
ing the majority of work sites. A larger concern is the 
direaionality of transmitting antennas. Even so called 
omnidirectional transmitting antennas are characterized 
by weak field strength at various locations in their radia- 
tion pattern. The effect of weak field strength on the 
recovered signal is dependent on the type of modulation 
employed. In general, it may be understood to effect the 
signal in the same way as an AM or FM radio broadcast 
is affected when a radio receiver is positioned at increas- 
ing distances from the transmitting antenna. The 
recovered AM signal becomes weakand noisy while the 
FM signal is characterized by total signal dropouts. To 
reduce the incidence of these problems in telemetry, it 
is common to use multiple antennas. 

Multiple Channel Telemetry 
In the majority of applications, a single channel of 

EMG is inadequate to monitor the muscle groups in- 
volved in a work task. The obvious solution is to use 
multiple transmitter-receiver combinations, each 
transmitting and receiving at a different frequency. 
Although this method is used commercially, it is expen- 
sive because each component in the system must be 
duplicated for each additional channel. 

A common solution to the problem of multichannel 
telemetry is to use a form of multiplexing. Multiplexing 
refers to a system of transmitting several messages 
simultaneously on the same circuit or channel. Time divi- 
sion multiplexing is not huly simultaneous transmission 
but rather the sequential transmission of each channel 
sampled in rapid succession. Because ~s memod incor- 
porates sampling, information loss will ocnu if the 
sampling frequency is not several times the product of the 
number of channels times the bandwidth required. 

Frequency division multiplexing is true simultaoeous 
transmission as illustrated in Figure 4-13. Each channel's 
signal is used to frequency modulate a subcarrier 
oscillator. The subcarriers are mixed and used to frequen- 
cy modulate a high frequency oscillator whose output is 
amplified and transmiaed. The receiver is tuned to the 
high frequency carrier and each band of subcarrier lie- 
q d e s %  band-pas tiltered and demodulated to recover 
the original signal. The table in Figure 4-13 defines the 
subcarrier bandwidths and center frequencies according 



TABLE 4-4 
Types, Signal Bandwidth and Attributes of A-D Convertors 

Type Signal Bandwidth Attributes 

Integrating 

Successive approximation 

Parallel "flash" 

100 Hz to 1 MHz 
with sample-hold 

1 MHz + up 

high accuracy 
low speed 
low cost 

high speed 
accuracy at increased wst 
flexibility 

highest speed 
high resolution = expensive 

Voltage-to-frequency DC to 100 Hz fast responding 
continuous serial output 

to Inter-Range Instrumentation Group @RIG) standards. 
Note that the maximum signal that can be transmitted via 
a particular frequency band is known as the nominal in- 
telligence frequency and is directly proportional to the 
bandwidtli of the subcarrier used. 

Telemetry Performance 
The performance specifications of telemetry equip 

ment for use with EMG must be judged in the wntext of 
the signal information k i n g  telemetered. The degree to 
which the sienal is ~reurocessed before beiig telemetered . . - 
will influeGe the choice of appropriate specifications. 

Bandwidth 

As discussed previously, the bandwidth of any in- 
strumentation used to amplify or otherwise process EMG 
must be adequate to preserve the information content of 
the signal. In the case of raw surface EMG, a bandwidth 
of 1 to 3000 Hz is recommended as a conservative 
specification.14 This specification must also be applied 
to the telemetry link. Unfortunately, much of the com- 
mercially available telemehy equipment marketed for use 
with human subjects is intended for lower frequency a p  
plications such as electrocardiograph and electroenceph- 
alograph monitoring. These bioelearic signals are con- 
tained in the frequency range of DC to about 150 Hz. 
Although this bandwidth is inadequate for raw surface 
EMG, it is more than adequate for processed EMG 
signals. 

Consideration should also be given as to whether 

signals other than EMG are to be transmitted via the 
telemetry link. If so, the bandwidth of the telemetry chan- 
nels assigned to these signals must include the frequen- 
cy range of the attendant signals. Frequently, variables 
associated with EMG such as position, force, velocity, 
and acceleration, are represented by signal frequencies 
that extend to DC. 

Dynamic Range 

The dynamic range specification refers to the range 
of signal ampliflldes the telemeterized output may assume 
without distortion. A small signal amplitude may be 
characterized by undermodulation and noise. A large 
signal may be characterized by overmodulation and 
nonlinear distortion. Ideally, the sensitivity of the system 
is adjusted to minimize both effects while taking full ad- 
vantage of the full dynamic range. As no signal may be 
greater than the limit defined by the dynamic range 
without distortion, this specification also limits the max- 
imum obtainable signal-to-noise ratio. 

Noise and Cmss Talk 

Noise may be generated within the telemetry equip- 
ment itself or from external sources of electromagnetic 
radiation such as television and radio stations, wmpute~~ ,  
switching power supplies, and automobile ignition 
systems. No matter their source, they can play havoc with 
telemetry signals. Problems of this sort are difficult to 
predict. One possible solution is to alter the transmitting 
frequency to an unaffected frequency. This capability is 
usually provided in commercial designs. 
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FIGURE 4-11 
Sample-hold circuit dynamics and the e m n  they may create. 
The time scale is greatly expanded. 

Reprinred with permission from the Applicmion OfFiIren to 
ArurlogandDigiral SignolProcessing. LocklandSystem Cap. 
I70 W N y c k  Rd, West N y d ,  NY, 1976, Figure 25, p 14. 

Another problem may appear to be noise but actual- 
ly is cross talk from an adjacent telemetry channel. Cross 
talk occurs when an overmodulated signal channel 
overlaps an adjacent channel. The solution is to prevent 
the overmodulation by reducing the channel sensitivity. 

MONITORS 
Always monitor the raw EMG signal for artifans and 

noise to ensure the quality and fidelity of the detected 
waveform. An analog oscilloscope is used typically for 
this purpose. Because of the wide bandwidth (2 1 MHz), 
excellent linearity, and low noise of most commercial 
analog oscilloscopes, making an appmprhte selection is 
of little difficulty. 

Of more practical concern is choosing an oscillo- 
scope that has the features necessary to make the job of 
monitoring the raw EMG convenient. In the case of 
multichannel EMG, it is convenient to display all the 
channels simultaneously with the same time base. This 
is accomplished by time-sharing the single beam of the 
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oscilloscope between several channels. By time division 
multiplexing or chopping the display with sufficient 
speed, the information content of the individual channels 
may be preserved. 

The quantity of the information displayed on the 
screen for each sweep of the beam makes some form of 
short-term storage desirable. The persistence of an or- 
dinary cathode-ray Nbe display is dependent on the type 
of phosphor used. The selection of an appropriate 
phosphor may be usedto slightly delay he disappearance 
of the visual hace without causing confus'mg superimposi- 
tion of subsequent traces. 

For delays longer than a few fractions of a second, 
a storage oscillosmpe is necessary. Storage oscilloscopes 
will retain a stored image from a few seconds to several 
hours, depending on he particular design. 'Ik specifica- 
tion of p&arimpon& in selecting an appropriate 
storaee oscilloscooe for EMG is stored writine d. It 
is &&mended ;he stored writing speed be-; 0.125 
cmlps. 

BIOFEEDBACK 
Biofeedback in the context of EMG refers to the 

presentation of the EMG signal to the research subject 
as a means of i n d m g  his volutional self-control of 
specific muscles. The form of the feedback is charac- 
teristically visual or auditory. It may consist of anything 
from the presentation of the raw EMG to the subject in 
the form of an oscilloscope tracing or as sounds from a 
loudspeaker to the presentation of a prazssed signal us- 
ed to deflect a meter or other indicator. 

One popular use of biofeedback in recent times has 
been the use of auditon feedback of surface EMG for use . 
in relaxation training. In general, bowever, there are 
limited applications of EMG biofeedback in agonomics. 
In principle, the same insbumentation standards should 
be applied for use of EMG in k s e  siblatiom. Caution 
should be exercised in adapting armmercial biofeedback 

5onforuseinaba10ea~urementapplicatioos 
for which it was not intended. A review of he equipment 
specifications should reveal if the M d t h  haF been 
reduced or sienificantlv shaoed with filters mat will ac- 
tually cause &dicani sig& distortion. 

SUMMARY 
This chapter presents information about principles 

of insmunentatioo applied to the collection of EMG data 
in an ergonomics setting. Rimary emphases are on 
amplifier characteristics a d  q u h m e n t s  for pnxzss- 
ing the EMG into formats that allow the ergonomist to 
subsequently interpret data. Somewhat detailed infor- 
mation is provided on tbe topic of frequency domain 



FIGURE 4-12 
A typical singlechannel telemetry link 

Reprinted with permissionfrom Srrong P: BiophysicaI Measurements. Tekrronix, Inc, 1973. Figure 27-1, p 427. 

processing has been included because of the potential a p  
plications. The topic of recorders or monitors and 
telemetry and biofeedback are discussed in terms of a p  
plications for those interested in applying EMG to the 
situation where ergonomic questions are of interest. 
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OUTPUT FORMS: DATA ANALYSIS AND APPLICATIONS 
Interpretation of the Electromyographic Signal 

Barney LeVeau, PhD. F T  
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The electrwnyogram (EMG), based on changes in 
ampliIIlJe and frequency, can be quantified and used to 
classify theelectricalactivity level thatpmduces acestain 
musculartension.Thechangeinthemyoe~signal is 
based on the recruitment and firing rate of motor onits 
within the muscle. In general, as m m  forcc is needed, 
more maor units are mmited, and the motor units 
a h d y  firing increase theis frequency of iiring. This 
general reaction. however, is not eurtly the same f a  
every muscle.' The interpretarion of the changes in re- 
cruitment and changes in firing rate can pmvide infa- 
mation unreming the muscle's level of face or its level 
of fatigue. The infamation in this cham presents a 
vari&of ways by which the a g 0 n m i ~ t - m ~  -analyze or 
subsequently ioterpret myoelectric activity. 

NORMALIZATION 
Definition 

Quantification of the myoelectric signal, although 
not the goal, is done so that comparisons may be made 
among muscles, individuals. and activities. The myo- 
electricsignalampliludeisusedas an indireameasureof 
ummti&-force. Because there is not a onero-one re- 
lationshin between the two. a slandard d reference must -~~ ~.~~ ~~~ 

be established for any comparison among subjects. 
muscles, a activities. Such a pmcess if ref& to as 
~ o n T h i s p m c e s s a l s o i s a f o r m o f f ~ e a l i -  
bration. 

The myoelectric signal may change from one time to 
the next for several reasons such as slight change in 
elecaode location, change in tissue propenie-s, or change 
in drme temperatun. The absolute values of mianvolts 
could give an .lnacapate comparison of muscle fundon 
during merent  activities. Therefore. a n a m a l i i o n  
&n&tbe made at each specific testing time f a  
each subject tested. 

After applying the eleclde-s at an appqnkE site 
one the mu.c,&aseveralcon~tioni& 
faeach muscle to be studied. The reference contractions 
must be well defined in tern of electrode placement, 
type of cootraction (eg. extension or flexion). and pint 
positim. In agonanic studies, maximum efforts during 
functional activities may alsobe wed. An exampleof this 
reporting is shown in Table 5-1, based on work done by 
Ericson and associatesa 
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Isometric Maximal Voluntary Contraction 

The most commm method of a)rmalization is to 
perform one ref- contraction, usually an isometric 
maximal voluntary contracton (MVC or MVIC). The 
myockchic values subsequently obrained are expressed 
asa-ta~eoftheMVC. Examnlesofthismubodare 

The ose of the MVC as a reference contraction is 
basedon theideathattheamountofforce~uccdvaries 
directly with the myoeleceic output. This is not quite 
hue, although rmmy rcsearchus have found a linear or 
near linear &&ip between the myoelectric signal 
and the forceomduced*~" Althounh the MVC mav vaw 
from time tomtime in quantiry and &ality. ~iitasah a k  
Komi state that using the MVC "may be an acceptable 
way to standardize- the resting situations." 

Caution should be taken. however, in using the 
isometric MVC for all inwskations. S e v d  factors 
should beconsidered when sele&nga referenceconuac- 
Iion. These include the fact that the EMG-force relation- 
ship does not appear to be linear over the entire face 
rangeand that therelationshipvariesamong subjectsand 
muscles (see Chapta 6). 

The motor unit rtauirment pattun for each muscle 
is also known to be differentlJs Woods and Bigland- 
Ritchies found that muscles with near unifam fiber type 
composition had a linear relationship behueen EMG and 
forcc,butmuscleswithmiXedfibertypecompositionhad 
nonlinear relatianships' Lawrence and DeLoca, for 
example, found that the fim dorsal interosseous muscle 
had a linear EMG-force relatitionship, but the biceps 
brachii and deltoid had a nonlinear re1ationship.l 

In gene& the number of active motor units in- 
neases with imeasing face  at low force levels but the 
firing rate increases at higher force levels1o Slow muor 
units tend to become active later and continue to fire at 
higher force levels. 

Reserm:hers have fowd that comparing a subject to 
themselves is more wise ma0 comparison across indi- 
viduals. For the same muscle, the EMG-force relation- 
ship demansnated d inhasubject variaIion but large 
inters~bjectvariation'-~' Comparisons made on the same 
subject therefae. are more valid 



TABLE 5-1 
Tbe Muscles Investigated, The Approximate Position of the BipoLar Electrodes, Tbe Attempted Movement (Isometric) 

and Joint Position at which the EMG Normalization Was Perf~rmed*.~ 

EMGNormalization 
type of isometric Joint 

Muscle Electrode position contraction position 

45 deg. 

tlexion 

Mid hip 
joint pos. 

45 deg. 
knee 
flexion 

45 deg. 
knee 
flexion 

45 deg. 
knee 
flexion 

45 deg. 
knee 
flexion 

45 deg. 
knee 
flexion 

Mid ankle 
joint pos. 

Mid ankle 
joint pos. 

Mid ankle 
joint p. 

Mid ankle 
joint pos. 

Gluteus maximus 20% of d between spinous process 
SZ and a poim 10 cm distal to 
greater nuchanter 

Hip enension in exercise table 

Gluteus medius 10 cm distally on a line from 
gluteus medius insertion towards 
greater trochanter 

50% of d between SJAS and apex of 
patella 

Leg abduction against manual 
resistance lying on the flwr 

Knee extension in exercise table 

20% of d between SIAS and medial 
knee joint space 

Knee extension in exercise table 

25% of d hemeen SIAS and lateral 
knee joint space 

Vastus lateralis Knee extension in exercise table 

Biceps femoris 50% of d between ischial tuberosity 
and caput fibulae 

Knee flexion in exercise table 

Medial hamstring 50% of d between ischial tuberosity 
and the medial knee joint space 

Knee flexion in exercise table 

Gastrocnemius 
medialis 

35% of d between medial knee joint 
space and tuberosity of calcanwus 

Ankle plantar flexion standing on 
floor rising against manual 
resistance 

Gasrmcnemius 
lateralis 

30% of d between lateral knee joint 
space and tuberosity of cancaneous 

Ankle plantar flexion stagdiog on 
floor rising against manual 
resistance 

50% of d between head of fibula 
and tuberosity of calcanmus 

Ankle plantar flexion standing on 
floor rising against manual 
resistance 

Tibialis anterior 75% of d hemeen lateral knee joint 
space and lateral mallwlus 

Dorsitlexion against manual 
resistance lying supine with 30 deg. 
knee flexion 

'Repmhrcsd with permission from Erieson, a al: MuscuLar sctivily during ergometer 
cycling. Scand J Rchabil Med 17:5341, 1985, Tab 1, p 55. 

bd = disfancc. SMS = Spina iliaca anterior superior. deg = d e w ,  pos. = position. 



TABLE 5-2 
Mean (SD) o f  Rucessed Elecuical ActivityLb 

M biceps bm&i, 10 subjects 

Integrated 10.6 
activity per (3.6) 
100 msec 

Zero crossings 7.2 
per100msec (1.6) 

Integrated 1.32 
activitylzem (0.38) 
crossings 

Tlm.5 Per 30.2 
100 msec (6.0) 

Mean 300 
amplitude (74) 
bv) 

Turnslrnean 0.100 
amplihlde (0.022) 

M tibinlis nnrerior, 10 subjects 

Integrated 8.6 12.0 18.5 25.2 
activity per (3.5) (5.2) (5.1) (5.4) 
100 mser: 

Zero crossings 9.2 12.0 13.9 15.4 
per 100msec (2.7) (2.3) (1.6) (1.4) 

In=* 0.79 1.00 1.26 1.63 
activitylzero (0.42) (0.43) (0.36) (0.50) 
crossings 

Tlm.5 per 26.6 37.3 44.1 51.3 
100 msec (7.4) (5.2) (4.3) (4.2) 

Mean 314 393 487 608 
amplitude (85) (101) (96) (109) 
bv) 

W m c a o  0.062 0.081 0.777 0.069 
amplitude (0.012) (0.081) (0.077) (0.069) 

'Rcpmduced wmhprmission fmm Ciuistenscn H, LoMonram M. Dahl K. a d: Rocessingofelsvical &nIy in human muscle during 
s gndual increase in force. Usvomyogr Clin Neurophysiol 58:ZM-239. 1983. p 33. 

When dynamic activities are studied, a further corn- electrodes. 
plication arises, making normalization difficult. The 
EMG-force relationship found in isometric contractions If an isometric MVC is used as the reference wn- 
does not remain when muscles are allowed to change traction, the investigator must realize that in many cases 
length as they contraa." This situation is because of the the myoelectric signal will give an overestimation of the 
relationship of the length-tension and force-velocity maximum force.18 This is especially true if the 
(discussed in Chapter 6) and because of the changes in nonlinear relationship exists as d d b e d  by Lawrence 
location of tiring motor units relative to the surface and DeLucal and Heckthome and Childres~.'~ 



FIGURE 5-1 
Activity of upper trapuius. Plateau phase occurs between 45 
and 105 degrees of a m  elevation (subject X13). 

Reprinted wirh pennisswnfmm Bagg SD, Forresr WJ: EIec- 
nomyogmphic sndy ofthe scapular romon during a m  a& 
&on in the smpularpkme. Am J Phys Med 65:111-124, 
1% Figure 4. p 118. 

Options Other Than Maximal Voluntary 
Contraction 

Beutuse the EMG-force relationship may not be 
linern for the specific muscle to be studied, the ergonomist 
may gain increased accuracy by using one or a series of 
several submaximal isometric wntractions to provide a 
reference for comparison. Such a procedure has been 
reported by Perry and Bekey') and Yang and Winter.16 
This procedure may also be helpful in providing a force 
level similar to the level of force needed for the activity 
under investigation. Yang and Winter found mat submax- 
imal contractions were more reliable than MVC and 
therefore should be more desirable to use.16 

Winkel and Bendix used three different well-defined 
reference tasks to give myoelectric signal reference 
values to compare the different seated work tasks 
studied.m Andersson et al also used more than one con- 
traction as a standard.21 They transformed myoelectric 
signal microvolts to force data by way of regression 
analysis using a set of caliiration expeiments over a force 
range of interest. 

Other alternative procedures for normalization have 
been reported in the literature. Jonsson and HagbergZZ 
and Janda et alu used one of the activities being studied 
as the reference conhac4ion. In mmpmhg muscle activity 
for different grips, for example, Jan& et al used the open 
grip position as the reference a c t i ~ i t y . ~  

If the activity under investigation does not include 
isometric muscle wnhactions, an isotonic wnhaction 

may be used as the standard. Bobet and Norman, for ex- 
ample, used the unloaded walking activity to produce the 
reference contractions for the loaded walking activities 
being For a cycling study, Gregor et al used 
the greatest muscle myoelectric activity values obtained 
for the cycling activity as the 100% reference.25 Either 
of these techniques can be used in ergonomic studies. 

In more complex activities, a further complication 
in the EMG-force relationship arises. Because different 
synergists and antagonists are active in different propor- 
tions, the synergists will share the force production dif- 
ferently and will also have to develop force to overcome 
antagonistic activity. 

The resting, or minimal value, is often subtracted 
from the myoelecaic signal of the reference and of the 
task. This process serves to eliminate the noise or other 
instrumentation bias  error^.^.^^ This technique, 
however, is not considered essential by many because this 
same signal component is included in all of the tasks 
evaluated. 

Normalization of the Task 
The task being studied may also need to be normal- 

ized in terms of time. A cyclic activity can be set at 100 
N for each cycle. This procedure allows for comparisons 
of data which may vary slightly in duration. This type of 
normalization has been used in gait analysis2' (Figure 
5-5) and when carrying loads on the back.24 While stu- 
dying shoulder joint load and muscle activity during lif- 
ting of a box, Arborelius and associates expressed each 
task as a working cycle ratio.",n The time 0 is when the 
box left the floor and is when the box was placed on the 
table (Figure 5-6). 

summary 
1. Normalization of the myoelectric activity to a 

reference contraction is important to compare trials, 
subjects, and m ~ s c l e s . ~ . ~ , ~ '  

2. The myoelecaic signal-to-force relationship is suffi- 
ciently linear to use an isomeaic maximal voluntary 
contr&on as a reference wntraction in many sit&- 
tions.10.12.14.17.18.32 Some limitations to that an- 
proach are discussed below. 

3. The MVC normalization approach probably results 
in an overestimate of the force produced." 

4. The procedure of normalization is improved when the 
level of activitv is close to the activitv under investiea- 
tion. ~ubmaTi;nal isometric contlaciions therefore &e 
more accurate as reference contractions. This is par- 
ticularly hue if the EMG-force relationship of the 
specific muscle is known to be nonlinear.13J6 
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FORCE ISMVCI 

FIGURE 5-2 
Mean values (f SE) for EMG-force relations for biceps brachii muscle using three different recording procedures. 
(Left) Biilar and monopolar reading amtiguration. (Center) lateral and medial head electmde placement. (Right) 
~u~inated and semipronated hand position. 

Reprinted with petmiisionfrom Woods JJ. Bigland-RiIchie B: Linear and nonlinear s u f l i e  EMGforce relalion- 
ships in human muscles. Am J Phys Med 62:287-299, I W.3, Fig. 3,  p 293. 

5. The reference contraction should reflect the activity 
being st~died.~'-~~." 

6. Calculations can be made to remove the effect of noise 
from the signal, if desired. 

7. The activity under investigation may also need to be 
, ~ . 2 . 2 4 2 7 . 2 8  

OVERVIEW OF METHODS 
Many different methods are used to reduce the data 

contained in the electrical signal and to present it in 
numerical form. Which method to use depends on why 
the information is needed, that is, the purpose of the 
study. The interpretation of the EMG signal plays an im- 
portant role indetermining the relationship of muscle ac- 
tivity to task performance. The most basic information 
obtained from a myoelectric signal is 1) whether or not 
the muscle is active and 2) the relative amount of activi- 
ty of the muscle. By using the appropriate prooess of nor- 
malization, a reasonable estimate of muscle function can 
be obtained by the ergonomist. This information can be 
comb'ied with an observation system or simply an event 
marker of some type to determine I )  when the muscle is 
active: 2) when a oeakof activiw occurs: 3) what the Dat- . ,  . , 
tern of muscle activity is during a movement. position, 
or force production; and 4) whether fatigue has occurred. 
The instrumentation used is presented in Chapter 4, and 
other factors that can affect the values obtained are 
discussed in Cbapter 6. 

Raw Signal 
The raw, or unprocessed, EMG signal is the basis 

of all methods of interpreting the myoelecaic activity 
from muscles. The ergonomist should monitor the raw 
signal, even though other signal processing may be used, 
so that artifacts can be detected and controlled as 
necessary. 

In the past, probably the most common way to in- 
terpret EMG was by visual inspection of the raw signal. 
With training, experience, and the use of multiple gains 
and oscilloscope sweep velration, the observer should be 
able to evaluate the raw EMG signal visually and effec- 
tively. The observer should be able to identify when the 
raw signal indicates that a muscle is active and when it 
is relaxed. The relative amount of activity may be 
classified either by words, such as nil, negligible, slight, 
moderate, marked, or very marked, or by numerical 
values, such as 0-5, with 0 being no activity and 5 being 
maximal activity. 

Such visual observations are based on signal 
amplitude and frequency. An example is provided in the 
work of Sofranek and associates when they visually 
examined the raw myoelectric signal to determine the 
duration of the interference pattern (Figure 5-7).35 The 
distance from the first action potential spike (on) to the 
last spike (om of the interference pattern adjusted to the 
paper speed provided a measure of duration. 

The raw myoelectric signal was also used by Matm 



Righ t  Erector  Spinoe 

FIGURE 5-3 A 
Right erector spinae EMG. 

Reprinred wirh permissionfrom Serowsi RE. Pope MH: 7he relntionship benveen r d  muscle elenromyography 
and IiJiing moments in the saginal andfronmlplanes. J Biomech 20:135-146. 1987, Figure 40. p 141. 

Le f t  Erector Spinoe 

FIGURE 5-3 B 
Left Erector Spinae EMG 

Reprinted with pprmissionjiom SPrn~~(ri RE, Popve MH: 7he rehionship beween t d  murcle elenromyn~raphp 
and 11ffing moments in the saginal andfrontolplnner. J Biomerh 20135-146, 1987. Figure 46. p 141. 



No-iood lpsi~aterol Posterior Controloteral Anterior 

Carrying Position 

FIGURE 5-4 
Erector spinae EMG mean values (% MVIC) for all  four carrying positions and the no-load mndition for males 
and females @oth load sizes combined). The short horizontal bars indicate standard errors. 

Reprinted with permissionfrom Cmk TM, Newnunn DA: The g e n s  of lmdplacentenr on the EMG of the 
low back mcles  during load mnying by men ond women. Ergonomr'cs 30:1413-1423, 1987, Figure 2, p 1419. 

and associates to study the synergy of elbow extensor 
muscles during the deceleration phase of elbow flexion 
 movement^.^ The authors observed the timing of the 
muscle b u ~ s  during the task. The amplitude values could 
not be. quantified accurately, and only terms of weak and 
slight amplitude were used. The raw signal of the three 
heads of the triceps, the anconeus, and the biceps brachii 
muscles for the slow and the fast movements are shown 
in Figure 5-8. 

The problems of using on-off information from raw 
EMG signals was illustrated by He used three 
different threshold levels as six subjects walked normal- 
ly. The differences in phasic pattern are shown in Figure 
5-9. Different threshold levels give different on-off pat- 
terns, and, therefore, the on-off information can be 
misleading. Similar differences wouldbe expected should 
similar techniques be used in ergonomic studies. 

How other conditions influence activities evaluated 

in ergonomics was shown in a study by Jan& and 
associates in which the raw myoelechic signal was used 
to study the mle of the forearm and hand muscles during 
various phases of prehensile activity.23 Surface 
myoelectric signals were rerarded during a sustained grip 
of 10 kg at each of three different handle spacings. Each 
data set was compared to the value obtained from the 
widest handle spacing position. The results revealed that 
the extrinsic flexor muscles were active throughout the 
test range, but the intrinsic muscle group was active on- 
ly at the narrower handle spacings. Sample results are 
shown in Figure 5.10 and are bssed on the millivolt values 
of the signal thickness. In these cases, the investigator 
would have difficulty making interpretive statements. 

Perry and associates used a more involved approach 
to quantify the raw signal." They devised an eightpoint 
scale that accounted for both amplitude and frequency 
components of the signal (Figure 5-1 1). The amplitude 
measured in millimeters was divided into a four-point 
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Ensemble average of Linear envelope of EMG from five muscles 
of a Mica1 mtient. Solid Line indicates the mean EMG signal 
in mi&vol& and the dolled lines represent om SD of the EMG 
profiles horn the 20 strides. 

Rrprinred with permission jiom W a r  D: Paihobgic gait 
diagnosis with compufermrng.4 ckctranyographicpmfiles. 
Arch Phys Med Rehabil65393-395, 1984, Figure 6, p 395. 

scalesuchaslmm =0.5point,2mml.Opoint,3mm 
= 1.5 points. The values of 4 mm and 5 mm were both 
given a score of 2, and the values of 7 mm and 8 mm were 
given a score of 3. They also used a four-point scale to 
assess ~JE density of the signal that would reflect the signal 
frequency. No signal would be zero density points, 50% 
of a signal would equal 2 points, and maximal activity 
showing a darkening record would equal 4 points. The 
maximum combined score from a maximal contraction 
would be 8. The final rating of the muscle activity was 
presented as a percentage of the myoelectric signal dur- 
ing maximal manual muscle testing. The percentage was 
obtained by adding the amplitude &d density sco& and 
dividing this value by 8. Their quantitative evaluation of 
the mvcelearic s i d  reveals the onset and duration of ~- ~ 

musck firing, pro&les a k t i t a t i v e  value of the amount 
of muscle firing, and identifies the interval phase (time) 
during which the muscle firing was greatest. In general, 
similar techniques couldbe applied to data obtained from 
ergonomic settings. 

In summary, the raw EMG signal is a random signal 
obtained from the surface el&es and then amplified. 
The raw signal should be monitored for all investigatiom, 

because the investigator can pick out major artifacts mru 
eliminate that area or part of the The 
ergonomist should be aware that on-off infomation is 
nominal data but the relative amount of activity is ordinal 
data. Interpretation that can be made in ergonomic studies 
are dependent on the amplifier gain and the sensitivity set- 
tings ofrecording instnunents. No current standards exist 
for insuument settings or interpretive rules; therefore, 
considerable judgement needs W be exercised in evalu- 
ating EMG records of raw data. Such a data form is of 
limited value when findings are to be related to force or 
fatigue. Thus, the signal is processed to attain a quan- 
titative estimate that can be used for statistical or higher 
order analysis.13 

Demodulation 
The raw signal provides limited information and can 

actually provide inaccurate information if it is not pro- 
cessed& another form. Inman and associates stadthat 
the raw waveform of the mvoelectric sienal is sufficientlv 
complex that simple co'mParisons %f peak-to-& 
amplitudes are inaccurate." If true, then other types of 
comparisons would also be inappropriate. Given that the 
raw signal is of high quality, however, further manage- 
ment of the data can be desirable. Instrumentation, as 
discussed in Chapter 4, has been designed that provides 
a number of outputs representing the average amplitude 
of the ioput.l7 The interpretation of the results of these 
techniques is included in the next section of this chapter. 

Linear Envelope 
A linear envelope can be used to provide. an envelope 

that represents a profile of the myoelecaic activity of the 
muscle over time. The electronic process involved in- 
cludes rectification of the raw signal and then a passing 
of the signal through a low pass filter that foUows the 
peaks and valleys of the rectified signal. The combii- 
tion of the fd-wave rectifier followed by alow pass filter 
is often called a linear envelope detector. ~iffeGnt filters 
provide different information.39 The differences in the 
type of filter (eg, first order or Paynter) are discussed by 
Gottlieb and A g a ~ ~ a l . ~  l%e effects of different window 
lengths for smoothing are presented by Herschler and 
Miher." The ergonomist should be warned that the 
specific devices used may affect the interpretation. The 
characteristics of the filter, therefore, should always be 
stated. 

Inman and associates referred to this process as in- 
tegration for "lack of a beaer name" l7 Note should be 
made, however, that the linear envelope process, 
although related to integration, is not true integra- 
tion, 17.39 



SK FKFF 

FIGURE 5-6 
Tk upper left and right graphs show the loading moment of force (mean with 95% confidence intervals) for the 
SK and FIUT lifts. Time is expressed as a working cycle ration (WCR). The other graphs sbow individual musculm 
activity awes from tive individuals from seven mwles: anterior, lateral (middle) and posterior parts of clavicular 
and sternocod portions of pstoralis, kui'aspinatus, and latissimus dorsi. Activity norm TAMP-R. "Segmenta- 
tion" of curves is a mult of pmcess. "Missing" awes  indicate absence of act. 



FIGURE 5-7 
Measurement of movement time hom a recording of an EMG 
interference panern. 

Reprinted with permission from Sofanek MG et al: Effect of 
auditory rhythm on muscle activity. Phys Ther 62:161-168, 
1982, Figure 4. p 164. 

The processed signal leaves the baseline when the 
myoelectric signal is greater than zero. The analog 
representation rises with the increase in muscle activity 
and falls with the decrease of muscle activity. The curve 
returns to zero, or baseline, when the muscle is relaxed. 
Thus, the linear envelope displays a pattern that reflects 
changes in the state of the muscle contraction (Figure 
5-12). The evaluation of this signal provides an instan- 
taneous muscle activity in millivolts that can then be 
related to a specific motion or position.4i The myoelec- 
tric signal has been found to lag behind the production 
of tension by about 60 to 100 ms. Further delays can 
result from the instrumentation features (see Chapter 4). 
The signal, therefore, does not perfectly identify the 
mechanical event, although it is a good reflection. An 
event marker of some kind is recommended as an in- 
dicator of the mechanical event. 

Numerous researchers have used the linear envelope 
to describe the myoelectric activity that occurs during 
various activities. Studies have been performed to deter- 
mine upper limb muscle activity during various 
m~s,3.4.17.18.28.r),31,42-44 trunk muscle activity,6,24.4547 
and muscle activity of the lower limbs during locomo- 
ti0n.Z7.3' . '9.~~- Figures 5-5, 5-6, 5-13, and 5-14 
show different ways of presenting this information. 

The information obtained from the linear envelope 
includes the onset and duration of the muscle activity, the 
instantaneous muscle activity, and the pattern of muscle 
contraction. The technique is-widely applicable in studies 
of periodic activity such as work-rest cyclesandactivities 
where reoetitions could be averaged over an interval of 
time. ~ ' E M G  from either the upper or lower extremities 
or the trunk can be subjected to this form of analysis. 

Root Mean Square 
The root-mean-square (RMS) voltage is the effective 

value of the quantity of an alternating current. The true 
RMS value of a myoelectric signal measures the electrical 
power in the signaL5I The method of obtaining this 
measure is presented in Chapter 4. It gives a linear 
envelope of the voltage, or a moving average over time. 
Therefore, the RMS wave form is similar to the linear 
envelope (Figure 5-15).34 In combination with a 
positive or time indicator, it provides an instantaneous 
measure of the power output of the myoelectric signal. 
The RMS value depends on the number of motor units 
firing, the firing rates of the motor units, the area of the 
motor unit, the motor unit duration, the propagation 
velocity of the electric signal, the electrode configuration, 
and the instrumentation c h a r a c t e r i s t i ~ s . ~ ~ ~ ~ ~  

DeVries determined the efficiency of electrical ac- 
tivitv as a ~hvsioloeical measure of the functional state . . .. 
of muscle tissue, using the RMS values as an indication 
of myoelecmc activity.53 The force and RMS values 
were linearly related, but the slopes of the lines were dif- 
ferent for subjects of different strengths. Some in- 
vestigators have continued with this application of EMG, 
but generally the methods have not been widely used. 
Some application in ergonometry probably exists. 
Another basic study was completed by Lawrence and 
DeLuca, who investigated whether the normalized EMG 
from surface electrodes versus no rma l i i  force relation- 
ship varies in different human muscles and whether this 
rel&ionshipdepends on training and rate of force produc- 
tion.' They used RMS values becausc the RMS more 
completely represents motor unit behavior during mus- 
cle contraction. 

Lind and Petrofsky studied the myoelectric 
amplitude during fatiguing isometric contractions, a con- 
dition potentially occurring at various work si te~.~4 The 
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FIGUREMA 
Typical w r d s  of flexion movemenfs @onued against o m  ioenial load 6 = 0.021 e m 2 )  slow movement. 
Lat. H: surface EMGof lateral head of the uiw muscle. Lone. H: surface EMG of lone head of the uicem mus- 
cle. Med. H: surface EMG of medial had of rb; t r i p  muscc. Anc.: surface EMG of-mocars  muscl;. B.B.: 
surface EMG of b i m  brachii. 0': d a r  velocity. t: the armw reurescnts be  oosct of activity of bc lateral - 
head. (1) first burst; b) second burst. 

ReprinIcd withpermission/rom Moron, ctol: lhrsynr'~yofclbowcae~or~cIcsdur*1g dynamic wont in nmn: 
/I. Braking clbowflenon. f i r  I Appl Physiol44:279-289, 1980. figure I A. 

- 
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FIGURE 5-8 B 
TMical remrds of flexion movements oerformed aeainst one inertial load (L. = 0.021 kz.m2) fast movement. Lat. 
 surface EMG of~steral ofthenaiceps mu.&. ~ o n g .  H: surface EMG of long b;ad ofthe triceps muscle. 
Med. H: surface EMG of medial bead of the trim muscle. Ax.:  surface EMG of soconcous muscle. B.B.: sur- 
face EMG of biceps brachii. 0': angular velocity: t: the arrow represents the on& of activity of the lateral head. 
(1) first burst, (2) second burst. 

Reprinrrdwifh permission from Maton. n ol: lhr hcsyrrrgy of cl6ow Lpemormwcles during dynamic work in man: 
II. Braking el60wpadon. Eur 3 Appl Physid 44279-289, IPBO. Figure I B. 



FIGURE 5-9 
Phasic patterns as derived hom profdes for Ihe rectus femoris 
muscle with thne arbitrarily chosen thresholds: 10 pV, ZOpV, 
and 30 pV. Depending on the subject and the threshold, con- 
siderable disrrepancy would result in defining a " n o d '  pat- 
tern against which to compare patients. 

didRmsis with &npuer-&ed e k ~ f m m ~ ~ m p h i c  &jiii.v. 
Arch Phys Med Rehabil65:393-395. 1984. Figure 3. p 394. 

RMS values were linearly related to the exerted force. 
With prolonged contractions of 25 % MVC, the myoelec- 
tric amplitude decreased as the force decreased. They 
found that intrasubject values revealed linearity, but a 
large intersubject variation was present for the absolute 
amplitude. In a subsequent study, Petrofsky and Lind 
used RMS amplitude measures to determine the intluence 
of different temperatures on the myoelectric signal dur- 
ing brief and fatiguing isometric cont ra~t ions .~~ Hand 
gripping was the activity studied. The RMS amplitude 
was calculated over 1.5-second periods from digitized 
EMG. The normalized RMS amplitude during the brief 
isometric contractions showed a linear relationship with 
force after L i b  immersion in water of temperatures at 
3 8  and W C ,  but demonstrated a curvilinear relation- 
ship after limb immersion in water of temperatures at 1 8  
and 2OOC (Figure 5-16). The normalized RMS amplitude 
of the EMG progressively increased during sustained 
contractions for all four water temperatures. 

In considering the work site, Hagberg and Sundelin 
studied the load and discomfort of the upper trapezius for 
secretaries using a word processor.56 They used an 
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FIGURE 5-10 
Surface EMG data of hand intrinsic muscles reveal maximum 
activity with narrowest (top Wcing) dynamometer handle spac- 
ines with relatively little activity at widest handle svacinz (hot- - 
tom tracing). 

Reprinted with permission from Janda DH et 01: Objective 
evduMUMon of grip strength. J Occup Med 29:56%571. 1987, 
Figure 2 ,  p 570. 

amplitude probability distribution function of RMS- 
detected signals for specific loads and for five-hour work 
periods. They found a static work level of approximate- 
ly 3.0% of the MVC for the upper trapezius muscle over 
the length of the work period. Their results are displayed 
in Figures 5-17 and 5-18. Five other but separate studies 
of myoelectric changes with muscle fatigue have been 
presented by Jorgensen et al." Root-mean-square deter- 
&nations were used to evaluate changes in the myoelec- 
tric amplitude. Increases in amplitude were recorded for 



FIGURE 5-11 A 
Electmmyographic activity of anterior tibialis muscle during 
tracelevel manual muscle test. 

Reprinted wirh ~nniss ionfrom P e m  d aL Predictive values 

T I n  A 
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FIGURE 5-11 B 
Elecpomyographic activity of anterior tibialis muscle during 
fair level manual muscle test. 

Reprinted w l h  permission from Perry n a[: Predicfive wlues 
of manualmuscle resting andgait analysis in n o m l  ankles by 
d y m k  elearomyogmphy. Foot ANWe 6:254-259, 1986. 
Figure 2 ,  p 256. . . 

FIGURE 5-11 C 
Electmmyographic activity of anterior tibialis muscle during 
maximum level manual muscle test. 

Reprinred with permission from Perry n a/: Predim've values 
of -1 muscle resting andgait analysis in n o m l  d e s  by 
dynamic elenmmyography. Foot 6:254-259. 1936, 
Figure 3, p 256. 

both continuous and intermittent work. The studies 
revealed that different muscles respond differently in that 
the change in myoelechic amplitude for the triceps brachii 
was more pronounced than the change in amplitude of the 
biceps brachii. 

The concept of static load was studied by 
J o n s ~ o n . ~ ~  He looked at examples of actual work situa- 
tions using RMS analyses to determine their load levels. 
The static component of muscle activation was considered 
to be the lowest level of muscular activation recorded dur- 
ing the work period. The dynamic component was wn- 
sidered to be the load levels above the static level (Figure 
5-19). He discussed the possibility of job rotation to 
reduce the static load level during a full work day (Figure 
5-20). 

A number of other studies including ergonomic 
elements have been performed using RMS analysis. 

A few examples are given for reference. Winkel and 
BendixZ0 studied muscular performance during seated 
work, Hagberg and S u n d e l i  studied the use of a word 
processor, and Andersson et alz' the activity of trunk 
muscles during desk work. Given these examples and the 
work now appearing in the literature, this is a widely ac- 
cepted form of EMG processing used for ergonomic en- 
vimnments. The output form is similar to the linear 
envelope detector, but it represents a somewhat better 
mathematical representation of the original. 

The total amount of muscle activity occurring dur- 
ing any given time interval is represented by the area 
under the curve during that time interval. Ihe process for 
determining this area is called integration. Integration 
may be done manually or elecaonically. A simple way 
to determine the area under the curve is tu trace thecurve 
on paper, cut out the curve, and weigh the enclosed 
area.3s In other cases, researchers have used a 
planimeter to evaluate the area under the curve.'." 
Bigland and Lippolds found that electrical processing 
and planimeay give similar results. Most researchers are 
now using electronic integration (see Chapter 4). 

Integrated electromyography (IEMG), evaluating the 
area under the curve, is a continuous evaluation of that 
area. The IEMG signal, therefore, increases as long as 
any myoelectric activity is present and decreases in slope 
as there is less myoelectric activity. The amplitude 
measure at any time along the curve represents the total 
electrical energy summed from the beginning of the ac- 
tivity. Because the IEMG curve keeps increasing, the 
c u ~ e  may need to be reset to zem for p""ctical 
This reset can be done either at fixed time inter& (time 
reset) or at a oredetermined amolitude (level reset). Ao- , .  
pendix B, &we 5, containia comparison of these 
various techniques. Because IEMG depends on the 
amplitude, duration, and frequency of the action poten- 
tials, it represents the number of active motor units. 

The continuous increase in the integrated signal as 
the raw myoelectric signal remains constant as shown in 
Figure 5-21 ,9 where the integrated and raw myoelectric 
signals are shown in relation tu a static force. Nelson and 
associates recorded the myoelectric signal of the soleus 
muscle during isokinetic movements of ankle plantar flex- 
ion and dorsiflexion." The change in the raw myoelec- 
tric signal is reflected by a change in the slope of the in- 
tegrated signal. When the muscle activity is high, the 
slope of the integrated signal is steep. At lower levels of 
muscle activity, the signal tends to plateau (Figure 5-22). 
Note that as the contractions continue, the integrated 
signal continues to move away from the baseline. If the 
task has a long duration, this can lead to confusion in the 



FIGURE 5-U 
Example of several -on types of temporal processing of the EMG. 

Reprinted with pennissionfmm: Units, T e r n  and StMdanlr in the Repom'ng of EMG Research. Repon by the 
Ad Hoc Comminee of rhe ImemMoMl Son'ery of EleERophysiological Kinesiology, August, 1980, Figure 5, p 9. 

recordings, that is, the l i i  from the integrated signal 
may cross into the l i e  of the raw signal. An example of 
level reset is illustrated in Figure 5-23.@' Numerous 
other researchers have used time or level reset integra- 
tion to study muscle activity.'9.- To obtain the in- 
tegrated values from time reset, the investigator sums the 
value of the peaks over the desired contraction time. To 
obtain the integrated values from level reset, the in- 
vestigator counts the number of reses times the level value 
for the period of the contraction. 

The integrated myoelectric signals may also be col- 
lected over a short time span during a cyclic activity, such 
as occurs during the performance of jobs. Such a p r o  
cedure was used by Jorge and Hull and is shown in Figure 
5-24.61 The rectified signal was integrated over 75 ms 
segments during the period of cycle, or 360 degrees. l l i s  
method provided 10 integrated myoelectric values 

representing 36 degree intervals for the period. The 
average normalized electrical activity for the interval of 
interest can then be evaluated and compared with other 
intervals, muscles, or tasks. Figure 5-25 shows how 
Gregor and associates treated similar inf~rmation.~~ 

Integration of the myoelectric signal provides a 
measure of the number of active motor units and their rate 
of firing. It can provide information concerning the on- 
off time and the relative myoelectrical activity of the mus- 
cle over a set time period. Thus, as a form of output, the 
data can be analyzed in ways similar to those used for 
either the linear envelope detector or the RMS. Often, 
the selection is based on available equipment simply 
because there is neither a prescribed technique nor a 
prescribed standard that must be met for studies in the 
area of ergonomics. 



FIGURE 5-13 
Average of linear envelope of soleus muscle over 10 walking strides. Contraction was normalized to 100% MVC, 
and standard deviation at each point in time is shown by vertical ban. 

Reorinred with oennission fmm D a i w  D. Norma R: Standardizing Biomechunical Testing in Spon. Champaign, 
IL: Human ~irieric Publ I&, 1987. ~ i g u r e  C.4, p 120. 

Frequency Analysis 
The myoelecnic signal consists of a series of action 

potentials firing at certain frequencies. Frequency 
analysis (spectral, harmonic, Fourier) decomposes the 
myoelectric s i g d  into sinusoidal components of different 
frequencies. As described in Chapter 4, frequency 
analysis can be done either by passing the raw myoelec- 
tric signal through a series of electronic filters and plot- 
ting the result or by digitizing the data and using a com- 
puter to analyze the data and present it in a smooth spec- 
trum over a given frequency range. This frequency 
analysis gives the energy distribution of the signal as a 
function of frequency. It detects the amplitude of com- 
mon frequencies of the signal. The power spectrum of 
the interference pattern, thus, essentially reflects the 
properties of the individual wmponents. A lengthy and 
detailed description of the power specmun and its analysis 
has been written by Lindstrom and P e t e r ~ e n . ~ ~  

The power spectrum may be presented in linear, 
logarithmic linear, or double logarithmic scales. The 
power spatnun with linear scales is measured in volts 
squared per hem (Vz /Hz). The decibel (dB) unit is used 
if the scale for power, energy, or  amplitude is 
logarithmic. 

The power spectrum of the total signal reveals the 
component individual motor unit properties. The area 
under the power spectral curve equals the signal power. 
The frequency power spectrum shows only smaller u p  
ward shifts in the frequency spectrum as the force of the 
wntraction increases. This increase occurs at low levels 
of tension, but after about 50% of the MVC, the frequen- 
cy values no longer increase. 

A common use of power spectrum analysis has been 
the evaluation of local muscle fatigue. With a sustained 
muscle wntraction, the high frequency components of the 
signal decrease, but the low frequency components 
gradually increase. This change results in a shift in the 
power spectrum toward the lower f r eq~enc ie s .~~  

The two most reliable measures of the power spec- 
trum are the mean frequency and the median frequency 
(Figure 5-26). The mean frequency is the average of all 
frequencies. The median frequency is that frequency hav- 
ing 50% of the frequency distribution on each side. The 
median frequency appears to be less sensitive to noise 
than the mean frequency. 

The shift of frequency spectrum may be caused by 
such factors as follow: 
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FIGURE 5-14 
Summary of the left soleus musde activity for 10 saides of walk- 
ing on (a) walkway and @) headmill for one subject. The 0-0 
mss point on the abscissa cormponds to heel stril;e (HS). The 
ensemble average of 10 strides dong with plus and minus one 
suudard deviation (SD) for each sample of ten points are 
represented (sampling frequency at 50 Hz). 

Reprinted wirh pennissionfrom A n d ,  ei at TreadmiU wr- 
sus &g locattMion in humanr: An EMGstudy. ErgOMrrnOMrm~ 
29:665-676. I986. Figure I ,  p 669. 

1. Synchronization of motor units.".67 

2. Increase and decrease in recruitment of motor 
units." 

3. Dysfunction of muscle spind1es.s 

4. Combition of synchronization and desynchroni- 
zati0n.s 

5. Change in shape of the motor unit signals." 

6. Propagation velocity  change^.",^ 

7. Intramuscular pressure changes." 

Evaluation of spectral shifts of the m y o e l d c  signal 
has allowed for the study of fatigue during s variety of 
job conditions. Chaffin presented the results of the change 
in the myoelectric frequency following exhausting con- 
tractions.33 The shift in the frequency during a pro- 
longed contraction occurs because of the increase in the 
low-frequency power from about 17 % in the rested con- 
dition to over 60%. Figure 5-27 reveals this shift in center 
frequency from above 40 Hz to below 30 Hz." 

Several other researchers have used frequency 
analysis to determine the presence of fatigue in a muscle 
following a specific task.3Z.55.Mm Frequency analysis 
was also used by Lindstrom et al to determine changes 
in muscular fatigue and action potential conduction 
~elocity.~' The output signals were recorded on a 
logarithmic scale in decibels versus the center frequen- 
cy of the filter bands that gives the power spechum of the 
myoelectric signal (Figure 5-28). They noted a decrease 
in the center frequency, a finding that may be of interest 
during worksite analyses. 

The use of spectral median frequency has recently 
been questioned as an indicator of muscular fatigue. 
Manhijsse and associates examined power speftral me- 
dian frequency and mean power by means of Fourier 
analysis in relation to plantar flexor muscle contraction 
during a prolonged task.82 They found that although 
some subjezts demonstrated a median frequency shift, no 
significant difference was found across subjects. They 
suggest that cue be taken when applying median frequen- 
cy analysis to determine fatigue. These warnings may be 
related to frequency change found by some researchers 
to occur as a consequence of a change in 1oad83-85 or a 
change in muscle length.86 

Hogan and Mann studied changes in the myoelec- 
trial signal power spectrum of the bicep brachii muscle 
during different muscle force levels, in different subjecrs, 
with different electrode  location^ and electrode configura- 
t i o n ~ . ~  An i l l d o n  of the double logarithmic presen- 
tation of the results is shown in Figure 5-29. Gander and 
Hudgins used the power spectrum process to study the 
effect of increasing load on the biceps brachii." The 
characteristics of median frequency and relative power 
were compared with torque values as shown in Figures 
5-30 and 5-31. 

Bazzy and associates studied the effect of a change 
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The "single channel"-an elementary s~gnal processing array (IeA). Exampleof signal processing (right). Of im- 
portance. to arrive at improved estimatcs of the myoelectric signal level is the signal band-width, the detector 
characteristics, and the postdetector band-width (related to averaging time). 

Reprinted wirh petmihionfrom Kadefors R: Mywlecfric signalprocessing as an estimaringproblem. In Lksmedr 
JE (ed): New Devebpments in innmmy~graphy and ClinidNeumphysiob~. Basel. SwiRerlond, kkrger, 1973, 
wl I ,  pp 51%532, Figure I ,  p 522 

Tension 

FIGURE 5-16 ~- 

The RMS amplitude of the power specma of the surface EMG during brief isometric contractions at each of four 
bath temperatures. 10 (ll), 20 (A). M (0). and 40 ( 0 )  OC compared with both the relatlve and absolutc tension 
developed by the muscles. Each point illusvates the mean of two experiments on each of 10 subjects f SD. 

Reprinted with petmiisionfrom Perrofsky JS, find AR: nte influence of temperamre on the amplitude Mdfrequen- 
cycomponenls ofrhe GMduring briefandsusrainedisometric~~ntr(~nions. EurJApplPhysiol44:I8P200,1980, 
Figure I .  p 193. 
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Median load 

FIGURE 5-17 
Median values and the first and third quartile of load levels on 
the right (dx) and left (sin) sides when operating a word- 
processor. Both the 3-hour and the 5-hour work periods are in 
the calculation (n = 12). 

Reprinted with permission from Hagberg M. Sundelin G: 
Dismmfon and load on the upper trapemis muscle when 
opcmring a wordprocessor. Erg&cs29:1637-1645.1986. 
Figure 3. p 1642. 

in the muscle length upon the frequency content of the 
myoelectric signal.86 They found that the length at 
which a muscle isomebically contracts can alter the mean 
centroid frequency of the signal. The results of one of 
their subjects is presented in Figures 5-32 and 5-33. 

In summary, some investigators have demonstrated 
changes in the EMG with fatigue. Most of these ex- 
periments have been published within the last years, and 
there is now effort being made to clarify the relationships 
and meaning. Any ergonomist proposing to use these 
techniques needs to be well grounded in signal analysis 
techniques to use these methods and comprehend the 
volume of literature that will result from other studies. 
Because of the importance of fatigue to ergonomics, this 
area promises to be of significance in analyses proposed 
to be used in the worksite. 

Zero Crossings 
The number of times the raw EMG signal crosses the 

baseline (zero value) appears to be related to muscle con- 
traction force. Within limits, as the muscle activity in- 
creases, the frequency increases, resulting in more zero 
crossings. The frequency of zero crossings can easily be 
counted electronically. As with the earlier mentioned fre- 
quency values, zero crossing values do not increase at 
high levels of muscular effort. At about 60% of the max- 
imal voluntary contraction the zero crossings count levels 
off (Figure 5-34).87 Interpretation of quantitative data, 
therefore, is not always simple. 

Because the use of spectral changes in the myoelec- 
hic signal as a valid indicator of muscle fatigue have been 
questioned, Hagg and as~ociates*~ and Suurkula and 
Hagg89 have used a frequency analysis based on zero 
crossings, to study shoulder and neck disorders in 
assembly line workers. F e y  believe that the results are 
promising and suggest that the technique is valuable for 
ergonomic studies at the workplace. the availability 
of other techniques, however, there may not be much em- 
phasis forthcoming on this form of analysis. 

Spike Countings 

FIGURE 5-18 
Hour-by-hour analysis of the 5-hour work period. Values are 
given in time mean RMS microvolts. The values for each 
operator are connected by a line. 

Reprinted with permission from Hagberg M, Sundelin G: 
Discomfon and load on the upper trapemis muscle when 
operating a wordprocessor. Ergonomics 29:1637-1645,1986, 
Figure 4, p 1642. 

Bergstrom manually counted the number of positive 
and negative spikes, or peaks, of the raw myoelectric 
signaL90 Spikes can also be counted by electronic 
methods. Spikes of low amplitude are given equal value 
to spikes of high amplitude. The total count appears to 
be related to the amount of muscle activity. The number 
of spikes increases linearly with increasing contraction 
force to about 70% of MVC and then levels off. 

Robertson and Grabiner compared two methods 
of counting spikes of the myoelectric signal values ob- 
tained by an integrated process: digital spike counting 



FIGURE 5-19 
Raw EMG and the corrcspding RMS detened and low paw 
filtered EMG s imd  for mmximatelv 6s of activitv. The 
muscular load be subdi;ided into a "static" &nent 
and a "dynamic" component. 

Reprinted widtpennissionfmm Jmson B: i'he m ' c  lad-- 
ponmt in muscle work EurJApplPhysiol57:305-3IO,1988. 
Figure I ,  p 305. 

FIGURE 5-20 
Raw EMG and the upper portion ofthe right adpczius (a), with 
the comswndiie RMS daMed and low Dass filtered EMG 
(9, and tbk ampli&e pmbabiily diraibutidn curve (c), for one 
assembly task in an elccaonic industry (assembline k le~I~one  
jacks), &well as the amplitude proba6iky distribu>on &ves 
for all six tasks involved in the job rotation (d). 

Reprintedwimpennissionfmm J m o n  8: l?ielhrsMicimdmm- 
ponmtin muscle work EYTJAppl Physid57:305-31001W8, 
Figure 2, p 307. 
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FIGURE 5-21 
Rcgstrationofthc force, the EMG signal. and thc rcftifiedand 
inwmed EMG s i d  (rhcmaucallvl. 'Ibe anele wa$ evaluatcd 

Reprinted with permissionfrom Rau G. Vredenbregr J: E M G  
force relationship during vdwuory W c  COnrr(lCA'm (m 
biceps). In Crrquiglini S, n d (&): Biomcchonics: III. 
Medicine and Spon. Edtimore. MD. Uniwniry Park Press, 
1973, vol8, pp27&274. Figure I ,  p 272. 

FIGURE 5-22 - ~ 

Recording of isokinetic movement at 216°/s. Fmm above 
downward, soleus EMG, integrated EMG, torque. of ankle 
plantar flexion and dorsiflexion. 

Reprinted with permissionfrom N e h  AI, er al: i'he reInn'on- 
ship of Luegnued ekctmmyogmphic discharge 10 isokineh'c 
f~~m~l'm. In Lksmrdt JE fed): New Lkvebpnmrs in Elcc- 
tromyography and Clinical Neurophysiology. Basel, 
Swimrland, Karger, 1973, vd I ,  pp 5W595. Figure 1, p 586. 



FIGURE 5-23 
Typical processed EMG signals required for the axontraction 
calibration. If linear envelove of tibialis anterior and soleus are 
denucally equal dunng ih~r'voluntaq iwmetnc cosontrxuon. 
the IEMG ofeach muscle wdl be equal and w ~ l l  beequal to the 
antagonist IEMG. However, la)%'-ontraction iAot quan- 
tified because of the momentaw imbalance in muscle activitv, 
and the normal noise present in ihe linear envelope signal; lev& 
of CC are 90% or higher. 

Reprinted with permissionfrom Falconer K, Winter DA: Qun- 
ritarive assessment of co-conrraaion at rhe d i e  joinr in walk- 
ing. EIearomyogr CIin NeurophysioI25:135-149, 1585, Figure 
3. p 141. 

(Figure 5-35 A) and manual spike counting (Figure 5-35 
B). Four levels of muscle force productions (25 % ,50%, 
75%, 100%) were analyzed. Digital spike counting was 
done for three separate levels of amplitude (25 %, 50%. 
75%). each providing different counts. Manual spike 
counting showed little ability to discriminate among the 
four force levels and had a nonsignificant relationship 
with IEMG (Figure 5-36). The digital spike counting in- 
creased its level of correlation with IEMG, with increases 
in the amplitude level to 75 % (r = .37). Although at 50 % 
and 75% levels a significant relationship was found bet- 
ween digital spike counting, this relationship has little 
practical meaning for the ergonomist. 

Turns 
The number of times the myoelectric signal changes 

direction also is related to the frequency of the raw signal. 
Several turns may occur without the signal crossing the 
baseline. A turn is defined as that point where the direc- 
tion of the signal changes following an amplitude dif- 
ference of more than 100 mV. The number of turns in- 
creases rapidly as muscle force of low levels increases, 
but increases very slowly at high levels of muscle force. 
The number of turns reaches its maximum before the 
maximum muscle force is reached. Turns analysis 
discriminates well between low level muscle forces, but 
it discriminates poorly at high levels.92 

This method is used more often in clinical studies 
with needle electrodes than in kinesiological studies. 
Thus, the application to ergonomics is very limited. 

APPLICATIONS 
In this section, the methods that can be used to 

evaluate the myoelectric signal are summarized. The in- 
strumentation used to obtain each type of signal is detailed 
in Chapter 4, and the factors that may affect the inter- 
pretation are discussed in more detail in Chapter 6. 

Linear Envelope 
The linear envelope is obtained after full wave rec- 

tification of the raw signal followed by filtering (using 
a linear envelope detector). The filter must have a suffi- 
ciently short time constant to follow changes in the 
myoelectric changes and must be long enough to produce 
effective averaging (25-300 msec).I3 The resistive- 
capacitive (RC) network should have a time constant 
greater than the spike duration.95 The RC network has 
a slow roll-off for frequencies above its cutoff time con- 
stant. Thus. long time constants must be used to nrovide 
sufficient shoo&ing of brief, high amplitude A 
Paynter or Butterworth filter may be used, but such filters 
may have difficulty providing a variable time 
constant.52 

89 
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FIGURE 5-24 
Average IEMG results for the eight muscles. Vertical lines indicate i M SD. 

Reprinted with prmaissionfrom Jorge M. Hull bYL . 4~ lys is  of EMG measuremenrs during bicycle pedaling. J 
llionrrah 1916834W. 1986, figure 5, p 689. 
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Average integrated EMG patterns for the medial hamsuin~. lateral hamsuine. reftus fernoris. and vastus lateralis - -. ~ ~~~~~ - 

muscl&. Each shaded s&on represents pemntage of maximum activity over ISo of the p&ing cycle in fow 
of the five subjects. The dashed line represents 50% of maximum activity observed in Umt murk. 
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FIGURE 5-26 
An idealized m s i m  of the £requency spsfilm of rhe EMG signals. Three convenient a d  useful variables: the 
median frrquency, fd; the mean frequency, f-; and the bandwidth are indicated. 

Reprinted wiah prnnissionfmm lhrrmrjian JV, L k b  U: Muscks Alive: Zheir Fwtm'm Revealed by Elec- 
Innn.wgmphy.ul5.lhlrimorc.MD. W&& W h ,  I M . F i g u r e 3 . 1 6 , p 9 9 .  

FIGURE 5-27 
Avaagc EM0 spcftn with dcmux to fatigue level. 

Reprinred wiahpmhskmfmn Q14fF DIP LoclJiudrm~~cLfmigur: ryinition and mearuremenr. J Occup Med 
15346-354,1973. F i g w e  2. p 347. 
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FIGURE 5-29 

20 

Logarithmic plots o f  myoelsuic signal power spectra obtained at three wntraction levels (5%. 10%. and 25% 
of maximum voluntary wntraction) horn four loeations across the biceps brachii o f  able-bodied subjea D.L. 

FIGURE 5-28 
Hechumyographic power spectra obtained at 2 kilopond loads. A) Before, 
and B) after 30-seconds maximum load. 

Reprinted with pennissionfrom Lindsfrom Let al: Muscular fnrigue and 
acrion potential condudon velon'ry changes snrdies with frequency Motyxis 
of EMGsigmlr. Electromyography 10:341-356.1970, Figure 2. p 347. 

Reprinted with permission from Hogan N. M m  RW: MpeIenric signalprocessing: Optimal esrimon applied 
10 elenmmyogmphy: 11. Erperimcnraldemo~~nn'on of optimal myoproccssorperform~~e. IEEE Tmns Biomed 
Eng 27:3%-410. 1980, Figure 5. p 399. 

92 

-- 0 10 "I NOS 100 LEVEL - FRWENCV - - - lh - Hz 



FIGURE 5-30 
Average power spectra for all six subjects; each point is the mean o f  22 values 0 - 0 0.2 N m  appled torque; 

- . 9 N m  applied torque; - 35 N m  applied torque. 

Reprinted with permissionfrom Gander RE. Hudgins BS: Power spectral densnliry of the surface myoelecrric slgml 
of the biceps bruchii arajmcrlon ofsfaric imd Elecrmmyogr Clrn N~urophx+l25:469-478,1985. Figure 2. p 473. 

FIGURE 5-31 
Med~an frequency (. - .) and frequency of the peak of the spectrum . - . as a funcl~on of appl~ed torque Fach 
pint IS the mean of 22 values, and the .cen~cal bars represent typ~cal standard errors 

Reprinted with pemissionfrom Gander RE, Hudginr BS: Power specrral density of the sugoce mywlecrric sigml 
of the biceps bmchii asajmcrion ofsroticimd. Elenmmyogr Clin Neurophysiol25:469-478,1985. Figure 3 ,  p 473. 



The hear envelope represents the number of motor 
units firing their firing rate, the area of the motor unit, 
and the amount of cancellation from superposition." 
The linear envelope is generally proportional to 
amplitude, duration, and firing rate of the motor units 
from the muscle beiig studied. It can provide relative 
amplitude and instantaoeous amplitude information. Note 
that some filters may cause a lag in the envelope signal, 
which will affect the instantaneous signal 
i n f ~ r m a t i o n . ' ~ . ~ . ~  

Integration 
Integration requires full wave rmtiftcation followed 

by filtering and the use of an integrator. Digital integra- 
tion algorithms may be used." Integration uses all parts 
of the signal and represents the total amount of energy 
of the ~ i g n a l . ~ ~ . ~  

The pmzssed signal represents the number of wnor 
units h g ,  their firing rate, the area of the motor unit, 
and the m u n t  of cancellation from superposition."." 
Integration is proportional to motor unit amplitude, dura- 
tion, and rate of firing.38 It is independent of propaga- 
tion ~ e l o c i t y . ~  

Integration fails to discriminate between artifads and 
motor units." Noise also may be a problem when 
recording low force level contractions. Large window 
(time) sampling durations may detect an unacceptably 
large proportion of noise when investigating low force 
level contractions.* 

Root Mean Square 
To obtain the RMS value, a ballistic galvanometer, 

thermocouple, strongly damped voltmeter, or digital 
computer may be used.93 A nonlinear detector may be 
used instead of a linear d e t e c t ~ r . ~  The RMS may also 
be calculated from the power spectrum (moment over 
zero) or from the squared value of the signal in the time 
domain6 The RMS voltage determination and integra- 
tion techniques are essentially equivalent.% 

The RMS signal depends on the number of motor 
units firing, their firing rates, and the area of the motor 
units. The signal is affected by the cross-correlation be- 
tween motor units: it does not appear to be affected by 
cancellation from motor unit sL&rposition or by sy"- 
chronization." The signal amplitude is also inversely 
proportional to the propagation v e l ~ c i t y . ~  

The RMS signal has immediate relationship to the 
power spectrum. The curve represents the power of the 
myoelectric signal. The power value is equal to the area 
under the spectral curve.= The signal amplitude is pm- 
portional to the square root of the total signal power.& 

The RMS value is usually proportional to the m-. 
amplitude value,".6D but is related to motor unit and tir- 
ing rate by the square root.I0" 

The RMS signal appears to have a linear relationship 
with tension for brief isometric contractions.8JO~" 
The RMS signal sensitivity to recruitment and firing rate 
is different from IEMG and yields a different relation- 
ship to the force ~ m d u c e d . ~  

The RMS values may provide inaccurate informa- 
tion if using them to determine fatigue, because factors 
other than fatigue may be affecting the signals (see 
Chapter 6). Use of RMS is a preferred method of inter- 
preting the myoelectric signal.95 

Early investigation used octave band filters, but fast 
Fourier transformation (FIT) methods are now beiig 
used more frequently ." The square of the magnitude of 
EFT is what is beiig analyzed. This important element 
in a set of mathematical and statistical concepts is ideal- 
Iv suited both for evaluation of the mvoelectric signal and 
the signal generating physiol&cal and-patho- 
physiological mechanisms. The power spatnun provides 
a detailedpicture of total myoelectric power valid for all 
levels of contraction." 

The frequency spechum is affected by changes in the 
duration and shape of the involved motor units, but not 
generally affected by the fving rate or amplitude. Its 
shape is independent of exerted force.93 The mean fre- 
quency changes reflect basic physiological responses to 
muscular contraction and seem to be good for study of 
fatigue.s5 

The center frequency is not affected by force of con- 
traction excevt at low levels where it sliehtlv increases 
with an in& in force.= The center &ncy is sen- 
sitive to changes in the conduction ve l~c i ty .~~ .~ '  Petrof- 
sky warned that because of its response to changes in mus- 
cle temperature the center frequency may not be useful 
to quantify force and fatigue.70 Baidya and Stevenson, 
however, state that center frequency is a reliable measure 
of local muscle fatigue in repetitive The 
logarithmic scale means of presentation allows a wide 
dynamic range so that influences often lost in visual in- 
spection may accurately be retained." 

Some advantages6 of the specbum analysis are as 
follows: 

I. Insensitive to interference between motor unit wn- 
tributions and responds to single motor units or whole 
muscle signals. This characteristic extends its range 
and scope over conventional methods. 



2. Quantitative, so it allows comparisons between 
repeated investigations done over a period of time. 

3. Easiiy done on computers. 

4. Provides the possibility to relate the myoelechic signal 

Some of the disadvantagesa include the following: 

Use of the FFT gives an average of the myoelecuic 
signal, and single details may be hidden. 

Certain measu~es related to recruitment of motor units 
and their firing rates are not shown in the spectral 
description. 

Certain motor unit contributions of high amplitude or 
those frequently repeated will dominate the shape of 
the power spectrum. (This may be controlled by elec- 
trode placement.) 

The spectrum may collect low level frequencies from 
other muscles, which may be interpreted as part of the 
investigated muscle's signal. 

Zero Crossings 
The information from the myoelecuic signal is pro- 

cessed by an analog filter followed by conversion from 
analog to digital values. The zero crossings then are ob- 
tained by appropriate  oftw ware.'^ 

Large numbers of action potentials of similar shape 
and size may saturate the zero count. The IEMG may be 
a better method to use in this situation. Lower numbers 
of recruited motor units may generate poorly fused and 
noisy  integral^.'^ Zero crossing should be used with 
care at low levels. Background noise and low numbers 
of active motor units may invalidate the results. A p  
propriate levels of 20 dB above noise level should be used 
as test c o n t r a ~ t i o n s . ~ ~ . ~ ~  

Spike Countings 
Spike detection requires full wave rectification 

followed by manual or electronic wunting.88 This 
method is used less now than in the past. Spike detection 
discards much myoelectric information and concentrates 
on the rate random events. The peaks may be unduly in- 
fluenced by large numbers of fast-twitch, fatigable motor 
units than by the small less fatigable motor units.38 
Spike counting is more suitable for low force levels. As 
the myoelectric signal increases, the spikes tend to in- 
terfere with each other, and the count becomes 
invalid.13.93,98 

Turns 
The number of turns are related to the number of 

motor units, firing rate of the motor units, duration of 
motor units, and number of polyphasic The 
number of turns increases with the increase in force at 
low levels up to about 30% to 50%.",Q,93 This method 
is an excellent means of discriminating between low 
levels of muscle activity, but it discriminates poorly at 
high levels.9s 

SUMMARY 
There are numerous forms of EMG output available 

to the ergonomist. This chapter provides the basis for the 
use of the various forms, presents research data that has 
been developed regardig their use, and discusses ap- 
plications of these techniques to ergonomic studies. Use 
of these methods are important because they form the 
basis for understanding the muscle activity of humans 
during their performance of activities required to par- 
ticipate in any functional activity. 
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FUNCTIONAL MUSCLE: EFFECTS 
ON ELECTROMYOGRAPHIC OUTPUT 

Mark S. Redfern, PhD 

INTRODUCTION 
Electromyography (EMG) has been used in 

ergonomics to investigate such important topics as 
rrmSculoske1etal injury, low-back pain, carpal tunnel syn- 
drome, and muscle fatigue from overexertion. S i ~ f i -  

by Eji l~anal~sis.  Although modern b e n t a t i o n h a s  
facilitated easv acouisition of EMG data. manv issues re- 
main unresol;ed H the interpretation & EMG signals. 
The information presented here attempts to summarize 
what is currently known about EMG analysis with- 
to muscle function. Material presented is based on a 
review of recent literature and is presented witbin the 
h e w o r k  of surface EMG applied to the occupational 
setting. Because there still is controversy about many of 
the subjects discussed, extensive references are provid- 
ed with each concept. 

This chapter presents three major topics related to 
EMG: 1) mupal gtimatim of muscle activity, 2) mus- 
cle force gtimatim, and 3) muscle fatigue. m e  mupal 
estimation section discusses the use of surface recorded 
EMG in the investigations of the timing of whole mus- 
cle firine. Tbe time delav found between the recorded sur- 
face EGG event and a u c e d  muscle force is discussed 
along wim the effects of using an EMG 7. The 
second section discusses therelationship between EMG 
and muscle force. The effects of muscle length, velocity 
of shortening, and wwntraction of synergistic and an- 
tagonistic muscles are presented. The relationships are 
explained in terms of both the empirical results and the 
physiologic basis. Because this use of EMG is the most 
common and in many ways the most complicated, a 
subsection containing specific recommendations for us- 
ing EMG-muscle force relationships in applied EMG 
analysis is presented. The third &tion di&ses mus- 
cle fatigue and its effea on the recorded EMG. Different 
types of spectral measurement techniques are discussed 
along with the limitations of each method. 

TEMPORAL ASPECN 
EMG Muscle Force Timing 

Ele~~omyography has been used extensively to 
understandthemupalactimortimingofmu~c1esdur- 
ing various types of exertions. The most basic informa- 
tion obtained is the onset and duration of myoelectric ac- 
tivity. This often is equated with the timing of produced 

muscle tension. In most cases where general muscle ac- 
tions are of interest, this assumption is reasonable. In the 
occupational setting, timjng patterns from EMG record- 
ings can be useful. For example, gripping actions of the 
hand during manual activities are of interest in looking 
at various types of cumulative trauma disorders such as 
carpal tunnel syndrume.'2 Unfortunately, timing of 
grip forces during work is difficult to monitor because 
of varied hand movements and contact with objects. Elec- 
tromyography has been used to estimate the timing of 
gripping forces during work.'-' The EMGs of the 
forearm are relatively easy to acquire, and they reflect 
the actions of the muscles that control grip. Although 
estimates of exact force magnitudes by EMG analysis 
during grip are limited, timing information can be used 
to beaer understand the gripping q u k m e n t s  of the job. 

Differences do exist, however, between the temporal 
characteristics of the EMG and the produced tension. 
A l m o u g h m e s e ~ m a y n o t b e ~ t t a n t f o r m o s t  
general timing studies, they should be considered. The 
mostapparentisthepuetimedelay.Ralstonetallooked 
at the delay in me redus fernoris using raw EMG.' 
Time delays of 30 to 40 ms were found between the onset 
of the EMG and tension. Time delays of 200 to 300 ms 
occurred between the cessation of the electrical activity 
and tension. Redfern found similar results when lookine 
at the triceps brachii during elbow e~teasions.~ HZ 
found delays between EMG and force onsets from rest 
to be about 50 ms and cessation time delays of 180 to 220 
ms. In m n t  studies, Komi et al have shown eleam- 
mechanical delays using buckle transducers on the 
Achilles tendon.6 Figure 6-1 demonstrats the relation- 
ship found between EMG recordings of the triceps surae 
and the Achilles tendon force. The tendon delay times at 
the onset of contraction were about 30 ms and the delays 
registered at the foot plate were about 70 ms. There ap- 
pears to be, therefore, about a 40 ms differencebetween 
the tendon forces and the response of the foot that is 
measured externally. The exact delay times appear to be 
muscledependent. Ineachcase, however, Iktimedelays 
at the onset are much shorter than the decay times at the 
cessation of EMG activity. 

Jnitial tension levels in the muscle also have an ef- 
fect on the delay times seen at onset. If the muscle is held 
at a baseline tension level before a step increase in force, 
then the delay timebetween the rise in EMG and the rise 



in force will be shorter. This is due primarily to the 
mechanical slack being taken out of the muscle. The 
amount of slack in the muscle also has a major effect on 
the relationship between the peak EMG and the peak force 
detected in a muscle. The rise time to attain tension levels 
during a contraction also is affected. It has been proposed 
that the electrochemical response of the muscle is in- 
creased when a baseline of force is used, although, in 
general, in applied surface EMG the importance of this 
effect is questionable. 

EMG Processing Effects on Timing 
In most EMG-muscle force investigations, the EMG 

signals are processed initially. Methods such as integra- 
tion, root-mean-square (RMS), and Butterworth filter- 
ing have been and were discussed in 
Chapters 4 and 5. The temporal aspect of the EMG-force 
relationship is affected-by the specific processing 
methodolow mlied. The orimarv factor is the low-oass - .. - ~~~- ~~ 

properties associated with b e  filtkng function use i  ~n 
most cases, such as integration and RMS, the filtering 
function is an exponential window with some associated 
time constant. The time constant of the window is chosen 
generally by adjusting elements of the electrical circuits 
used (see Chapter 4). A longer time constant produces 
a smoother estimate of the electrical activity of the mus- 
cle. This is beneficial during static exertions where the 
electrical state of the muscle is stationary. During 
dynamic exertions, however, the response of the pro- 
cessor may be too slow to capture the changes occurring 
in the electrical state. Thus, the processed EMGs taken 
during rapid transitions will not reflect the dynamics of 
the electrical signals in the muscles but rather the 
dynamics of the pmxsmr itself. This different reflection 
is particularly true during investigations of ballistic ac- 
tivities. The choice of an appropriate time constant, 
therefore, is important for the type of activities under in- 
vestigation. For isometric, static exertions, long time con- 
stants (usually > 150 ms) that give smoother signals are 
desirable. For'more dynamic studies, shorter time con- 
stants must be chosen (< 60 ms).1° 

Another factor affecting the timing of processed 
EMG to muscle force is the processing method itself. The 
two most common processors, integration and RMS, 
have been shown to affect the temporal aspects of EMGs 
differently .lo Additionally, the two common methods of 
estimating the RMS have different rise and fall times. 
Thus, not only the time constant but the dynamics of the 
specific processor are important considerations if tem- 
poral information is to be derived from pmcessed EMG. 

In general, muscle activation timing will be obtained 
more easily by the ergonomist by means of visual inspec- 
tion of the original (nonprocessed) EMG data rather than 

through some processed quantity. If some estimation of 
magnitude of EMG activity is also desired, then a pro- 
cessing method should be used; however, the effect of 
that processing method on temporal aspects of the signal 
must be considered. 

ELECTROMYOGRAM-FORCE 
A great deal of confusion exists regarding the rela- 

tionship between processed EMG and muscle force. Sur- 
face EMGs are complicated recordings of the elec- 
trochemical activatiokof muscle. ~ w c h  has long sug- 
eested that the EMG could be used to reoresent the ac- ~- ~~ 

Zve control input of the muscle, and thatsome relation- 
ship must exist between the two. Some researchers have 
presented EMG as a direct indication of muscle force but 
others have presented very complex models using these 
signals to predict force. In choosing an appropriate 
model, it is important to realize that a number of factors 
influence the relationship between EMG and force. The 
kinematics of the movement, the processing methods 
used, and the acquisition procedure, all have an effect on 
the muscle force-EMG relationship. The following 
describes some of these factors and their influence on the 
EMG. 

Isometric Response 
The tirst investigations into the relationships between 

EMG and force were performed under isometric condi- 
tions. Lippold looked at the relationship between surface 
recorded integrated EMGs (IEMGs) and isometric ten- 
sion, in the triceps surae." This work showed adistinct 
lineariw between IEMG and isometric tensions within --- ~ ---- ~~~ ~ 

subjects with coefficienk of determination k2 )between 
.95 and .99. The slopes of these relationships were found 
to differ from subject to subject. Since that time, many 
others also have observed this linear relationship. Other 
investigators, however, have reported curvilinear rela- 
tionships with the force-EMG slope decreasing at higher 
force levels. Table 6 1  presents a partial list of research- 
ers who have reported these linear and curvilinear 
responses. 

The discrepancies between these studies is disturb- 
ing. Explanations have been proposed and can be 
categorized as physiologic and experimental. On the ex- 
perimental side, Moritani and deVries found that elec- 
trode configuration had an effect on the shape of the 
curve.1z.'3 Bipolar recordings of the elbow flexors pro- 
duced a curvilinear relationship but unipolar recordings 
had a linear result. A more physiologic rationale was 
presented by Bawa and Stein.14 They showed in fre- 
quency response studies of isometric h& soleus under 
controlled neural stimulation that the eain and ohase fall 
off at rates higher than about 5 g. This hplies a 
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ELECTRWECN4NICAL DELAYS 

FIGURE 6-1 
'Ibe temporal relationship b e m n  EMG and produced mus- 
cle tension in the human triceps surae from in vivo 
wasurements of Achilles tendon forces. 

Reprinredwithpermirsiarfmm~PV. salm.3 M. Jalvilun 
M, ad: In vivo regismuion ofAchiIks rendonforces in man: 
I .  Mcrhodologid developmew. I w  J Sporis Med S(Supp1 
1):3-8. 1987. 

nonlinearity between the isometric muscle force output 
and neural firing rates as they incrrase. These firing I& 

have a direct effed on the measured EMG and SUb~33Jent 
IEMG signals. 

Woods and Bigland-Ritchie investigated the effects 
of muscle fiber w&position of the surface EMG-force 
relations hi^ in humans.l5 A variew of muscles with dif- ~~ ~ ~ 

ferent figr-type WmpOSitions a& distributions wire 
used. They found that the shape of the relationship was 
depeadent on fiber composition. Uniform fiber composi- 
tion led to linear relationships but mixed fiber composi- 
tions vielded nonlinear relationshim. In other studies. 
Lawrence and DeLuca explored &e RMS EMG-~O~& 
relationships in three different muscles using different 
groups of subjects from weight iifters to pianists.16 
Figure 6-2 shows the results from their study. These 
graphs are of the biceps brachii, deltoid and the first dor- 
sal interosseous muscles. They show the relationship be- 
tween the RMS EMG wrmalized by the maximum value 
attained and force normalized to the maximum voluntary 
conaaction 0. Note that curves for the different 
types of subjects were very similar in shape, but the dif- 

ferent muscles exhibited distinct differences. They ~uu-  

cluded from the smdy that the myoelectric signal-force 
relstionship was primarily determined by the muscle 
under investigation and was generally independent of 
the subjoet group. This w0~1usion is consistent with 
findings of Woods and Bigland-RitchieIS and seems to 
be the general consensus among researchers in the area 
today. 

If a nwilinear relationship is seen, the matbematical 
representation of the p rassed  EMGmuscle force rela- 
tionship should incorporate some second order term. 
Many methods have been used. The predominant 
mathematical expressions are either a second order 
polywmial or an exponential term, as follows: 

Polynomial relationship: F = aE + bE2 (1) 
Exponential relationship: F = Ae'm (2) 

whereFisthemuscleforceandEistheprocessedEMG. 
In each case, two parameters must be estimated. Any 
higher order terms, such as a third order polynomial, 
usually provides no significant improvement in the fit of 
the relationships. The best form (polynomial or exponen- 
tial) is debatable from .both a theoretical or empirical 
viewpoint and probably is dependent on the exact mus- 
cle and instrumentation used. It is suggested that both 
relationships be aied during calibration of curvilinear 
data. 

Length-Tension Effect 
Another factor of importance to EMG studies in 

work environments is mat muscle length bas an effea on 
the force output of a muscle. The mechanics and physio 
ogic basis of this relationship were discussed briefly in 
&pter2.Thequestiontobeaddnssedhereishowdoes 
muscle l e n d  affect the EMG-force relationshio? To 
answerthis-question,thee%OMmistmust~&mat 
the EMG-force relationship pertains to the active force 
producing capabilities. Hence, it is the effect of length 
change on active components on muscle tension and 
notthepasivepropertiesmatisofamcerninthissection. 

As shown in Chapter 2, active tension is altered by 
changes in muscle length. One would expea the muscular 
response to neural stimulation rate (and, therefore, also 
to the EMG) to be affected. In their study, Rack and 
Westbury looked at the effect of length, stimulation level 
and isometric tension in the cat so leu^.^^ The soleus was 
cut and attached to a force transducer. The nerve wnml- 
ling the muscle was severed and then stimulated at various 
levels by an electrical pulse generator. The study found 
that at &mtant musclekn&, the relationships k e e n  
tension and stimulation level was similar to the EMG- 
tension curves rcoorded by other researchers. One ma- 
jor difference was the slight nonlinearity at very low 



TABLE 6-1 
A Partial List of Researchers Reporting Linear 

and Curvilinear Relationships Between Processed 
EMG ad Muscle Force 

Linear Curvilioear 

Inmao et al" Zuniga and Simomm 
Lippold" Komi ad Buskkkm 
Close et aF6 K u d a  et aI7l 
ddong and Fred6'  BouissetZ8 
deVriesm Lawrence and DeLuca16 
woods and woods and 

Bigland-RitchielS Bigland-Rit~hie'~ 

stimulation rates. When the stimulation rate was held 
constant, the length was found to have a pmfound effect 
on the tension. Figure. 6-3 shows a graph of these results. 
Notice that the plots at different rates of stimulation are 
similar in shape, but are shifted with respect to muscle 
leneth. One conclusion from this data is that stimulation 
&and muscle length are interrelated with regards to 
their effect of muscle tension. 

Because the stimulation rate-tension relationship is 
affected by muscle length, one would expect the EMG, 
which is in some way a reflection of this stimulation, to 
also be affected. This, in fact, is the case. Grieves and 
Pheasant found a family of EMG-muscle length curves 
at different force levels for the gastrocnemius and 
so leu^.^^ Vredenbregt and Rau examined the relation- 
ship between EMG, force, and muscle length in the 
biceps brachii. They showed that the slope between 
IEMG and the force varies with the position of the joint. 
Figure 64 shows these results as a series of curves for 
each joint position, reflecting changes in muscle length. 
Notice that these results are not linear but curvilinear. 
This result seems to be prevalent in the biceps brachii. 
In Figure 6 4  C, the data have been normalized by the 
maximum force exerted at each angle Fmax. Notice that 
this data fit one generalized curve. This normahation of 
muscle forces by the Fmax at each given angle provides 
a good way to present these relationships not only within 
subjects but also across subjects. 

Velocity-Tension Wect 
Dynamic muscular exertions can be divided into wn- 

centric (muscle shortening) and eccentric (muscle 
lengthening) contractions. During concentric eontrac- 
tions, the velocity of shortening affects the muscle ten- 
sion produced. These results, discussed in Chapter 2, are 
summarized in a muscle equation relating the two 

variables, shown as the characteristic equation. The rela- 
tionship, however, does not hold for eccentric contrac- 
tions, thus producing a more complicated situation for the 
study evaluating functional activities commonly seen at 
the worksite. Although the effect of both concentric and 
eccentric velocity has been shown, few studies have been 
conducted on the EMG-force relationship during these 
movements. 

In their classical study, Bigland and Lippold in- 
vestigated the relationship between force, velocity, and 
the integrated EMG in humans.20 Fmm Lippold's ex- 
periences with isometric tension, he anticipated that 
IEMGs were a good representation of the stimulation rate 
of in vivo mu&." Their subsequent studies showed, 
in the case of ~lantar flexion of the foot. that if the load 
is plotted as a k o n  of velocity at conskt EMG levels 
for shortening muscle, a classic force-velocity curve 
(Hill's charackristic equation) is seen. A d y ,  a family 
of these curves ~IC found. one at each IEMG level. Firmre 
6-5 is representative of & findings. These results &.re 
later substantiated for the biceps brachii by Zahalak et al 
for forearm rotati~n.~' Zahalak et a1 also showed that 
the shortening velocity curves at a given IEMG level 
could be fit by the characteristic equation of W. 

The results for eccentric contractions are quite dif- 
ferent. Asmussen found that the IEMG of muscle under 
concentric and eccentric contractions with the same ten- 
sion levels were different: eccentric wntractions evoked 
greater EMG levels than the concentric  contraction^.^ 
?le shapes of the eccentric velocity-tension curves a G n -  
stant IEMG levels are not as well documented as those 
for the wncentric contractions. Some contend that no 
statistical increase can be found.2' Others have seen a 
slight increase in force as eccentric velocity is increased 
that is similar to the saength curves described in Chapter 
2.23 Komi found, for example, that for elbow flexion 
the IEMG-force relationship increases with eccentric am- 
tractions during maximal exertions (Figure 6-6). Max- 
imal IEMGs were recorded from both the biceps brachii 
and the brachiomdialis muscles at different velocities 
(both concentric and eccentric). The IEMG levels were 
fairly wnstant over all the trails. The force output, 
however, changed as a hnction of velocity as shown in 
Figure 6-6 by the dashed line. This indicates that the 
IEMG-force relationship is affected by both the direction 
and level of muscle velocity. 

In EMG analysis, as applied in ergonomics, the mus- 
cle lengths and velocities are controlled by the postures 
during the task. Muscles transmit their forces through in- 
sertions in the skeletal structure aboutjoints, thus creating 
torques. It is quite common to see EMG signals related 
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to the torques that are generated, instead of to the L=,- 
nal muscle forces." These torques, then, are a function 
of the moment arm of the insertion and the angle at which 
the muscle is applying the force. The angle of pull and 
even the moment arm to the center of rotation usually 
change significantly during normal movements. Addi- 
tionally, the angle of pull may vary within a muscle 
depending on the pennate structure of the particular m u -  
cle. It is very important, therefore, to recognize this 
dependence of EMG-torque relationships to the 
biomechanical factors inherent in the system. 

Another common practice in EMG modeling is to 
substitute joint angular data for muscle length informa- 
tion when length and velocity compensations are used." 
Joint angle is used in place of muscle length, and angular 
velocity is used for muscle shortening velocities. There 
are inherent problems with this type of analysis. In a shdy 
of the ankle, Redfern compared the useofjoint angle data 
with muscle length and velocity.25 He found that the 
relationship between ankle angle and estimated muscle 
length was nearly linear for the three muscles investigated 
(tibiiis anterior, soleus, and gastrocnemius). A signifi- 
cant nonlinear difference was found, however, between 
angular velocity and estimated muscle shortening veloci- 
ty. The geometric relationship between muscle length and 
ankle angle causes differences in the muscle shortening 
velocities up to 40%, under constant angular velocity con- 
ditions. This was found over a normal range of motion 
of the ankle. The discrepancy was found to be caused 
primarily by the insertion points to the axis of rotation. 
These results indicate that substitutine ankle anele for 
muscle length will result in the force-le&th r e l a t i k p s  
differing from the force-angle relationship by a constant 
multipli&tive factor. T h u d e  shape of &e &lationship 
will be presewed. If ankle angular velocity is substituted 
for muscle shortening velocity, however, major dif- 
ferences in the shape of relationships will occur. Tbe 
force-angular velocity relationship will not appear as the 
classic Hill's relationship found on isolated muscle. 
Again, it becomes apparent that biomechanics of the 
musculoskeletal system mum by considered by the 
ergonomist when doing dynamic EMG-force estimations. 

Postural changes, therefore, affect muscle length, 
velocity of contraction, and biomechanical lines of ac- 
tion that all have been shown to affect EMG-muscle force 
relationships. Mioimizing postural changes, therefore, 
is recommended whenever possible. For example, con- 
sider a study of low back EMGs during lifting. Tbe 
preferred analysis (from an EMG standpoint) would be 
a static one, with consistent postures. Muscle lengths 
would be eonstant from trial to trial with no velocity of 
contraction. Obviously, static postures cannot always be 
usedto answerpettiaentquestions. For dynamic shdies, 
controlled postural changes would then be desired, with 
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FIGURE 63 
The effects of stimulation rate and muscle length on produced isometric tension. 

Reprinred with pemssion/rom Rack PMH, Wesfbury DR: The fleas of length and stimulus rate on tension in 
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the same Lifting style and speed used throughout the study. 
Analvsis of these dvnamic EMGs could then be made at - -- , --- --  
specific postures throughout the lift, keeping consistent 
the muscle length, velocity, and lines of action. In sum- 
mary, the basic principle of EMG recording is that more 
conml of postures means less variability. Some studies 
done in the workplace, however, produce ~nc00troIlable 
postures. In this case, EMG analysis should be done with 
the effect of postural changes and muscle mechanics taken 
into consideration. 

Cross Talk 
Selectivity of the electrodes over a muscle group 

always is a consideration in the analysis of the recorded 
EMG. Cmss talk from the electrical activity of other 
muscles picked up by the elecaodes will cause some er- 
mr in the analysis. This is true panicularly if the signal 
is to be used to just measure temporal activation (whether 
the muscle is on or off). Cross talk is less of a problem, 
however, when the EMG is quantified. As poked out 
by Hof, the intensity of the recorded EMG is not simply 

the sum of the primary muscle of interest and the secon- 
dary muscle causing cross talk noise.z6 Because the 
EMG emitted from each muscle is stochastic, the re- 
corded signal is as follows: 

E=(E: + ~ , 2 ) *  (3) 

where E is the signal recorded from the elecnodes, E. 
is the EMG from the primary muscle and Eb is the EMG 
from the cross talk muscle, so, for example, if Eb is 50% 
of E. then E = 1.12 E.. In reality, Eb is likely to be 
much less than 50% of E,, thereby further reducing the 
cross talk effects. Concerning the importance of cross 
talk, Hof states the following: 

The results of crosstalk is thus a noisy baseline, 
which at times may suggest a slight activity while 
there is none, but which does not seriously affect 
the quantitative interpretation at higher force 
levels. The possibility of cross talk should be am- 
sidered seriously, nevmheless, when choosing the 
elearode I d o n :  the ratio wanted/unwanted 
signal is what matters, not so much the signal 
suength itself.26 



FIGURE 6-4 
The relationship beween IEMG, muscle length, and tension in the biceps brachii. A. Measurement diagram. B. 
Tbe fora (R exerted under static conditions in relation w the measured EMG level. 'lbe different curves were 
obtained mdifferent muscle lengths. C. The relative force F/Fmax in r e h &  to the EMG. 

Sm'tzerland, Karger, 1973, d I .  

Cocontraction Effects 

A concern with any study of EMG-force relation- 
ships in an ergonomic center is the cooontraction of 
muscles around the joint under investigation. Both 
synergistic and antagonistic muscles can have dramatic 
effects on the results. Cnockaert et al recognized the im- 
portance of including synergistic muscles in determining 
muscle forces from IEMGs during elbow flexicmn 
They proposed a model that related IEMG to muscle 
torque for the biceps brachii and brachioradialis muscles. 
lhese synergistic muscles have been assumed by many 
to be one "equivalent flexor muscle."28 l h e  EMGs of 
one muscle could then be used to describe the actions of 

both. me results of Cmkaert et al, however, indicated 
that the two muscles can behave quite differently nuder 
different co~dit ions.~ lhus, the equivalent muscle mn- 
cept was extremely limited. Falconer and Witer used 
EMGs to develop an isometric model that estimated the 
relative cocontraction between the antagonistic muscles, 
soleus, and tibialis anterior, acting about the ankle dur- 
ing gait.19 'Ihe model produced a measure of the relative 
cocontraction (termed the mntraction index) between 
the two muscles. It could not estimate, however, the 
torque amhibutions by the muscle groups. Allbugh this 
model was limited, it did show that significant levels of 
comntraction ocau about the ankle during gait and must 
be taken into consideration. Most other investigations into 



FIGURE 6-5 
Force-velocity curves plotted at four different levels of excitation as measured with IEMGs. 

Reprinted with permisrionfrom Bigland B. Lippuld OW: 'The relationrhip between furce, velocity and integrated 
elenrical aniviN in h u m  muscles. J Physiol (hndon)  123:2/4-224. 1954. 

processed EMG-muscle force relationships have assumed 
that no antagonistic or synergistic activity occurs during 
isometric contractions. If this assumption is invalid, the 
resulting estimations of the EMG-muscle force relation- 
ships would be affected erroneously. Furthermore, any 
changes in the amount of antagonistic and synergistic 
muscle activity between trials of an ergonomic study 
would have an even greater effect, causing increased 
variance in any calculated model parameters. This error 
would occur even if the processed EMG-muscle force 
relationships for the individual muscles were totally 
stationary. 

Redfern and Chaffin examined the isometric torque- 
processed EMG relationships of the soleus, gastroc- 
nemius, and tibialis anterior during both plantar flexion 
and d o r s i f l e ~ i o n . ~ ~ . ~ ~  They proposed a method for 
calibrating the EMG-torque relationships of the three 
muscles whiie taking their cocontractive nature into con- 
sideration. From their results, they showed significant 
synergistic and antagonistic activity during torque pro- 
duction in both the plantar and the dorsal directions. 
Figure 6-7 demonstrates these findings. Figure 6-7 b 
shows the individual components of torque about the 
ankle created by each muscle. They were predicted from 
the EMG data recorded. Figure 6-7 a is a comparison of 
the measured resultant torque (solid line) and the 
predicted resultant torque (dashed line). The predicted 

resultant torque was estimated by summing the three com- 
ponents shown in Figure 67 b. These results indicate that 
significant antagonistic and synergistic activities occur, 
even during simple isometric torque production. Redfern 
and Chaffin estimated that a 15 % increase in the slopes 
of the EMG-torque calibrations occurred for the muscles 
acting on the ankle when cocontraction was taken into 
consideration instead of assuming no antagonistic ac- 
tivitie~.~s Similar adjustments may need to be made 
when studies incorporating ergonomics are performed. 

Ballistic Muscle Actions 
Even the most sophisticated dynamic EMG-force 

models currently are Limited to controlled movements. 
Ballistic activities in particular are not well described by 
today's modeling techniques. In these types of 
movements, there are high levels of interaction between 
the geometty of the muscle, the material properties of the 
musculotendinous structures, the actin-myosin cross 
bridge activity, and the electrode-muscle membrane 
tissue interface. What generally is seen is a large initial 
burst in the EMG signal during the onset of a ballistic 
movement that is not reflected in the force output. This 
large burst often gives large over-estimates of the mus- 
cle force from EMG-force models. To overcome this p m  
blem, the previously mentioned factors such as length- 



FIGURE 6-6 
?bc relationship between integrated EMG (EMG) and the 
velocity of contraction for maximal exertions. 

Repfintuiwithpmnission f om Kani PV: Relmimship bmwm 
muscle rm'on. E M G d  velain, ofamnocIion M d e r m m -  
tric d ecc.&tric work. I n  -1; Desnudt JE (edJ: New 
Developments in Electromyography and Clinical 
Neurophysiology. h e l ,  Swi~rlnnd, Kogrr.  1973. v d  I ,  pp 
596606. 

tension and velocity effects will have to be incorporated 
with sufficient models of the passive properties of the 
musculotendinous system. Tbis is pointed out briefly in 
this chapter, to caution any investigator interested in us- 
ing EM@ in the quantitative analysis of ballistic 
activities. 

Recommendations 
The following are specific recommendations for 

EMG analysis where force levels are to be estimated by 
ergonomists. They are based on the factors discussed in 
this and previous chapters. 

1. Lct electrodes slabilize: The impedance of the 
clectrodcskin interface has a direcl effect on the 
EMG-force relationship. As the el& paste 
dissolves into the layers of the skin, the im- 
pedance will be reduced. It is important to allow 
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this effect to stabilize. Allow about 20 minures 
for this stabii t ion to occur. 

2. Calibrate every experiment: Calibrations must 
be performed after each application of new elec- 
trodes. This is because the impedance of the 
elecaode-tissue system will change. 

3. Minimize posturnl changes: Because length and 
velocity have such large effects. try to keep 
EMG-force relationships to static postures if at 
all possible. Calibrate the models at the exact 
postures under investigation. 

4. Consider comntraEtion of muscles: Cocontrac- 
tion of antagoaistic and synergistic muscles 
always occurs w some degree. Tbis fact should 
be taken into consideration during calibration of 
any EMG-force model. Any test must address 
this problem by either incorporating the other 
muscles or by making some assumptions and 
understanding the possible error they incur. 

5. Eleetromeehanieal modeling: There is an elec- 
tromechanical response time between the EMG 
and the force output. If dynamically changing 
forces are to be observed, this factor must be 
considered. 

6. Minimize fatigue: Muscle fatigue will change 
the EMG-force relationship. It is necessary, 
therefore, to design experiments that will 
minimize any localized muscle fatigue. Rest 
periods between exertions should also be used to 
allow the muscle to recover. 

FATIGUE 
Fatigue caused from environmental and job related 

smsw continues to be a major amcern in the workplace. 
The term fatigue, however, is not easily defined and 
therefore is difficult to measure. One type of fatigue is 
systemic, affecting the person as a whole. Examples of 
contributing factors involved in systemic fatigue would 
be high levels of heat or cold, aerobic mpkments, lactic 
acid, or even psychological stress (see Edwards and Lip 
pold,)' Hennans eta]?* and Boui~set ,~~ for reviews of 
these factors). Fatigue also occurs on a local level within 
the body. This is true particularly in musculoskeletal ex- 
ertions. Typical externally visible symptoms are loss of 
force production capab'ities, localized discomfort and 
pain. Tbis type of fatigue has bewme known as "local- 
ized muscle fatigue" (LMF).33 Localized muscle 
fatigue continues to be of concern in ergonomic assess- 
ment of iobs. Muscle exertion levels do not necessarily 
need to 6e high to cause LMF. Isometric contractions of 
as low as 10% of MVC have shown signs of LMF. Much 
higher contraction levels are common in the workplace, 
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FIGURE 6-7 
Expected value prediction results from a slow sinusoidal trial with large knee angle: a) comparison of predicted 
versus measured resultant ankle torques; b) predicted torque contr~butions from the tih~alis (TA). soleus (SOL), 
and gasvocnemius (GAST). 

Reprinted with permission from Redfern MS, Ch&n DB: Modeling E M G r o r p  reInh'onships of muscle groups 
around the onkle joint considering co-conrracrion. Submined to 3 Biomech 1988. 
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FIGURE 6-8 
flop) Amphde changes and (bottom) frrquency specwl shifts 
resultine fium local musde Euieue durine a sustained. isometric 
c o n m ~ o n  of the first dorsalktemss&s muscle. 

Reprinted with pennissiun from Bosmcjian JV, Dclvcn U: 
Musc&s Aliw: 7heir Fmiunr Revwlpdbv Ekcrrmnnp&v. 
ed 5. Baltimore, MD, WUiomr & Wilki&, 1985, 205. 

and LMF has certainly been seen under these cir- 
cumstances. Great interest exists in finding an objective 
measure of LMF that can be used in job evaluation and 
design. Electromyographic analysis has been proposed 
as one method of evaluating LMF during repeated or 
locally saessful activities. 

Localized Muscle Fatigue and the 
EMG Signal 

During LMF, changes occur in the surface record- 
ed EMG signal. Two of the most commonly cited changes 
are a shift in the frequency content of the signal toward 
the low end and an increase in the amplitude. Figure 6-8 
graphically demonstrates this effect during sustained, 
isometric contraction. Note tbat the force level decreases 

TABLE 6-2 
Pmposed Physiologic Causes and References for Spectral 

Shifts and Amplitude Cbanges of the EMG During Fatigue 

Motor unit recruiment Edwards and Lippold3' 
Milner-Bmwn et alR 
Clamann and Br~ecker'~ 
M a t ~ n ~ ~  

Motor unit synchronization Lippold et alT5 
Milner-Brown et aln 

Firing rate and interpulse DeLuca and Forrestn 
intervals Hogan78 

Motor unit and action LindstromY 
potential shape Bmman* 

Kranz et al" 
Millsd5 

for a given EMG level and the power spectnun sbifts from 
time a to time b. L i t r o m M  and D e L ~ c a ~ ~  contend 
that these two phenomena are related. They state that 
tissue filtering characteristics act as a low pass filter. As 
the frequency content of the signal shifts to the lower fre- 
quencies, more energy is transferred through the tissues 
to the electrodes. This energy transfer, in turn, increases 
the amplitude of the recorded signal. 

Physiologic explanations for the changes in 
amplitude and spectral characteristics have been proposed 
by many researchers. Some of the factors believed to be 
involved are presented in Table 6-2. Motor unit recruit- 
ment is believed by some to occur as a muscle becomes 
fatimed in reswnse to reduced muscle mntractilitv. l X s  
inc;kased recrhtment would have the desired e f f k  on 
the amplitude and spectrum of the signal. Synchroniza- 
tion of the recruited motor unit activations has also been 
observed and proposed as a mechanism for changes in the 
EMG s i d .  As this svnchronization occurs. an increase 
in the low frequency &tent  would be ex+. There 
is not total agreement, however, on the intluence of motor 
unit recruitment and synchronization. Basmajian and 
LkLuca contend that although these phenomenamay oc- 
cur. it is doubtful that either is a maior factor in EMG 
s&al sbifts during constant contra~&ons.~~ lbey pro- 
pose factors such as firing rate, variations in interpulse 
intervals, and changes in the shapes of the motor unit ac- 
tions potentials are the predominant cause of s@ 
sbifts. Conduction velocity along the muscle membranes, 
which has a direct effect on these factors, also is believ- 
ed to be Kranz et al pmposed that the 



change in the conduction velocity accounts for the ma- 
jority of the shift in the spectrum.% In a study of Wn- 
duction velocity and specaal factors during contractions, 
Bmmanetalstated"~)singlepr~ce~~appearstoaax,unt 
for the effects of a high force level contraction on the 
myoelectric si@. In addition to myoelectric conduction 
velocity decrease, changes in the firing pttems of the ac- 
tive motor units are suggested."39 

Shifts in the spectrum are reversible when the mus- 
cle has rested. The amount of time required for the spec- 
hum to recover after the cessation of an exertion depends 
on the type and duration of the exercise performed. For 
short duration, low level loading, m v e r y  appears to oc- 
cur within 2 to 5 minutes of rest.m2 Mor!imer et al 
showed that conduction velocity also recovered about 2 
minutes after exercise." For longer or more strenuous 
exertions, however, the spectrum will not recover for 
hours." Spectral recovery does not appear to wrres- 
pond with mechanical or physiological recovery of the 
muscle, which may take much longer.4547 This brings 
into question the use of specaal m v e r y  rates to monitor 
fatigue recovery. 

Specific Measures of Spectral Shifts 
Despite the continued controversy over the underly- 

ing cmsation of spectral shifts, monitoring these changes 
in the EMG signal continues to be used to assess the state 
of the muscle during repeated or constant contraction. 
Many different metrics have k e n  used to describe the 
shift in the power spectra. Two of the more popular 
techniques are presented in Table 6-3. 

These are a ratio of high to low frequencies (HLR) 
and the median power frequency (MPF). Other methods 
have been used such as peak f r e s u e n e  acd zero cmss- 
i n g ~ . ~ ~ . "  Although these other measures have shown 
correlations with changes in the spectrum, their a p  
plicahility and generality in applied EMG are not as ac- 
cepted as the MPF and HLR methods. The rest of this 
section concentrates on the MPF and HLR measurement 
methods and the results found with each. 

Ratio of High to Low Frequencies 
Spectral shifts of the EMG during fatigue can be 

thought of as a decreass in the high frequency band and 
an increase in the low freauencv band. A ratio WLRI of 
the power in these two ha& th& w d d  show thk relative 
shift of the spectrum (assuming the total power remains 
constant over time). As an example. Bigland-Ritchie et 
al formed the ratio of the low band power (20-40 Hz) to 
high band power (13c238 Hz) as HLR.37 One major 
advantage of this method is the speed and ease of 
measurement. This measure shows significant reduction 

TABLE 6-3 
Selected References on Reported Techniques to Monitor 

the Shin in the Power Spectrum of the EMG Signal 
During Muscular Contractions 

Ratio of High to Low Median or Mean 
Frequencies Power Frequency 

0rtengren6O Herbem et al" 
Gross et alSS LindstromY 
Bigland-Ritchie, et d3' Lindstrom et a18' 
Knuner et alM Petrofsky and Lind" 

Hagbe~g~~ 
Hagberg and ~ricson'~ 
Baidya and ~tevenson~ 

over time during a fatiguing contraction as predicted in 
Figure 6-9. Others have proposed other HLR methods 
that define the bands in different ways with varying 
degrees of success (see Table 6-3 for references). 

Although the HLR does correlate well with muscle 
fatigue, problems exist with this measure of the EMG 
shift. The ratio is sensitive not only to the power shifts 
in the spectrum, but also to its shape.' These shapes can 
change as a result of differences in the muscles tested, 
intersubject variations, muscle length, and other fac- 

Another concern is the dependence of the 
results on the choice of the frequencies that divide the 
spectrum in the bands. This method makes any standard- 
ization or interpretation between studies difficult. 

Median Power Frequency 
The MPF (sometimes known as the center freauen- 

cy) method of k y s i s  is the most widely used measure 
of spectral shift resulting from fatigue. The MPF is de- 
fined as that frequency about which the power is 
distributed equally above and below. It is calculated as 
any median of a distribution. Another spectral measure 
commonly used is the mean power frequency. Both the 
mean andthe median give s&ilar esti&atiok for spec- 
tral shifts. In this chapter, discussions of the MPF will 
refer to either the mean or the median power frequency. 
Both measures have k e n  found to decrease over time, 
sometimes as much as 50% during prolonged isometric 
contractions (see Table 6-3 for references). Some re- 
searchers have also seen reliable decreases in the MPF 
during dynamic contractions,"." although others have 
reported conflicting results. 'Ibe rate at which the shift 
in the MPF occurs over time is dependent on the level 
of the cootraction. F i e  6-10 demonstrates this change 
in the MPF. The higher the tension level exerted, the 
faster the MPF shifts to lower frequencies. This is to be 
expected because muscles under greater tension will 



EOUEWCV (HI) YVC DURATION Is) 

IA. EMG power spectra obtained before and after 60 seconds of fatigue at mom temperature. B. Changes in the 
mean values H (130-238 Hz). L ( M  Hz). WL (f SD) during 60 second sustained maximal mntrahions. 

Reprinted wi~hpenniss ion~?~~~~ Bigland-Rirchie B, DoMwn EF. Rnvcsos CS: Conducion wiociry andEMG-r 
spcnnun changes infonguc of sustained m i m a l  gens. J Appl Physiol51:1300/305, 1981. 

FIGURE 610 
The affect of tension level on the rate of change of the median power frrquency. 

Reprinted wifh penniision fmm &rrmjian JY. DeLuca U: Muscles Alive: lheir Funmbm Reyealed by Ekc- 
tromyogmphy. ed 5. Baltimore, MD, Williams & Wilkim, 1985. p. 217. 



fatigue more rapidly. The total decrease is dependent on analysis around complex joints. In multiple muscle 
the muscle under investigation and on some subject studies, particularly at the shoulder, spectral shifts have 
variabiity. When a muscle is allowed to rest after the end been seen during fatigue in some muscles and not in 
of a contraction, the MPF can return to the higher level. others. This has occurred even though one would expect 
This is not m e ,  however, if the muscle has been fatigued the unaffected muscles to have equal or greater imposed 
to exhaustion. st1esses.56.6~" F i y ,  it appears from the data of 

Okada that the shape of the frequency spectrum is affected 
Although the rate change the MPF is affected by muscle length.64 The spec- shifts to lower fie. 

by the tension, there is no w=nsus on the effects of mus- quencies as the muscle length is increased. postural 
cle tension levels on the initial MPF. Some researchers changes, therefore, must be mobilized if spectral shifts 
have found that in healthy subjects the frequency resulting from fatigue and not length changes are to be 
spectrum is almost independent of the exerted ex-ned, In general, therefore, the of LMF 
force.19,32.56.57 There is evidence, however, that tension taken from EMG analysis appear to be quite for 
level can have an effect. Hagberg and Ericson found that c o n s ~ t  isometric of greater than of 
the MPF increased with contraction strew@ for low level MVC. The physiologic cause of EMG changes appear to 
contracti~ns.~~ At higher levels in excess of 25% MVC, be related directly to the causes of LMF, which makes 
the MPF became independent of contraction level. They There are unresolved questions, 
surmised that this dependence at lower contraction levels however, as to the scope of applicability of EMG analysis 
is due to tissue filtering effects and recruitment of motor in worker fatigue in otherdynamic or low level 
units. Moritani and Mum, however, found that the in- exenion It is within the limitations 
itial MPF increased significantly from 0% through 80% presented that EMG analysis should be to investigate 
MVC for the biceps brachii.12 Others have also seen this fatigue, 
increase in frequency content with l ~ a d . ' ~ . ~ ~  

Although the use of EMGs in measuring or monitor- 
ing LMF is well established and frequently used, the 
technique is not without limitations. It is important to 
understand some of these limitations before undertaking 
an EMG analysis in the field of ergonomics. The first 
problem is in the basic definition of fatigue. Any method 
used to measure fatigue, including EMG analysis, is 
based on a basic definition of the problem. Because there 
is no universal definition of fatigue, agreement on the 
validity and meaning of EMG measures will be question- 
ed. Other factors in LMF such as pain tolerance, motiva- 
tion, and synergistic accommodation are not included in 
EMG analyses and have been argued to be important. Ad- 
ditionally, spectral shifts have been used for short term 
contraction fatigue, but the use of EMGs in long term 
fatigue is questioned. For muscle fatigue that occurs over 
a longer period of time, perhaps hours, the use of EMGs 
has not been well established. 

Besides definition limitations, other problems more 
methodological in nature occur. Shifts in the various 
EMG indices have been established for isometric constant 
contractions, but the timing of these changes may not be 
synchronized with changes in the state of the muscle. The 
indices have been shown to decrease rapidly during the 
initial stages of a contraction, but do not decay as rapid- 
ly toward the end of a long session of work.M So, 
although the shift may indicate LMF, it does not follow 
the degree of fatigue experienced over time. 

Another limitation is the difficulty of using EMG 

SUMMARY 
In this chapter, the relationship between EMG and 

muscle function is discussed. The topics presented are 
temporal estimation of muscle activity, muscle force 
estimation, and localized muscle fatigue. The most basic 
use of EMGs is the temporal estimation of muscle activi- 
ty. Surface EMGs are a very effective method obtaining 
a general idea of when a muscle is active. There are dif- 
ferences, however, between the temporal characteristics 
of the EMG and the produced tension. T i e  delays be- 
tween EMG onset and muscle force generation are 30 to 
50 ms but delays of 200 to 300 ms occur between the 
cessation of EMG and muscle force. The effect of EMG 
processing on these delays also is discussed. For most 
work in ergonomics, these differences are not imponant. 
Researchers, however, should be aware of these dif- 
ferences, pdcularly in investigations of highly dynamic 
activities. 

Muscle force estimations from EMG recordings 
often are desired. The relationship between EMG and 
muscle force is dependent on factors such as muscle 
length, velocity, cross talk between electrodes, and 
cocontractions of both synergistic and antagonistic 
muscles. In controlled, isometric contractions, the rela- 
tionship between processed EMG (usually integration or 
RMS) and muscle force has been reported as both linear 
and curviliear. The shape of the relationship appears to 
be dependent on the muscle studied and possibly the type 
of elecaodes used. Models of the curvilinear relationships 
have included second order polynomials and exponen- 
tial~. Muscle length and velocity dramatically changs the 



11. L i m l d  OJC: Tbe relationshiv between inteerated acum EMG-force relationship found in isomehic contractions. 
Methods to compensate. for these factors have been at- 
tempted with varying successes; they are presented. 
&ntraction of &&rgistic and ant&onistic muscles 
also affect the cstimation of the EMG-force relationship. 
It is often assumed that synergists act as one equivalent 
muscle and mat antagonists are not active. 'Ihese assump 
tions are often incorrect and lead to significant errors in 
force estimations. 

Localized muscle fatigue has been associated with 
change in the EMG. The amplitude of dh? EMG incRases 
for a eiven force level and the k e n c v  snechum shifts 
~ ~ l ~ & k e n c i e s .  Two often'used-mneasure.s of the 
spectral changes are the median power f q u c n c y  (MPF) 
and a ratioof high to low frequencies (HLR). The cause 
of  these changes have been attributed to motor unit 
recruitment, firing rate, synchronization, and action 
potential shape. Limitations of using spectral shifts to 
monitor muscle fatigue are discussed. 
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APPLICATIONS OF ELECTROMYOGRAPHY IN ERGONOMICS 
William Marras, PhD 

INTRODUCTION 
This chapter reviews experimental design considera- 

tions and statistical analyses that make it possible to in- 
terpret eledmmyographic (EMG) results aaurately. The 
maior  ort ti on of the chaoter describes how EMG can be 

$ various applicadons. Emphasis is placed on the 
presentation of exemplary literature, describing how 
EMG has been used to evaluate muscle function. At the 
end of each section, key points are summarized. 

EXPERIMENTAL DESIGN 
CONSIDERATIONS 

Interpretation of the results of an EMG investigation 
is dependent on the experimental conditions under which 
the experiment was conducted and the analyses that have 
been performed. Most errors in interpretation occur 
because the investigator is hying to over-interpret or read 
too much from the data when the experimental conditions 
and EMG assumptions do not warrant such conclusions. 

Errors in interpreration usually are due to two pro& 
lems in experimental control and data treatment. gust, 
theEMGdeoendentmeasuresaremisinteroretedbecause 
the experiment was not designed to preserve the EMG- 
muscle characteristic relationships described in Chapters 
5 and 6. For example, ifa lifting experiment is performed 
under free dynamic conditio~ls,~fa&rs such as the length- 
tension and velocitv-tension relationshi~s will interfere 
with the EMG-tekion relationship. lnAsuch a w e ,  no 
statements can be made regarding muscle force, and the 
valid information derived from the study is reduced to a 
description of the on-off states of the muscle or a 
characterization of the muscle activity as measured by 
EMG. 

Secondly, the study may not include a complete ex- 
perimental design that will allow for statistical evaluation 
of the data. Many factors may influence muscle activi- 
ty, and the point of an EMG ergonomic study is to 
evaluate how work place factors such as methods, tool 
design, and workplace layout intluence a muscle or a set 
of muscles. Unless all relevant factors are considered in 
the experimental design, however, the results of the study 
may be misleading. Iftheactivity of the forearm muscles 
is of interest during the use of various tool designs, for 
example, the effects of tool design and other factors such 
as method of use or tool orientation also must be includ- 
ed in the experimental design. If only the tool design is 

considered, any interactions affecting muscle activity may 
go unnoticed. There may be no main effect resulting fmm 
tool design, but there may be a very significant Sterac- 
tion b e e n  tool design and method of use. Such a trend 
would not be identifih without a proper experimental 
design and evaluation. 

As described in earlier chapters, normalization pro- 
cedures should be used if mparisons are to be made be- 
tween muscles and subjects. This normal i ion is 
necessary because the differences between these factors 
may be masked. Furthermore, advanced statistical 
analysis techniques make assumptions regarding the 
distributions of the dependent measures. These assump 
tions may not hold if the EMG signal is expressed in terms 
of micmvolts. Ifthey are processed in terms of normaliza- 
tion techniques, however, further analyses are judhble. 

INTERPRETATION THROUGH 
STATISTICS 

A sufticient number of subjects is important when 
statistical comparisons are intended, to state accurately 
that one particular work place or method causes a change 
in muscular activity, muscle force, or fatigue compared 
with other work positions. Statistical comparisons are 
needed to determine whether the trends observed in the 
data are real trends or are due to chance and also to deter- 
mine the relative contribution of the various effects of the 
main factors and their interactions. 

Comparisons can be made between EMG data sets 
to determine the significance of one or more work place 
factors. The techniques that usually are used to make 
comparisons between one workplace factor are the t-test 
or the one-way analysis of variance (ANOVA). The t-test 
technique statistically evaluates whether the mean 
behavior of two groups of EMG data is significantly dif- 
ferent. The ANOVA compares thevariances between the 
two or more groups of data. lbese trends can be evaluated 
by applyingposr hoc analysis techniques. 

Often the effects of several work place factors are 
of interest. In this case, the effect of each factor and their 
interactions are of interest. These statistical comparisons 
usually are best performed by evaluating the variance be- 
tween the cells of the experiment. These cells represent 
the combined data that are due to the combination of main 
work place effects. A two-way or multifactor ANOVA 



can he used to evaluate the significance of these effects. 
As with the one-way ANOVA, several post hoc follow- 
up tests are available to interpret the trends. Multiple 
regression analysis techniques also are used sometimes 
to build a model of the factors that contribute to the EMG 
response. In this manner, the amount of variance ac- 
counted for by the work place factors can he evaluated 
in the form of an R squared statistic. 

In many EMG studies, the influence of work place 
factors on the wUective behavior of several muscles is 
of interest. Once the data is normalized, these statistical 
comparisons usually are performed in multivariate and 
univariate terms. Multivariate statistics such as 
multivariate analysis of variance (MANOVA) are used 
to determine whether several muscles, as a group, re- . . 
spond in a significantly different manner to experimen- 
tal wnditions. Univariate analysis of variance (ANOVA) 
and discriminate analysis techniques are used as a follow- 
up to significant MANOVA analyses to determine which 
individual muscles contribute the most to the multivariate 
significance. Finally, follow-up post hoc tests, such as 
Duncan range tests, Tukey tests, and cluster analyses, are 
used to determine which individual wnditions are quan- 
titatively statistically different from one another. 

Because. statistical analyses options are extensive and 
can comprise a book in themselves, it is recommended 
that the reader consult a statistical expert or investigate 
statistical analysis references when planning and analyz- 
ing EMG studies of ergonomics. 

RELATIONSHIPS AND THEIR 
APPLICATIONS 

As mentioned throughout most of the previous 
chapters, the relationship hetween the EMG signal and 
the variable of interest is dependent on many factors. 
These factors include experimental design, normalization 
techniques, signal processing, and analysis structure. 
This section discusses these factors collectively asa func- 
tion of the EMG relative to the ereonomic intent of the ~- ~ 

studies. ~hroughout this section, e&q~estudies will be. 
discussed that use these EMG relationships and various 
recording and preparation techniques to derive 
knowledge about ergonomics. Some of the studies 
discussedbelow will point out differences in many aspects 
of the EMG studies such as recording techniques, pro- 
cessing, and statistical analyses. Then, as more studies 
are discussed, only the unique features of the studies will 
he mentioned. 

On-Off State of Muscle 
Historically, the evaluation of the onkoff state of the 

muscle has regularly been evaluated by EMG. As dis- 
cussed in Chapter 5, the experimenter simply would 
observe the raw EMG signal and note when the muscle 
was active. Most studies that now investigate the on-off 
state of the muscle are interested in the phasing of the 
EMG activities under various experimental conditions. 
Maton et al, using raw EMG, investigatedthe activity of 
the elbow extensor muscles during fast and slow brak- 
ing movements of the arm.' An example of these results 
are shown in Figure 5-8 of Chapter 5. This study was 
qualitative in that no statistical analyses of the on-off mus- 
cle states were performed. This figure, however, 
demonstrates that more synergistic activity of the muscles 
occurs under fast motion conditions. 

A quantitative evaluation of muscle onkoff state was 
performed by Marras and Reiiy, using statistical analyses 
of muscle event times derived from processed EMG.Z 
They were interested in how the patterns of trunk mus- 
cle activation changed as the angular velocity of the trunk 
increased during controlled simulated lifting motions. 
They statistically compared the event times at which 10 
trunk muscles began to activate, reached their peak ac- 
tivities, and terminated their activities as a function of 
various velocities of motion. A summary of the t-test 
comparisons of these event times is shown in Figure 7- 1. 
Tbe statisticallv sienificant differences were used to con- 
struct network& that described the relative phasing and 
cooperation of these 10 muscles as a function of the trunk 
velocity. An example of such a network is shown in 
Figure 7-2. These networks were later used along with 
EMG force information as inputs to a biomechanical 
model3 that was capable of predicting the relative com- 
pressive and shear loads on the spine that were due to 
trunk motion. 

These examples show that the muscle onkoff infor- 
mation derived from EMG signals is used for two main 
purposes in ergonomic studies. First, they are used to 
describe which muscles are active as a function of the 
work place conditions. Second, muscle phasing and wac- 
tivation information can he used in conjunction with other 
types of EMG force information to assess the loading of 
joints. 

Muscle Force 
As mentioned in previous chapters there are several 

ways to interpret muscle force via EMG. Indicators of 
muscle force range from estimates of percent of muscle 
usage to quantitative estimates of the newtons of force 
present within a muscle during an activity. The degree 
of quantification possible depends upon the experimen- 
tal conditions and the experimental control present dur- 
ing the experiment. Examples of the various interpreta- 
tions of muscle force will be presented here. 





FIGURE 7-2 
Network of event-occurrence sequences for isometric exertion 

Reprinted with permissionfrom Marras WS, Reilly CH: Nerwork of intern1 trunk looding activities under con- 
trolled trunk motion condirions. Spine 13:66I-667, 1988, Figure 6. 

Muscle Usage Through Normalized 
Activirv Level - 

One of the most widely used techniques uses EMG 
to measure the degree of muscle activity required to per- 
form in ergonomic applications. This diect measure is 
straightfornard and simple to use and assists the ergone 
mist in determining how active a particular muscle is 
throughout an exertion. It should be emphasized that this 
measure is not an indicator of muscle tension, but mere- 
ly a measure of the degree of muscular activation solicited 
from the muscle. The advantage of this measure is that 
the data can often be collected on the factow floor w i h u t  

EMG signal produced by a maximum contraction. 
Typically, this effort is elicited from the muscle while the 
&&le is in the same position required by the work or 
task under investigation. The EMG activity level (most 
likely a processed form) during this maximal contraction 
is recorded and used as the common denominator for 
estimates of the level of EMG activity required for per- 
formance of other tasks. Either the maximum or mean 
activity level may be used for this purpose. In this man- 
ner, the percentage of muscle activity relative to the max- 
imum voluntary muscle contraction (MVC) for a given 
muscle is obtainable. (Also see Chapter 5.) 

affecting job performance. 
Many examples of the use of normalized activity 

To use this measure, one must first determine the level exist in the literature. These studies typically 
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FIGURE 7-3 
Interaction between style of Lift and phase of lift for erestor 
spinae muscle EMG activity (AB interaction). 

Reprinted with permission fran Delino RS, Rose SI, Apts DW: 
Elenmmyogmphic analysis ofwo tedvtiqucsforsquaI li@ng. 
Phys ?her 67:132%1334,1987, Figure 3. 

investigate changes in work method, work place layout, 
tool design, or the reaction of the musculoskeletal system 
resulting from work conditions. F i t ,  examples of 
method comparisons will be discussed. Delitto et al 
observed the activity levels of the erector spinae muscles 
and the oblique abdominal muscles as subjects performed 
two methods of squat In this study, subjects 
were asked to exert isometric MVCs contractions with 
the erector spinae muscles as they executed a prone posi- 
tion uppe~to~so lift while resistance was applied bilateral- 
ly to the shoulders. The MVCs of the oblique abdominal 
muscles were solicited with the subject a&npting to per- 
form a partial sit-up while resistance was applied &the 
shoulders bilaterallv. It wai assumed that these muscle 
positions were ooml;arable to those used during two types 
of squat lifts. The EMG signals were processed with a 
linear envelope detector. The EMG signals and two 
switch signals b t  iadicated when the lift began and ended 
were recorded with a strip chart recorder. Using these 
maximums to normalize the EMG data, these researchers 
were able to represent each exertion as a percentage of 
the maximum muscle activity and test the data s m i & ~ y  
across activities. Table 7-1 shows the means normalid 

EMG activities represented as a function of the -.. 
perimental conditions and Table 7-2 shows a three-way 
ANOVA used to statistically evaluate these results. Table 
7-2 indicates that three significant interactions involving 
lift method, timing (phase), and load magnitude were 
found to have an effect on the amount of EMG activity. 
This table indicates that no significant phase effect (B) 
is present. As shown in Figure 7-3, however, there is a 
significant interactive effect between style of lift (A) and 
phase (B). Such interactions would not be identifiable 
without a proper experimental design and a formal 
statistical analysis. In this manner, the study was able to 
identify the litiing method that offered the most pmtec- 
tion to the trunk muscles under various circumsfances. 

Bobet and Norman also investigated methods of car- 
rying loads, load magnitude, and the duration of load car- 
rying on the activity of the shoulder, back, and leg 
m~scles .~  This study also normalized the EMG wntrac- 
tion levels; however, the normalization was performed 
relative to the mean of two 1-second 50% of isometric 
MVCs. Because the task involved walking and carrying, 
the EMG signals were transmitted via telemetry coa FM 
recorder. The averaee full-wave rectified EMG was used 
as the dependent m&ure in this study. After statistical 
transformation of the data set, the results were tested with 
a three-way ANOVA procedure for statistical 
significance. Significant effects were funher analyzed by 
post-hoc analyses. The analysis of the data indicated that 
only the three way interaction of effects were statistical- 
ly significant. This study emphasiis the importance of 
proper statistical analyses. Here, only unique w m b i i -  
tions of method of carrying, load magnitude, and dura- 
tion affected the activity of the muscles. These trends 
would be very difficult to detect without such statistical 
analyses. 

Secondly, EMG activity level is often used to 
evaluate work positions or work place layout. One of the 
most common aspects of the work place investigated is 
that of sitting position during work. Schuldt et al in- 
vestigated the effects of sitting posture, hand-arm move- 
ment, and arm rests on the activity of neck and shoulder 
 muscle^.^.^ In these studies, electronics assembly 
workers were studied while performing a simulated work 
task. Even though the task involved movement of the 
anns, the positions of the neckand shoulder muscles were 
considered static during the work. Thus, this study would 
not violate EMG sampling assumptions. Isomehic MVCs 
of each muscle, recorded while in the sitting position, 
were used to normalize the activity levels in this experi- 
ment. Figure 7 4  shows the isometric positions used for 
EMG normalization for the muscles of interest. The loca- 
tion of the electrodes used to record muscle activities is 
shown in Figure 7-5. The EMG dependent variables con- 
sisted of full-wave rectified and time averaged EMG 



TABLE 7-1 
Mean Percentace of Maximal Voluntary Isometric 

Contraction of ~ k t o r  Spinae and oblique Abdominal 
Muscle Elcnromyoaravhic Activiw During Liftin9 - - .  - - 

Erector Oblique 
Spinae Abdominal 

StvlemhaselLoadb X s K s 

BBI lifi (A1, 
First h'alf b 1 )  

Light (CI) 27.84 15.91 10.76 8.86 
Moderate (C2) 48.91 18.21 29.02 27.12 
Heavy (C3) 64.10 18.76 44.85 38.72 

Secondhalf (B2) 
Light (CI) 19.29 8.94 6.51 5.16 
Moderate ((2) 35.91 12.01 12.80 11.09 
Heavy (C3) 48.53 14.35 26.49 21.59 

BBO lift (A2) 
First half (B1) 

~igh t  (dl) ' 24.08 12.36 13.68 16.75 
Moderate (C2) 35.03 14.19 26.49 21.59 
Heavy ( ~ 3 )  45.58 17.45 44.21 35.84 

Second half (BZ) 
Light (Cl) 24.40 12.78 6.97 7.72 
Moderate (CZ) 39.77 14.93 11.13 10.06 
Heavy (C3) 51.28 15.67 18.47 14.79 

*Reprinted with permission from Delino RS, Rose SI, Apts DW: 
Elemomyographic dys i s  of two techniques for squat lifting. Phys 
Ther 67:1329-1334, 1987, Table 1. 
bBB1 = back-bowed-in; BBO = back-bowed+ut 

signals using a 1.1-second time constant. The data were 
recorded on heat sensitive paper. Figure 7 6  shows an ex- 
ample of the varied range of EMG responses that were 
collected from the 10 subjects in this study. This study 
used a series of Student's t-tests to determine the statistical 
significance of the results. In this manner, the effects of 
sitting postures and their interaction with arm supports 
and hand movements was analyzed. 

Soderberg et al investigated the activity of duee por- 
tions of erector spinae muscles in response to sitting in 
chairs with inclined seat pans.1° They evaluated the ef- 
fects of flat and anteriorly inclined chairs @ostures) on 
the activity of these muscles. The experimental design 
considered subject-posture, and duration of sitting (time) 
factors and the posture and time interaction. The ex- 
perimental design is shown graphically in Figure 7-7. In 
this study, MVCs of the back musculature solicited with 
the subject laying in the pmne position were recorded and 
used to nonnaliue the data. Here again, it was assumed 

TABLE 7-2 
Three-Way Analysis of Variance for Repeated Measures 
for Erector Spinae Muscle Elecvomyngraphic Activify 

During Liftinpb 

Source df SS MS F 

BBI lift vs BBO 1 966.09 966.09 20.2OC 
Iifi (A) 

Error 18 1704.94 94.72 
First half vs 1 1076.97 1076.97 4.90 

second half (B) . , 
Error I 8  3952.62 219.59 
Load (C) 2 31185.90 15592.95 167.30C 
Error 36 3319.20 92.20 
AB interaction 1 3672.50 3672.50 15.69C 
Error 18 4212.90 234.05 
AC interaction 2 708.22 354.11 11.63c 
Error 36 1095.84 30.44 
BC interaction 2 10.58 5.29 0.08 
Error 36 2260.44 62.79 
ABC interaction 2 379.% 189.98 8.28< 
Error 36 826.20 22.95 

'Reprinted with permission from Delino RS, Rose SI, Apts DW: 
Elstromyographic dys i s  of two techniques for squat lifting. Phys 
Tber 67:1329-1334, 1987, Table 2. 

b~~~ = back-bowed-in; BBO = back-bowedaU 
'p < -01 

that the orientation and length of the muscles of interest 
would be similar to that observed in the experimental con- 
ditions. The root-mean-square (RMS) p m s s e d  EMG 
signal was used as the dependent measure in this experi- 
ment. Subjects were asked to perform a typing task on 
a computer terminal during the experiment. This study 
was different than the previously mentioned studies in that 
the EMG signal was digitized and recorded on-line with 
a computer. The normalized data was analyzed using 
ANOVA and post-hoc techniques. The results were able 
to determine that different erector spinae muscle activi- 
ty levels were present during sitting on the various chair 
designs. 

DeGroot used normalized EMG to study the task of 
postal letter sorting." Tluee shoulder muscles were 
evaluated as postal employees sorted mail into a pigeon 
hole sorting frame. Because this was somewhat a dynamic 
task, the data first were reviewed and then excluded if 
thev contained motion artifacts. The data was orocessed 
uskg normalized RMS pmcedures. This dakwas used 
to form regression equations that predicted EMG activi- 
ty as a function of the horizontal and vertical location of 
the pigeon hole. A statistically significant regression 



FIGURE 7 4  
Isometric testcontraaions. Arrow to shaded area indicates location of manual resistance. Unfilled area showspoint 
of manual support. For description of tea contractions, see their Methods section. 

Reprinred WIMI permissionfmm Schuldr K: Oh neck muscle am.Yify and load redunion in siningpomrer: An elec- 
trmnwgmphicand biomechaniml study wi5h applicmrcmrm in r ' g m m k s  and rrhabilifation. Sand J Relurbil Med 
ISuppll19. IW, 1 4 9 ,  Figure 7. 

model was developed that was capable of determining the 
contribution of the various pigeon hole locations to mus- 
cle activitv. Firmre 7-8 illustrates the relations hi^ found 
between &eoi hole location and muscle activik: This 
information was used to hypothesize the occurrence of 
var iw occupationally related arm-shoulder syodromes. 
The result was a redesign of the sorting frame used in the 
postal system. 

Next, EMG activity level often is used to evaluate 
tool design. Rockwell and Manas investigated the effects 
of the design and method of use of leverage tools on the 
EMG activity of the back mus~ulature.'~ In this study, 

a back dynamometer was used to test and control the back 
position and to solicit isometric MVCs. In this manner, 
the experimenters were able to match and normalize the 
back position with that required by the experimental task. 
The RMS processed EMG signal was used as a depen- 
dent measure, being recorded on-line with a microcom- 
puter. Figure 7-9 shows a schematic representation of this 
equipment. This study also used an ANOVA and post- 
hoc procedures to evaluate the results. It should be 
pointed out that even though the tool design was of 
primary interest in this study, the method of use (in ad- 
dition to other variables) had to be incorporated into the 
design so that appropriate comparisons between tool 



FIGURE 7-5 
The location of rewrding elemwdes: Tu-ESc, erector spinae 
cenicalis covered by upper part of hapezius; Tu, trapezius, pars 
descendens at antemlateral margin; Tm-Sup, trapezius, pan 
transversa covering superaspinatus; ESt-Rh, erector spinae 
thoracalis covered by the rhomboids; Stcm, ster- 
nocleidornastoideus; LeS, levator scapulae. 

Reprinted witkpermissionfmm Schuldr K, Ekholm J ,  H a m -  
Ringdahl K, er d: Effeas of changes in simhg wonCpoSture on 
static neck and shoulder muscle aaiviry. Ergonomics: 
29:1525-1537, 1986. Figure I .  

designs could be made. 

Finally, the activity levels of muscle are used often 
in ergonomic studies to help interpret the response of the 
musculoskeletal system to various work conditions and 
hazards. Bhattacharya et al used normalized EMG activi- 
ty to evaluate the level of muscle usage employed dur- 
ing a carpet installation task using a knee-kicker tool." 
They studied this dynamic task by breaking the dynamic 
action into four static body postures that represented the 
components of the dynamic task. These postures and the 
associated EMG activities are shown in Figure 7-10. 
They also studied a dynamic carpet installation task us- 
ing the knee-kicker tool. They rmrded the activity of 
the arm, shoulder, and leg muscles during these static and 
dynamic activities. The EMG data were normalized by 
comparing the EMG activity with standard maximum ex- 
ertions of the muscles. Processing of the static EMG 
signals was accomplished using a h e a r  envelope pro- 
cedure. 'Ihese signals were not compared statistically, so 

no interactions between experimental main effects V - -  - 

evaluated. The results were subjectively compared by 
representing the subject data in histograms. The dynamic 
EMG activity amplitudes were not evaluated because they 
contained dynamic motion artifacts. However, this infor- 
mation was used to evaluate the percentage of time each 
muscle group was active. This was accomplished by 
observing the on-off times of the muscles throughout the 
cycle of work. This analysis enabled the authors to sug- 
gest changes in the method of tool use so that 
musculoskeletal strain would be minimized. 

Another example is provided by Seroussi and Pope 
who used normalized EMG activity levels to investigate 
how the bunk muscles responded to lifting moments in 
the various planes of the body while subjects were in 
isometric standing positions.14 The procedures used in 
this study were similar to those used ~n the previous two 
referenced smdies; however. in this study the EMG data 
was normalized according to the equation: 

~ ~ l ~ t i ~ ~  ,+tivity= Task EMG - Rest EMG (1) 
Maximum EMG - Rest EMG 

This permitted the investigators to assess the contribu- 
tion of only the changes in lifting moments in various 
locations about the body. A similar procedure was used 
by Mamas et al to investigate the reaction of the 
musculoskeletal system to unexpected load handling. 
In this study, the EMG activity of 6 hunk muscles were 
normalid by equation (1). The task of interest required 
the subject to stand in an isometric posture and hold a box 
into which weights were dropped under expected and 
unexpected wnditions. Analysis of variance procedures 
were used to evaluate the peak, mean, and onset rate 
parameters of the EMG activity under the various expec- 
tation wnditions. The parts of the EMG that were 
evaluated are identified in Figure 7-1 1. In this manner, 
the change was documented in the activity parameters of 
the trunk muscles resulting from load increase and ex- 
pectation. Based on these EMG activity level analyses, 
adjustments to lifting guidelines for specific work place 
conditions were recommended. 

Muscle Usage Through Microvolt Activiiy Level 
Ergonomic studies can also be found in the literature 

that investigate muscle usage based solely on the amount 
of microvolts of EMG activity observed during a work 
task. The only difference between these studies and those 
that measure normalized activity level is that these studies 
usually do not test each subject's MVC of the muscle. 
'Iherefore, adifferent baseline of EMG activity sensitivity 
may be recorded with each subject unless pr&utions 
taken. This different baseline is due to varying levels of 
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FIGURE 7-6 
Level of muscular activity (vertical axis, TAMP%) in relation to course of simulated work cycle (horizontal axis), 
starting with last wet of static phase and mntinuia~ with movement phase with am-hand movim from mition 
'a' to ;be. nc,  & back to 5'. Thick segmented li& indicate means: Differences between three;ining postures 
also illustraled. A.D: gives he  posnuc WRlOas indicated at the lopofthe figure; B,E: gives the WV; C.F gives 
the TLBCV posture. small n&rals indicating subjects are shown at the beginning &I end of each curve. F O ~  
explanation of abbreviations, see their Methods section and Figures 1 and 3. (n = 10) 

Reprinted wifhpennissionfrom Schddt K. EWwh J.  Ham-Ringdahl K, n d: InpUrncc ofsitring wrkposmres 
on neck and shoukier EMGhring arm-hand w r k  movements. CIin Biomech 2:126139,1987. Figure 4. p 130. 
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FIGURE 7-7 
Graphic representation of the multifactoral repeated measures design of the study. Cervical (C), thoracic 0, and 
lumbar (L) segments are represented at each posture. 

Reprinted with permissionfrom Scderbcrg GL. Blrrnco MK. Cosem'no TL, er d: An LNG analysis ofposrerior 
hunk nuuculmvre during pnf and ~feriorly  inclined sining. Human Focron 28:483491, 1986. Figure 2. 

FIGURE 7-8 
Normalized value of EMG activity averaged over subjects. 

Reprinted with permission from DcGrm JP: PInmmyogmphic analysis of a p o d  sorting mk. Egonom'cs 
30:107%1977, 1987. Figure 4. 



FIGURE 7-9 
The experimental apparatus. 

Reprimed with permissionfiom R o c h l l  TH, M u m  WS: An rwlunrion o f ~ w l  design Md mhod ure of railroad 
h e m g e  IwLr on back stress and I w l  perfofomuurce. Hwwn F m n n  28.303-315. 1986. Figure I. 
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FIGURE 7-10 
Raw EMG data associated with static postures of earpef indat ion mk. 

Reprinted wirh pemission from Bhanacharya A, RMlokrihanan HK. Haba D: Eknmmyogmphic panem 
assorio~ed wirh a ampet innalhion task. Ergmm'cs: 29:1073-1084, 1986. Figure 4, p 1079. 
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FIGURE 7-11 

TN& muscle sctivity components used in analysis. 

Rrprinrcd with permission fmm Manus WS. Rmrgamjulu SL, lmmdrr SA: Trunk lmding and c;q~nmiar 
E r g ~ ~ ~ ~ c s :  301551-562. 1987. Figure 2. p 556. 

electmde impedance and varying levels of subcutaneous 
tissue between subjects. The implant element in suc- 
cessfullyrecordingactivitylevelbythismemodisprecise 
calibration of the EMG signal. It is imperative to deter- 
mine precisely the. gain of the EMG system with this 
method. lhis is done usually by adjusting the gain of the 
system so it is wibin the mDst sensitive range of lhe recor- 
ding system (eg, chart, FM recorder, computer). Tlwn 
a known calibration signal is provided as input and 
recorded. Tbus, the gain is known precisely. This 
methodology in ergonomic investigation often limits use 
of more sophisticated statistical analysis techniques. 
Because few assumptions about the dishibution of the. 
EMG signal can be made and intervariab'ity is not well 
controlled, the statistical analyses usually are limited to 
comparisons between mean activities. 'Ibese tests often 
are not as powerful as tests based on variance. 

As with di activity level investigations, 
these studies usually involve investigations of work 
methods, environments, or the response of the 

musculoskeletal system to workplace cnditions. Several 
examples will be mentioned here. 

Andersson and Ortengren used this mzhd to 
evaluate loads on the. backs of workers in an aummbiIe 
assembly plant under several work ~ituations.'~ In this 
d y ,  the EMG signal gains were calibrated individual- 
ly for each muscle periodically duoughout the testing 
period. During the caliition, workers were asked to 
mainlain a speikd posture while holding known weights 
in the. hands. lbe EMG signals were bard wired to an FM 
tape recorder for permanent recording. 'Ibe RMS pro- 
cessed EMG signals were evaluated by represeating the 
data in amplitude histograms. In this method the 
amplitude of the signal was divided into 5 intervals, and 
the time spent in each of the intervals during a task was 
dividedbythetdalperiodofmeasuremntandmultiplied 
by 100. lhis interval analysis is portrayed in figure 7-12. 
In this manner, the muscle amplitude was qmented in 
microvolts, but the amount of time spent in each inter- 
valwasoormalized.Ibus,theremporalsspedsofEMG 



Amplitude 

(b) 

rnGuRE 7-U 
(a) Example of myoelecvic signal amplitude variations during a work spell. I h e  curve is obtained after full-wave 
rrctitication and low-pass 6ltering of the raw myoelstric signal. Fiveamplitude intewals are marled. @)Amplitude 
histogram showing the total time the amplitude curve in (a) spends in each interval in percentage of the total rear- 
ding time (amplitude density diagram). 

Reprinted wirhpermirsionfrom Andersson GRI, Orgengren R: Assessment of back Iwd in nrsembiyliine work us- 
ing eIcctmmpgmphy. Ergonmnics 27:1157-1168, 1984, Figure 4. 

activity were normalized but not the activity amplitude. 
This uermitted the investigators to   lot histoerams as a ~ ~~~ 

funAon of tasks and woriers. ~tati'stical d y s e s  con- 
sisted of a repon of meanvalues, standard deviations, and 
con6denee intervals. Through this analysis technique, the 
investigators were able to evaluate the relative back load 
associated with assembly tasks and quantify the degree 
of load relief offered by lifting aids. 

Anderson et al used EMG microvolt activity as a 
dependent measure to study sitting as a function of 1) 
chair angIe and hunbar suppon, 2) office chairs while per- 
forming office tasks, 3) tasks performed in a wheelchair, 
and 4) chair variables as a hu&on of driving maneuvers, 
re~oectivelv.~~~" In each one of these studies. three m 
f o k  subje& were evaluated under the experim&il con- 
ditions. Data were rewrded on an FM tape recorder for 
lateranalyses. In these studies, calibmtion was performed 
by recording sine waves of known amplitude after each 
investigation. In this manner, the exact gain was deter- 
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mined for each muscle. The recordings were played back 
through an ink chart recorder after the signals were pro- 
cessed using RMS circuitry. These values were visually 
read and entered into a computer for statistical testing. 
The EMG means, standad deviations, and confidence in- 
tervals were computed, and statistical t-tests were per- 
formed to determine the statistically significant dif- 
ferences between the means. Firmre 7-1 3 shows the mean 
and standard deviation of the -&ormalized EMG data 
collected in this experiment. These studies indicate how 
direct readings of microvolt EMG levels may be used to 
evaluate the effects of seat induced poshms and task re- 
quirements in a work place. There were restrictions in 
making comparisons between subjects because the data 
were not normalized; therefore, higher order analyses of 
the variances and interactions were not analyzed. 

Andersson et al have also used microvolt activity 
levels as a means to investigate the effeas of posblre and 
loading on the muscle activity of different parts of the 
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FIGURE 7-13 
Mean FRA values and standard deviations of the means. Thoracic support 0 degrees. At each backrest inclination 
four values are given: Promldt to right -2.0. +Z and +4 an of lumbar suppon. The recordings were made from 
the kff side of the hunk. (a) C4 level. @) T1 Level, (c) T3 level, (d) T8 level. 

Reprinted with pcnnirsion/mm Andenson GBI. Olgcngren R: Myoclenric back muscle miviry  during sining. 
Suuui J Rehabil Med lsuppIl3:73-90. 1974, Figure 6. 
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FIGURE 7-14 
Linea~ regrssioo Lioes forthe relatiomhip be- the myoelec- 
tric activity at the L 3 level. (A) the sine of the angle of for- 
ward flexion, and (B) the angleof flexion. Ninety-five percent 
confidence e o n s  are indicated. 

muscle MI& related to posturebn;i &ing. Omhob Clin 
North Am 8r8.5--96.1977. Figure 4, p 89. 

FIGURE 7-15 
Tbe toral EMG output in micmvolts, given a certain number 
of contracting fibers per unit time, depends on the motor unit 
size: (a) one motor unit with 500 fibers. @) 10 units with 50 
fiben each. 'Ibe fresuency dependence is due to the fact that 
low-rkquency components appear in synchrony within the 
m*aunit.olherrasinthehigh-freqwncyrange,aIIcomponents 
appear at d m  ~gardless if the signal is produced by one 
or several motor units. 

Reprinted *iah pprmirwnfmn Kd&n R: Appliomion ofelec- 
nrmyogrqhy in ergm0rmmOrmcs: New vinar. Smnd J RrhobiI Med 
10:127-133. 1978. Figure 2. p 128. 

back.21 Here, the absolute level of EMG activity was 
used again, and the analyses consisted of a regression 
analysis so that the relationship (correlation) between 
trunk angle, load, and EMG activity could be assessed. 
Figure 7-14 shows this relationship. 

Muscle Force Through Normol*ation 
As discussed in Chapter 5 as well as earlier in this 

chapter, it has been well established that under certain 
controlled conditions a known relationship (often linear) 
exists between muscle force and processed EMG. The 
literature indicates that muscle force estimates are derived 
usually by using either normalized EMG or the microvolt 
level of activity as an indication of muscle usage and 
force. This section will focus on the more widely used 
approach of normalization. 

Regardless of the EMG relationship used to predict 
force, several conditions must be satisfied to derive mus- 
cle force. First, the muscle of interest must be in a static 
or controlled dynamic state. This is controlled usually 
through the experimental design and methodology. Se- 
cond, the EMG-force relationship must be qualified ac- 
cording to the unique properties of the muscle (see 
Chapters 2 and 6) and is represented usually by a func- 
tional relationship or a model. Finally, it is of umost im- 
portance to ensure that a given portion of the muscle is 
sampled because factors such as the length-tension rela- 
tionship of the muscle may confound the EMG-force rela- 
tionship. Only under these conditions can one make 
statements about the relative amount of force in a mus- 
cle during different work conditions often of interest in 
ergonomic studies. 

Gagnon et a1 used the percentage of maximum EMG 
as the means to assess muscle force present while nurses 
aids lifted patients using three different  method^.^ As 
with other predictions of muscle force, this s ~ d y  also 
used a mathematical model to interpret the EMG activi- 
ty relative to muscle force and back loading. The model 
consisted of a static and planer mathematical model that 
used EMG and force plate data to assess the forces ac- 
ting on the spine. This shldy required the subjects to ex- 
ecute three isometric MVCs that served as a reference 
level of EMG activity for comparison. These authors, as 
well as Basmaiian and DeLuca.= advocate such a nor- ~ ~ 

d i t i o n  p&uribecause it permits mon accurate 
comparisons between subjects and muscle p u p s .  
Though these investigators did not compute correlation 
coefficients between predicted muscle force and 
measured EMG activity, they found that the pattern of 
activation within the erector spinae muscles did follow 
the paaern of compressive forces predicted by the model. 
This shldy is unique in that it used EMG recordings to 
predict muscle force. unde~ unamholleddynamic motion. 



FIGURE 7-16 
Muscle tensions and compression increase on the spine predicted from the analysis. The three levels on each bar, 
from left to right, correspond to the weights held (0, 40, and 80 N). 

Reprinted wifhpem~issionfrom Andersson GRJ, Orgengren R, Schulrz A: Analysis and measurement of the loodr 
on rhe lumbar spine during work at a table. J Biomech 13513-520, 1980, Figure 4, p 518. 

Based on this investigation, the authors were able to 
distinguish back loading using the different methods and 
were able to identify the best method of patient lifting. 

Marras used a percentage of maximum EMG in con- 
junction with a mathematical model to estimate the mus- 
cle tension present during isometric and isokinetic (con- 
stant velocity) lifting motions in the back of 20 male and 
female subjects.z4 The lifting velocities varied from 
very slow to very fast. The correlation coefficient be- 
tween the predicted muscle tension and normalized EMG 
activity of the erector spinae muscles under all conditions 
was weak (.37) but statistically significant. 

Reilly and Marras used normalized EMG activity as 
input to a biomechanical simulation model that was used 
to predict spine compression and shear forces during lift- 
ing  motion^.^ The EMG signals were used to indicate 
the relative force in the muscles in each lifting condition. 
These motions also were isokinetically controlled, mak- 
ing it possible to evaluate the impulse loading on the spine 
resulting from the mtivation of the bunk musculature. 

These studies indicate that the percentage of EMG 
activity can be used to predict the tension within muscles 
during occupational tasks. This technique has the advan- 

tage of allowing comparisons between subjects and mus- 
cle groups. It also is important to recognize mat the EMG- 
muscle tension relationship is not as well defined and 
seldom used to evaluate muscle force during ballistic 
motions. 

Muscle Force Through Microvolts 
Many researchers have attempted to investigate the 

force of a muscle by simply observing the rectified and 
averaged (in some cases integrated) EMG signal in terms 
of the absolute number of microvolts generated and 
associated with a particular activity. However, there are 
two difficulties with attempting to assess muscle force by 
this method. Fit, EMG is capable of only assessing the 
activitv of the  ort ti on of the muscle from which the elec- 
trodes-are recording activity. Hence, the determination 
of muscle force is not technically possible. The derived 
parameter of muscle tension, however, can be determined 
as force per unit cross-section area. The problem occurs 
when trying to relate a given volume of muscle to the 
EMG activity level. If surface electrodes are used, the 
electrodes reside at some unknown (and sometimes vary- 
ing) distance from the muscle. Furthermore, the uptake 



FIGURE 7-17 
SdemaJi of the modd used for ioranal foreE cstirmtioo. lBe live bikbilateral oairs of sinde muscle muivalenb - 
~ ~ r t t o ~ ~ . M a Q o s c g m e n t ~ r o r c C i S d c m t e d C , a m e r i O r s h a v h n r S , , a n d r i g h t l a t e r p l  
abear force S,. Abdwinal cavily pcssurc raultant P berc was set to mu. Muscle cross-sectional a m  per side 
acreptm~,~,forR,I ,X,E,dL:0.a06,0.0168,0.0148,0.0389,and0.0037timestheproduct 
of tronL deplh d width. Ccntroiblofkls in the .mwopostCrior direction we=, in the same order, 
t.Lm.~O.SI,0.19,0.19,O.Z,d0.28timestnmLdepth.Inthelateral~on, theywatakenas0.12,0.45, 
0.45.0.18, md 0.21 times mnk width. 

RcprinuddpcmdniarfranSchuid~K AndrrssmGBI.~rspr~K,etaI,A~Iy~isandmmumnmrof 
bmbmmmkbodrm mptrirnahing b a d r d t w i n r .  J. Biarrh 15:669-675,1982. Figure I ,  p 671. 

o f ~ b e l o o g i n g t o m c s a m ~ ~ t s u m ~ y .  
Fiba mtcntials of d i b t  motor units. however. add 
in&.= Tlkissbownin~-7-i5.lhismeans 
that in muscle with large motvr Mia. a m n n k  
of activated fibgs will d t  m a greater microvolt 
readkg d m  a muscle composed of smaller motorunits. 

~ergowmist,tberefore,dhavcdif&uhy,in 
mostcsses, indetermining foraoreventensimbasedm 
the absolute microvolt activity of an integrated EMG 

signal. llmse who have attempted to do so have used 
EMG in aonjunction with a biomechanical model to 
evaluate this relationship. Andersson et al used a 
biomechanical model that wnsidered the cross-sectional 

of tbe tnmk m evaluate the moments generated 
by the sector spinae muscles within the hunk.n lhis 
model was used to assess tasks that involve sta 
imal arm ISIS while working at a table. The EMG signal 
gains wen calrirated with the wave &%ration technique 
discussed earlier so that the signal amplitudes d d  be 
expressed in microvolts. nese researchers used an- 
thropometric information relating the mass center of the 
arm comp1e.x and the moment arm from the vertebral 
bodytocstimatttbemomentthatmustberwistedbythe 
muscles to maintain a state of static equilibrium. They 
also assumed there was no antagonistic muscle activity 
prsentmtbetask.Pi7-16showstheprediaedforce 
gemated by eacb muscle as a function of the -- 
t a l d ~ . m i s s t u d y ~ c o ~ ~ e ~ m e f f i c i e n t s  
baweeo muscle tension nd EMG activity of 9 9  and .98 
f ir  the right and left sides of the body, respeaively. 

Scbultz et a1 used a similar method to evaluate the 
muscle tension in 10 hunk muscles in tasks involving 



static 15-second duration bending and twisting positions 
while holding weights that varied in magnitude between 
4 and 20 kgZ8 In this study, the evaluation used a 
biomechanical model that considered the moment arm 
between the spine and the hunk muscles and the cross- 
sectional area of those muscles. This relationship is 
shown in Figure 7-17. Here again, no muscle activity 
from antagonists were included in the model. Depending 
on the method used to solve the biomechanical model, the 
correlation coefficients between the predicted muscle ten- 
sion and the RMS pmcesed EMG signal ranged £mm 3 4  
to .92. A latter study by Zetterberg et al used a similar 
model to predict hunk muscle tension while exerting 
maximal and 50% of maximal isometric trunk force.29 
This model differed in that it allowed for antagonistic ac- 
tivity of the hunk muscles. The correlation between 
predicted muscle tension and the RMS processed EMG 
signal amplitudes improved for most of the back 
musculature. This relationship is shown for two of the 
muscles investigated in Figure 7-18. 

Andersson et al used a unique microvolt calibration 
scheme to evaluate the forces acting on the trunk whiie 
subjects performed three common tasks at a table.M In 
this study, the EMG activity of the muscles was correlated 
with muscle force through a series of calibration ex- 
periments. Subjects were seated in the same position as 
required during the experimental task and were asked to 
hold weights of different magnitudes in different static 
positions on a table. Regression analysis was used to 
establish EMG-force relationships. The authors believed 
that this was a b e  way to establish this relationship than 
by normalizing the EMG activity. This information was 
used as input into a biomechanical model so that the forces 
on the lumbar spine could be determined. The model, 
however, did not consider coactivation of the hunk 
musculature. The authors concluded that spine loading 
generally was low in this type of workand that load levels 
were influenced only marginally by work place factors 
such as table and chair adjustments even though these fac- 
tors were not included in the experimental design or 
statistically evaluated. 

A similar task was evaluated by Boudrifa and 
Davies." They investigated the integrated EMG 
microvolt activity of the erector spinae muscles while sub- 
jects lifted a 10 kg weight on a table located at different 
angular locations and different distances from the body. 
They evaluated the results with ANOVA and determined 
that the lifting distance and the interaction of distance with 
angle were significant; the angle factor was not. When 
the results of this study are compared with those of the 
previous study, the importance of including a complete 
experimenral design and statistically evaluating the EMG 
data are evident. 

These studies emphasize several issues in the use of 

microvolts of EMG activity to predict muscle force. F i t ,  
all of these studies have assumed a hear relations hi^ be- 
tween muscle force and EMG activity. ~ e c o n i ,  to 
evaluate the muscle force relationship, all have used 
EMG in conjunction with a biomechanical model. Most 
of these investigations have used models based on mo- 
ment relations and the cross-sectional area of the mus- 
cle. Third, all of the tasks evaluated havebeen static. This 
condition preserves the length-tension relationship in the 
muscle. Finally, when the tasks evaluated involved in- 
creased force exertions, the inclusion of antagonistic 
coactivation of muscles improved predictability of the 
muscle forces. In summary, it is not a simple task to 
estimate muscle tension by this method. If this method 
is used, it must be done with careful calibration and an 
appropriate biomechanical model. 

Muscle Fatigue 
Muscle fatigue can be evaluated either by observing 

the change in amplitude of the EMG signal through the 
microvolt level or by observing the change in the spec- 
tral activity of the signal. The latter is appearing now 
more frequently in the literature and appears to be a 
powerful investigative tool. Details of this technique have 
been presented in previous chapters. Examples of both 
these approaches follow. 

Muscle Fafcafcgue Through Microvolts 
As early as 1912, Piper demonstrated that as a mus- 

cle fatigues, the EMG signal will increase in its amplitude 
while the muscle is exerting a given amount of force in 
an isometric con t r ac t i~n .~~  This probably is due to the 
need to recruit more motor units to perform the same 
amount of work as the muscle fibers fatigue. Thus, by 
observing the processed EMG signal of a given portion 
of the muscle under constant force conditions, a quan- 
titative indicator of the degree of muscle fatigue can be 
established. It also is important to note that this trend is 
evident only with surface electrodes. Unfortunately, 
sim~ltaneous isometric and isotonic contractions are seen 
rarelv in ereonomic studies. Thus. the use of this method 
of aHsessGent usua~y is ~imitei to comparisons of 
preworkand postwork test conditions to determine if in- 
creased EMG activity is required to exert a given force. 
It is  resumed that increased EMG activitv would beat- 
mibitable to the task that preceded the pos<test. The flaw 
in this approach, however, is that even a slight change 
in EMG activity resulting from minute muscle loading 
changes would signal a change in fatigue status. 

Habes used this approach to evaluate the securing of 
material to two types of dies in an automobile upholstety 
plant.33 Electrodes were placed on the low back 
muscles, and the EMG signals were transmitted using 
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FIGURE 7-18 
Relationship of mean myoelearic activities and prrdicted muscle forces for the longissirnus and multifidus pans 
of the erector spinae muscles. 

Reprinted with peMssion/mm Zenerberg C. Andersson GBJ. Srhulrr A: 7he anivity of individual trunk m(~(cIes 
ahring hcovyphysical loading. Spine 12:1035-1040. 1987. Figure I .  p 1039. 

FIGURE 7-19 
Static lean fatigue curves. 

Reprinted with permissionfmn Habes 1U: Use of EMG in a kinesiologiml snuZy in industry. Applied Ergommks: 
15297-301, 1984, Figure 4. 
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FIGURE 7-M 
Average percentage of relative power in the low- and high- 
fnaluemzy bands of EMG acfivily recorded from lhe flexors dur- 
ing prework and postwork keyboard operation. These data, 
presented as a bction of increasing time, were recorded from 
operatom entering predominantly fourdigit destination codes 
to sort box mail (upper graph) and from operators entering 
predominantly threedigit destination codes to sort outgoing 
primary mail (lower graph). 

Reprinred with pemr*simfrom Comer I T ,  Silversrein ID, Berg 
WK, et al: Changes in electromyogmphic activity associaied 
with occuparional stress and poor performance in the 
workplace. Human Factors 29:131-143, 1987, Figure 4. 

telemetry to an FM tape recorder. In this manner, two 
subjects were tested throughout the work day without in- 
terfering with their work schedule. The experiment re- 
quired subjects to maintain a 5-second test posture at 10 
different times throughout the work day while the 
microvolt EMG activity necessary to maintain that 
posture was recorded. This study was able to identify 
dramatic increases in EMG activity associated with the 
use of one of the dies that was not identified when other 
measures of muscle fatigue were evaluated. An example 
of how the EMG increased over time is shown in Fieure 

Christensen performed a similar type of study on 25 
assembly line  worker^.'^ The goal of the study was to 
assess the level of fatigue in the shoulder muscles of 
employees throughout the work day. The subjects were 
tested at eight times during the day, each for a lominute 
period while they performed their normal job. The EMG 
activity was represented by an amplitude probability func- 
tion. Even though subjective questionnaires indicated that 
the subjects were experiencing fatigue throughout the 
day, the EMG activity levels did not indicate a fatiguing 
situation. These results may have been due to the lack of 
a standard test contraction in the experimental design. 

Muscle Fatigue Through Spectral Analysis 
One way tominimize the interactive effect of muscle 

force on fatigue is to analyze the spectral components of 
the EMG signal. It is known that as the muscle fatigues, 
the high frequency components of the signal diminish. 
This spectral shift resulting from fatigue is a fust-order 
effect in the signal spectrum, whereas, moderate changes 
in the contraction level of the muscle cause second-order 
effects in the signal spectrum. Thus, an objective mea- 
sure that is not as affected by muscle contraction irregu- 
larities is that of observing the frequency shift of an EMG 
signal during a static exertion. This shift usually is 
observed by using a fast Fourier transform (FIT) to 
change the raw EMG signal from the time domain to the 
frequency domain. Once this is done, center frequency, 
or median frequency, estimates are used to indicate the 
central tendency of the EMG spectrum. This usually is 
done in amannersimilartothe&crovolt approachin that 
comparisons of these factors usually are made before and 
after a work period during a test contraction at a given 
level of muscular contraction. The spectral components, 
however, are not as sensitive to minor deviations in 
muscle force levels. Several authors have described how 
a shift in the center frequency to a lower value can 
indicate a fatigued state of the muscle."" 

Gomer et al used spectral analyses of the EMG signal 
to evaluate fatigue in the forearms of mail sorters who 
performed a machinepaced keyboard They 
evaluated two different work practices associated with the 
keyboard operation. In this study, 20 experienced mail 
sorters were tested with a prework and postwork test ex- 
ertion. These exertions required the subject to exert max- 
imal grip strength on a grip dynamometer for 30 seconds. 
The relative power in the lower frequency portion (1-40 
HZ) ofthe EMG spectrum was cornparedwith the power 
in the umer oortion (81-120 Hz) of the soecuumdurine .. . - 
the pre-tests and pobt-tests. ~ i g k e  7-26 shows a com- 
parison of these portions of the EMG spectrum as a func- 
tion of the experimental conditions. The relative power 
shifts were evaluated by a multifactor ANOVA design 
that enabled the investigators to determine which work 



place factors contributed to fatigue during the shift. The 
results clearly showed that one of the work practices was 
superior. 

S i  techniques can also be used to assess the 
design of tools and work orientation used in the work 
place. SchoenmarLlin and M a m  also used a pre-test and 
post-test procedure to evaluate arm fatigue associated 
with the design and use of a hammer." In this study, 
however, the test contractions consisted of band grip con- 
tractions that were 70% of the maximum voluntary grip 
contraction. They hypothesized that if the suhje3.s 
fatigued during the test, they would not be able to 
reachieve h e  original 100% force level. 'Ibis level of con- 
traction was controlled by having the subjects match a 
target on an oscilloscope that r e p k n t e d  the 70% exer- 
tion for each subiect. In this studv. the median *en- 
cy ofthesignal das compared hi& and after m ~ h ' k ~ .  
The results were analyzed by an ANOVA procedure that 
was able to assess the fatigue effects resulting from the 
experimental factors and &eir interaction. Inthis man- 
ner. thev were able to determine the contribution of tool . . 
design and tool use orientation on the fatigue of the 
muscle. 

It should also be pointed out that some researchers 
use both the microvolt method and the soectral analvsis 
methods simultaneously to indicate fatibe in a muscle. 
In the study performed by Habes" mentioned earlier, 
for exarnple,the percentage of EMG signal power in the 
4 to 30 Hz frcouencv band was evaluated durine the 10 
static test pos&. h e  percentage of power i n k s  low 
frequency band was compared with the fatigue indicating 
criteria set fonh by Cba&~.~ Although the increases in 
back EMG activity throughout the day were interpreted 
as a sign of fatigue, none of the power frequency shifts 
exceeded a predetermined minimum level considered 
necessary to indicate fatigue. 

SUMMARY 
The use of EMG in ergonomic investigations is not - 

a technique that should be &lied indiscriminately. Plan- 
ning for the experimental or functional question to be 
answered is important. Furthermore, signal col- 
lection and analvsis DIOCedures must be used if useful in- 
formation is &&. Several key steps must be con- - - 
sidered when applying EMG in an ergonomic investiga- 
tion. First,  before^^^ is used, the experimenter must 
have an idea about which muscles would be affected bv 
the work and the type of information about the mu&. 
that is desired (duration/on+ff, force, or fatigue). Se- 
m d ,  the experimental design should consider all factors 
that may affect muscle use (i.e. workplace layout, work 
method, etc). Third, those variables that may affect the 
EMG signal (motion, pick up area, etc.) should be con- 

trolled in the experiment. Fourth, the best available 
means of signal treatment and processing should be 
seleaed. The EMG relationships of interest and their 
limiratiolls, as detailed in this manual, must be coosidered 
when selecting the proper EMG treatment and process- 
ing technique. F i y ,  proper statistical analyses should 
be performed so that the maximum useful information can 
be emacted from the experiment. 
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APPENDIX A 



QUANTITIES AND UNITS OF MEASUREMENT IN BIOMECHANICb 
PREPARED BY THE INTERNATIONAL SOCIETY OF BIOMECHANICS 

In recent years the International Society of Biomechanics has adopted as its standard for units of measure- 
ment the Systeme International d'Uni&s (SI). This system is both rationalized and coherent. It is ra- 
tionalized because for any physical quantity only one measurement unit is needed, and the entire SI struc- 
lure is founded on just seven precisely defined base units and two supplementary units (see Table below). 
The system is coherent in that the ~roduct or quotient of any two unit auantities in the system becomes 
the &t of the resulting quantity. ~elevant asp&& of the SI systemare h n t e d  here asan aid to scien- 
tists, educators, and students working in the field of biomechanics. 

TABLE: SI UNITS MIR BASIC QUANTlTDB 

m w  -ti@ Symbol for Quantiiy Name of SI Unit Symbol for SI Unit 

length I 
mass m 
time f 

electric current I 
thermodynamic temprranue T 

~mwnt  of substance n 
lumiwus intensity I 

plane angle a. 8. r, 0.6 etc. 
solid angle 0 

metre 
kilogram 
second 
ampere 
kelvin 
mole 

candela 
radian 

ster;adian 

m 
k 
S 

A 
K 

mol 
cd 
rad 
ST 

NOTES 

In the United States of America the spelling of the unit of length is "meter". 

The kilogram is the SI unit of mass or "quantity of matter." It is not the unit of force. The unit of 
force is derived from that of mass by considering the force necessary to give unit acceleration to a 
unit of mass. 

Each unit has a standard symbol and care should be taken to use the correct leaer(s) and case (upper 
or lower). Insofar as the symbol for second is "s" (not "sec"). it is imwttant that svmbols are not 
plural&d; e.g., "kgs." &uld be mistaken for kg 'X s put  s& note oh the punctuakon of a corn- 
pound unit below). 

Standard prefixes are used to designate multiples or submultiples of units. ?be more. common ones are: 

Prefix Multiplier Symbol Example 
106 M megawatt 0 
lo-? k kilojoule @5) 
10" c antimetre (an) 
10" m milligram (mg) 

P microsacond b s )  

When a compound unit is formed by multiplication of two or more units, the symbol for the com- 
pound is indicated in one of the following ways: 

N. m, N.m, or N m, but not Nm 



When a wmpound unit is fomed by dividing one unit by another, the symbol for the compound unit 
is indicated in one of the following ways: 

!?! , d s ,  or as the produn of m and s-I , i. e. m- s-I 
S 

It is strongly mommended that numbers be divided into groups of three digits, counting outwards 
in both directions from the decimal marker. whether nresent or not. Neither dots nor commas should 
be inserted in the spaces between the groups. The decimal sign can be either a comma or a dot on 
the line. If the magnitude of the number is less than unity, the decimal sign should be preceded by a zero. 

Examples: 7986.325 79 and 0.035 

Detailed overleaf are the derived SI units for the physical quantities more commonly used in 
biomechanics together with a brief definition of each and recommended symbols. The list is not ex- 
haustive and the reader is directed to one of the many SI mechanics texts or comprehensive guides 
for the use of SI units which are now available in most languages. A table of conversion factors of 
non-SI units and details of reference sou~ces used are provided on the back page. 

Revision 1, December 1987. 

DERIVED SI UNITS, SYMBOLS AND DEFINITIONS 

Physical Symbol for S I  Unit and 
Quantity Quantity Symbol 

D e f d o n  of Quantity 
and its Unit 

linear 
displacement 

velocity 

acceleration 

acceleration due 
to gravity 

angular 
displacement 

Ar metre The change in location of a point, given as the 
m directed distance from an initial to a final location 

(the change in position vector r), regardless of the 
path taken. 

v m.rl The time rate of change of location (the time- 
derivative of the position vector r). 

a m d  The time rate of change of velocity 

g m.8 The acceleration of a body freely falling in a 
vacuum, the magnitude of which varies with loca- 
tion. The standard (sea level) value is 9.806 65 
m d .  

A0 radian A change in the orientation of a line segment, 
md which for 2D motion, is given by the plane angle 

between the initial and final orientations (the 
change in the orientation vector 0), regarhless of 
the rotational path taken. 

OM radian is the plPM angIe h e m  two radii 
ofa circk which cur off on he cirmrference an 
arc equal in kngth to the radius. ( 2 ~  rad = 360 
degrees). 



angular 0 Iad.s-1 
velocity 

an& (r r a d - ~ - ~  
acceleration 

period T m u d  
S 

density P kg.m-' 

mass moment I kg.m2 
of inertia 

linear 
momentllln 

angular 
momentum 

force 

weight 

moment of 
a force 

newton 
N 

Detioition of Quantity 
and its Unit 

The timc rate of change of orientation of a Line 
segment (for ZD motion). 

The time rate of change of angular velocity. 

The time to wmplete one cycle of a regularly 
recurring (periodic) event. 

The number of repetitions of a periodic event 
which O C C U  in a given time interval. V = 1IT = 
d 2 r ,  where o is the angular frequency (in 
rad-s-') of the periodic event]. 

The wc-xntration of matter, measured as mass 
per unit volume. 

The ratio of tbe density of a substance m the den- 
siw of a reference substance under saciiied wn- 
diions. When water is the reference'substance 
the name "specific gravity" is sometimes used. 

The measure of a bodv's mistance to acalerated 
angularmotionabout&axis,andeqdto~ 
sum of the ~mduns  of the masses of its differen- 
tial elemen& and the squares of their distamrs 
from tbe axis. 

The quantity of motion possessed by a particle or 
rigid body, measwed by the pmduct of its mass 
and the velocity of its mass centre. 

The moment of Ligear momenflun about a point. 
The angular momentum of a particle is measwed 
by thepmductofitslinearmomenNmandthe 
perpendicular distance of the Linear momntum 
(velocity vector) from the point. For ZD m o h  
the angular momentum of a rigid body about its 
mass centre is given by the product of tbe cen- 
troidal moment of inertia and tbe angular 
velocity. 

The mechanical action or effect of one body on 
another, which c a w  tbe bodies to accele& 
relative to an inertial referec-x frame. 

One newton is rtuaforce which, wtvn applied to 
one kilogram m s ,  muses it to acwkrrue of one 
meire per second per second in the direction of 
force applicm'on and relative to tlu inertial 
nfPrmcefmnu. (IN = 1 kg-md) .  

The fom of mvitational ansaction &I! on a 
body, being Gual to the product of the n&s of 
the body and the local acceleration due to mvity. - .~ 
i.e. G = mag. 

The turning effect of a force about a point, 
measured by the pmduct of the force and tbe 
ppendicular distance of its line of action from 
that point. a vector (cross) product of this 
position vector and tbe applied fora.1 

NB. Symbols fm physical quantities me primed in italic (sloping) Iype, with vector. 



IONS FOR BIOMECHANICAL QUANTlTIES 

Physical Symbol for Or Unit and 
Quantity Qoantity Symbol 

Definition of Quantity 
a unil 

moment of 
a couple 

pressure 
normal stress 
shear stress 

T N.m The resultant moment of two ad but m s i t e l v  
directed (parallel) forces that ark wt c o l k a r  (thk 
couple, and measured by the product of one force 

linear strain E 

shear strain I 

Young's madulus E 
shear modulus G 

Poisson's ratio Y 

coefficient S 
of friction 

coefficient 
of viscosity 

!cinematic 
viscosity 

work 

andthe (torque) perpendicul& distance between 
the lines of action of the two forces. 

rn The intensity of a force applied to, or distributed 
Pa over, a surface, and measured as force w r  unit of 

surface area. 

One poscol is the pressure or mess which arises 
when a force of one new?on is applied mformly 
and in a perpendicular direm.on over an area of - .  
one square meter. 
( 1  Pa = 1N.m-2). 

none The deformation resulting from stress, measured 
by the change in length of a line (linear), or the 
change in angle between two initially perpen- 
dicular lines (shear). 

Pa The ratio of stress to the corresponding smin 
within the initial linear portion of a stress vs. 
strain curve obtained from a simole tensionlwm- 
pression or shear test, respectively. 

none The ratio of the transverse contraction per unit 
dimension on a bar of uniform cross-section to its 
elongation per unit length, when subjected to ten- 
sile stress. 

mne The ratio of the contact force component parallel 
to a surface to the contact force component 
perpendicular to the surface, when relative mo- 
tion either impends (static coefficient p,), or 
exists (kinetic coefficient pr). 

N.~-rn-~ The resistance of a substance to change or form, 
measured by the ratio of the shear stress to the 
rate of deformation. 

m2.s-1 The ratio of the coefficient of viscosity to density 
(e = TIP). 

ioule Work is done when a force acts throueh a 
J displacement in the direction of the f&. The 

work done bv the force is the sum of the oroducts 
of the f o r e  &I the differential dinaofcskovcd 
by its point of awlication dona the line of action . . 
of the Tore. 

- 

One joule is the work &me when the point of ap- 
pli&on of a force of one w o n  is &spkbda 
distance of one meter in the dire& oftheforce. 



Physial Symbol for S I  Unit and .Detioition of Quantity 
Quantity QuanW s p b d  d a  unit 

lll~~haoical E I The capacity to do work, which for any 
energy mechanical system is measured by the sum of its 

potential and kinetic energies. 

potential 
energy 

kinetic 
energy 

power 

V I Energy due to position or wniiguration 
associated with a conse~ative force. The gravitl- 
tional potential energy of a mass m raised a 
di- h above some reference level is: V = 

6 
myph., wbere g is acalerarion due to gravlty. 
Tbe elastic potential energy of a liwarlyclastic 
spring with stiffDess k defomed by an amount c 
is V, = k.&/Z. 

watt 
W 

Energy of motion and equal to the sum of all 
translational and rotational energies. The ldnetic 
enerw of a mass m translatine with a velocitv v 
is: T =  m.?IZ. ~ d d i t i o n a l l ~ ~ a  rigid body c& 
have rotational kinetic enerw, which for ZD u w  
tioo is a fimction of the m& of inerda about 
the center of mass and angular velocity. The total 
kinetic energy of a rigid body in plane motion is 
therefore the sum of the translational Limtic 
energy of the mass centre and the rotational 
kinetic energy about the centre of the mass; i.e. T  
= m.?12 + I .02/2. 

Tbe rate at which work is done or energy is 
expended. 
The power generated by a force is the scalar p m  
duct of the force and the velocity of the point of 
application of the force. The power generated by 
a moment is the d a r  product of the moment and 
the angular velocity of the rigid body. 

One won is the power used when energy is a- 
uended or work done at the m e  of one i d  w r  - - .  
second. 
(I W = 1 I-s-'). 

Quantities in hold face. Symbols for units are printed in roman (upright) type. 
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CONVERSION FACTORS FOR NONSI UNlTS 

Len%h Moment of Inertin 
1 inch = 25.40 mm 1 slug foot squared = 1.355 82 kg.m2 
lfoot=O.W)48m 1 pound foot squared = 0.042 140 kg.m2 
1 yard =0.9144m 
1 mile = 1609.344 m Velocity 

1 inch per second = 25.4 m m d  
Area 1 foot per second = 0.304 8 m-s-I 

1 square inch = 645.16 mm2 1 mile per hour = 0.447 040 m d  
Isquarefoot =0.092903mZ 
1 square yard = 0.836 127 m2 Force 

1 poundal = 0.138 255 N 
Vdume 1 pound-force = 4.448 222 N 

1 cubic inch = 16.387 064 cm3 1 kilogram-force = 9.806 65 N 
1 cubic foot = 0.028 316 8 m3 
1 cubic yard = 0.764 555 m3 Prssure 

1 fluid ounce (UK). = 28.413 1 cm3 1 poundal per square foot = 1.488 164 Pa 
1 fluid ounce (US) = 29.573 1 cm3 1 pound-force per square foot = 47.880 26 Pa 

1 gallon (UK) = 4.546 09 dm3 1 pound-force per square inch = 6.894 757 kPa 
1 gallon (US) = 3.785 dm3 1 mm mercury = 133.322 387 Pa 

MasE Work and Energy 
1 ounce = 28.349 5 g 1 foot poundal = 0.042 140 J 
1 pound = 0.453 592 kg 1 foot pound-force = 1.355 818 1 

1 slug = 14.593 9 kg 1 British thermal unit = 1.055 056 kl 
1 kilocalorie (International) = 4.186 8 U 

Density 
1 pound per cubic foot = 16.018 46 kg.m4 Power 

1 slug per cubic foot = 515.378 8 kgm" 1 horsepower (British) = 745.700 W 
1 pound per gallon (UK) = 99.776 33 1 horsepower (metric) = 735.499 W 
1 pound per gallon (US) = 119.826 4 kg.m3 1 foot-pound force per second = 1.355 818 W 
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AUTHORS' NOTE 
lhisreportisthe~reportofanISEKAdHocCommitteematwasformedin19ntodealwith 

the publ& arisihg from &miistern and ernmeow terms and units in the reporting of EMG Research. 
Tbe Canmime has addressed this problem at all levels, from the dectrophysiological terminology right 
through to the more common processing Gechaiqua. Also, the Committee makes some recommenda- 
tions re ear din^ technical standards that should be aimed for bv all researchers. lhis reuort has evolved 
from thi ~lrst-Jnterim Report presented at the 4th Congress bf ISEK in Boston in ~ u & t  1979, from 
meetings held with resean:hers at the Congress, and frommany personal discussions held over the past 
few years. The document presents not only the fundamental th&retical and physiological relatioaships 
but also the total d c a l  exoerieme of the Committee and t h e  emsulted. Onlv a few refaenas have 
been listed and a&. intendeddedto reprsent or amplify certain issues because a c&plete bibliography of 
electromyography would occupy several hundred pages. 



THE PROBLEM 
It is axiomatic that all researches in any scientific area should be able to communicate with clarity 

the results of their work. The area of electromyography is one where inconsistent and erroneous terms 
and units are the rule rather than the exception. Even veteran researchers are continuing to mntribute 
to the confusion. The research in maw maior uauers cannot be replicated because of lack of detail on - - - -  
the protocol, recording equipment or processing technique. For kxample, the term integrated EMG 
(IEMG) has been used to describe at least 4 different processing techniques, and the units employed 
can be mV, mVlsec., mV-sec, or just arbitrary~units! No wonder there are conflicts and 
misunderstandings. 

FORM OF REPORT 
The report concentrates on four major aspects of the myoelectric signal and its subsequent recor- 

ding and pr&essing. Figure I shows the breakdown of the report: Pan IzThe ~euromuscular Domain, 
Part n-The Recordine Svslem. Part m-Temooral Processine and Part N-Freauencv Processine. 
In addition, the ~ o & t &  a part V-deneral ~xperimktal Details, which'outlibes impor& 
kinesiological and experimental information that should be reported. References made to the literature 
are by no means complete, rather they are cited as examples of erroneous or anomalous repoh~g. Finally, 
a checklist is given to summarize the recommendations of the Committee. 

I INFORMATION I 

MYOELECTRK: 

FIGURE 1 
Schematic outline of scope of repon. 
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PART I: TERMINOLOGY APPLIED TO THE NEUROMUSCULAR UNIT 
References: Dehca, 1979; Buchthal and Scbmalbmck, 1980. 

a motoneuron-is the neural structure whose ceU bodv is located in the anterior horn of the wind 
cord and through its relatively large diameter axon and te& branches innervates a group of m-le 
fibers. 

motor unit (MU)-is the term used to describe the single, smallest controllable muscular unit. The 
motor unit consists of a single a motoneuron, its neuromuscular junction, and the muscle fibers it in- 
nervates (as few as 3, as many as 2000). 

))1~~cIpfiber action potential or motor action potential &UP)-is the name given to the detected 
waveform resulting from the d e p o m o n  wave as it propagates in both directions along each muscle 
fiber from its motor end plate. Without the use of special micro techniques it is generally not possible 
to isolate an individual MAP. 

motor unit action potential (MU&')-is the name given to the detected waveform consisting of the 
spatic-temporal summation of individual muscle fiber action potentials originating from muscle fibers 
in the vicinity of a given electrode or elemode pair. Its shape is a function of electrode type (recording 
contact area, inter-wire spacing, material, etc.), the location of the electrcde with respect to the fibers 
of the active motor unit, &e e l k h e m i d  properties of the muscle and connective &sue and the elec- 
h i d  characteristics of the recording equipment. A MUAP detected by a surface electrode will be quite 
different from the MUAP detected bv an indwellie electrode within the muscle tissue. Each motor unit 
will generally produce a MUAP of ~haracteristic-ape and amplitude, as long as the geometric rela- 
tionship between the electrode and active motor unit remains constant. However, when the MUM am- 
sists of less than about five MAPS the waveform may vary randomly due to the "jitter" phenomenon 
of the neuromuscular junction. A given electrode will record the MUAPs of al l  active motor units within 
its pick-up area. 

motor unit action potential train (MUApll-is the name given to a repetitive sequence of MUAPs 
from a given motor unit. 

interpuhe i n r e d  (]PI)-is the time between adjacent discharges of a motor unit. The P I  depends 
on the level and duration of a contraction and even at an attempted constant tension, the IPI is irregular. 
Its variation is conveniently seen in an P I  histogram. 

motor m'tfiring me-is the average firing rate of a motor unit over a given period of time. When 
a motor unit is first recruited, it fires at an initial rate and generally increases as the muscle tension in- 
creases. Meaningful estimates of average firing rates should be calculated over at least six consecutive 
PIS. 

synchmnizarion-is the term to describe the tendency for a motor unit to discharge at or near the 
time that another motor unit discharges. It therefore demibes the interdependence or entrainment of 
two or more motor units. 

mwekctric siml-is the name eiven to the total signal seen at an electrode or differentially bet- 
ween L o  electrod&. It is the algeb& summation of all-MUM~s from all active motor units &thin 
the pick-up areaof those electrodes. The myoelecaic signal must be amplifiedbefore it can be recorded 
(when it iH called an electmmyogram). 

PART 11-THE RECORDING SYSTEM 
Introduction 

With rrspect to recording electromyographic signals the most important property is the distribu- 
tion of signal energy in the signal frequency band. The signal frequency speanun picked up by elec- 
tmdes depends on: 

(a) the type of muscle fiber since the dynamic course of depolarizationlrepolarization is specific 



to the muscles (e.g. heart muscle cells, skeletal muscle or smooth muscle cells), 

(b) the characteristics of the volume conductor: the electrical field is influenced by the shape, wn- 
ductivity and permitivity of tissues and the shape of the boundaries, 

(c) the location and physical shucture of the electrodes, especially the distance from the cell surface. 

Theoretically, the signal source frequency can only be determined by microeleftrode techniques 
at the cellular level. In practice, different types of macroelecaodes are utilized: (a) needle electrodes, 
(b) wire electrodes, (c) surface electrodes. Needle and wire electrodes are. invasive, surface electrodes 
are non-invasive. In clinical diagnosis, needle and wire electrodes are indispensible but the progress 
in surface electrode methodology has progressed very rapidly, mainly because of its wide use. Unfor- 
tunately, there are many difficulties which have to be taken into account, and which are now discussed 
in more detail. 

The Problem 
For surface electrode recording, two aspects have to be considered: (1) The electrophysiological 

sources within the bodv as a volume conductor. resultinn in an electrical field at the skin surface (the 
upper boundary of the iolume). Each motor unit &ntribut& independently of each other, and the sepka- 
tion of each of these different sources is increasingly difficult as their distance to the eleftrode increases. 
(2) The detection of electrophysiological signals at the skin surface has to take into acwunt the elec- 
trical ~rnoerties of the skin. the electrodes. as well as the simal characteristics. The distortion and the - 
disturbances can be reduced by a proper design. 

Typical amplitude and frequency range of the signals in question are shown in Table 1. However, 
the actual ranges depend greatly on the e1-e used. 

Table 1 

Amplitude S i a l  Frequency Electrode 
Range, mv Range, Hz 

Indwelling EMG 0.05 - 5 0.1 - 10,000 NeedlelWire 

Surface EMG 0.01 - 5 1 - 3,000 Surface 

Nerve Potentials 0.005 - 5 0.1 - 10,000 NeedlelWire 

a. Surface Eleetromyography 
The electrodes are electrically coupled to the motor action potentials propagating within the mus- 

cle tissue. The stages of this coupling are depicted in Figure 2. These different stages are considered 
separately and their properties related in order to find out which are first order effects and which can 
be neglected; please consider Figure 3. 

S i i  Source and Body Tissues 
Within the body a relatively high conductance exists due to the concentration of freely moving ions. 

The specific resistance is, in the signal frequency band up to 1 KHz, ohmic, and in the order of magnitude 
of 100-1000 ohm-; this value depends on the nature of the tissue in consideration (fat, lung, blood, 
human trunk). At about 1 KHz the capacitive current and the resistive current are of equal value. 
Therefore, when using needle or wke elecaodes the input impedance of the amplifier should be not less 
than 1 Megohm, if signal frequencies above 2 KHz have to be detected. 



FIGURE 2 
Measuring set up for surface elecpornyography. 

Simplified circuit with lwnpcd elerneno describing the m t  imponant clecuical propenies. 2, = complex skin 
mistance. Zel = complex mistance of electrodes and elede/eleruolyte transition. 2, = complex input 
mistance of the amplifier, Zi = complex mistance of che body tissws. 



Skin Resistance 
The resistance of the unprepared skin is complex and varies over a wide range dependent on (a) 

skin site, (b) subject, (c) time &did) skin preparation. In worst cases we see values up to several megohms 
at low freauencies. In order to minimize the influence of this comolex resistance on the sienal. hieh ~ ~ -- ~ ~ .~ ~ 

~ ~~~~ - . -  
input resistance amplifiers can be achieved very easily by means of modem FET-technology. 

In most existing instrumentation an input impedance of 10 Megohms or ever 1 Megohm is com- 
mon, thus the skin has to be prepared (rubbed, abraded) until the resistance is down to less than 200 
k Q or even 10 ki) resDeclivelv. Of course. then the imuedancebetween the electrodes should be measured 
over the whole frequdncy b&.   ow ever; the use of ;high performance amplifier eliminates the prepara- 
tion of the skin and the need to check the resistance, thus simplifying the measuring procedure. 

ElectrodelElectroIyte and Transition 
The electrode resistance and the electrodelelectrolyte transition are dependent on the electrode 

material and the electrolyte (paste or cream) in use. Here not only the electrical but also the mechanical 
and physiological properties have to be taken into account. Low polarization voltage is observed at Ag- 
AgC1-Electrodes; unfortunately, the Ag-content varies dependent on the manufacturer resulting in dif- 
fering properties. Stainless steel electrodes are adequate wben using them on unprepared skin and for 
a frequency range above 10 Hz. Long term stability is excellent with black platina. 

The electrode and electrodelelectrolyte transition can be neglected with respect to the unprepared 
skin resistance overthe entire frequency range; both have similareleceical characteristics. The impedance 
of both unprepared and prepared skin can be neglected as long as the input impedance of the amplifier 
is sufficiently high (at least 100 times the skin impedance). 

The Amplifier 
Modem technology has resulted in amplifier specifications to overcome the measuring problems. 

However, old instrum%ation gives rise to-problems of input impedance, input current andnoise. The 
desired and recommended specifications for newly designed amplifiers are as follows: 

CMRR ) 90 dB 

Input resitance loL0 ohms for dc coupled, 10s ohms at 100 Hz for ac coupled. 

Input current 50 nA for directly coupled amplifiers. 

Noise level 5pVrms with a source resistance of 100 kn and a frequency bandwidth from 0.1-1000 Hz. 

The low input current is to be desired because of artifacts which may be caused by modulation of 
the skin resistance. It is known that the value Zs (Figure 3) varies with mechanical pressure. T i e  varying 
pressure &curs when movement is induced to the electrodes via cable motion. With a change AZs = 
50 ki) and an input current of 50 nA the generated voltage is 2.5 mV. 

In addition, pressure applied to the skin produces an artifact voltage which cannot be separated from 
the signal voltage, except by high pass filtering above the frequency of the movement artifact (about 
10 Hz). In a recently performed study (Shy,  et al, 1979) on cable properties some cables produced 
movement artifacts of several millivolts, even when using "special ECG cable." There are cable types 
now available which produce 100 times less voltage artifact than other cables. 

Regarding the noise, the amplifier must not be tested with a shoa circuit at the input since theamplifier 
noise is insignificant compared to when using a high resistance source. Therefore, a high resistance test 
circuit has to be used wben specifying the relevant amplifier noise. Of course, the noise situation is im- 
proved wben the skin resistance has been r e d u d  by skin prepwation. Then an amplifier can be used 
which is of lower input impedance while the current noise becomes less important. Also, a reduction 
of signal frequency bandwidth reduces the noise level, and such a reduction should be done whenever 
possible. 



b. Wire and Needle Electrodes 
When using needle and wire electmdes the skin resistance will not impair the signal acquisition as 

long as an amplifier has a 10 MI1 input impedance. Even fine wire electrodes with a small area of active 
tip show arelatively low impedance. The properties are mainly defined by the electrode4ectroIyte. tran- 
sition and if there are no noise problems in specific applicatim, one can use the same amplifier as in 
surface electromyograpbs. 

SUMMARY AND RECOMMENDATIONS 
a. Amplifier: 

(i) 'Ibe frequency range of the amplifier channel shouldbe chosen according to Table 1. If in sur- 
face electrornyography the lower cut-off frequency has been selected to be 20 Hz for suppres- 
sion of movement artifacts it has to be reported. 

Report: upper cut-off frequency 
lower cut-off frequency 
type of filter, slope 

(ii) If a DC coupled amplifier is used, a higher input impedance and low input current are desired. 
AC coupling by a capacitor in each of the two differential electrode leads is commonly used 
but may give rise to large movement artifacts and polarization voltages if the input impedance 
is too high. Thus a somewhat lower input impedance is suggested. 

Report: input impedance 
input current, if dc coupled 
noise with 100 Kn at the input, l(fl000 Hz) 
CMRR 

b. Electrodes: 
Report: type 

spacing between recording contacts 
material 
stability, if important 
off set voltage, if important 

c. Skin: 
Report: site 

complex resistance in the whole signal frequency range 
if a low resistance input amplifier is used 

preparation of skin 

d. Electrode paste: 
Report: type 

manufacturer 
e l w h e r n i c a l  properties 



Note #I: New instmuentation should be batterv ouerated, at least in the first differendal amuMer stage. 
This will result in a marked suppressibnbf humhterference and when coupled toa compu&r, 
or other recording equipment, the necessary isolation is achieved. 

Note #2: The amplifier can be miniaturized and attached close to the electrodes. The shorter the elec- 
trode leads, the smaller the picked up disturbances (hum and other interferences). In addi- 
tion, the CMRR value is not decreased by unnecessary unsymmetries. 

Note #3: The best procedure for adjusting the filter characteristics of the complete channel is to have 
the frequency band unrestricted, perform a frequency analysis and then adapt the filter band- 
width to the signal bandwidth. 

PART IIk TEMPORAL PROCESSING 
Raw EMG 

Visual inspection of the raw EMG is themost wmmon way of examining muscle activity as it changes 
with time. Correlation of such phasic activity with other biomechanical variables (joint angles, accelera- 
tion. moments of force. etc.) or ohvsiolo~ical variables has added to the understandine of normal mus- 
cle function as weU asipeckl Got& funkom in pathologies, in ergonomic situatiois and in athletic 
events. The amplitude of the raw EMG when reported should be that seen at the electrodes, in mV or 
pV, and should not reflect the gain of any amplifiers in the recording system. 

Detectors 
The quantification of the "amount of activity" is necessary so that researchers can compare results, 

not only within their own laboratories, but between laboratories. It is important to know not only when 
a muscle turns on or off, but how much it is on at all times during a given contraction. The basis for 
most of this quantification comes from a detector. A hear detector is nothing more than a full-wave 
rectifier which reverses the sign of all negative voltages and yields the absolute value of the raw EMG. 
Non-linear detectors can also be used. For example, a square law detector is the basis of the mot mean 
square (ms) value of the EMG. The important point is that the details of the detector must always be 
reported because the results of subsequent processing and conclusions regarding muscle function are 
strongly influenced by the detector (Kadefors, 1973). 

Types of Averages 
(a) Average or Mean 

The mean EMG is the time average of the full-wave rectified EMG over a specified period of time. 
It is, therefore, important for the researcher to specify the time over which the average was taken. Is 
it the duration of the contraction, the stride period, or the total exercise period? The mean value should 
be reported in mV (or NV), and for a period of (t2-t,) seconds, 

@) Moving Averages 

It is often valuable to see how the EMG activitv chanees with time over the oeriod of contraction. 
and a moving average is usually the answer. ~everai w-on processing techniq;es are employed wi& 
the detected signal (usually full-wave rectified). All moving averages are in mV or pV. 

The most wmmon is a low-pass filter, which follows the peaks and valleys of the full-wave 



rectified signal. Thus the characteristics of the filter should be s@ed (i.e., 2nd order Butterworth 
low-pass filter with cut-off at 6 Hz). It is somewhat confusing and meaningless to report the averaging 
time constant of the filter especially if a 2nd order or higher order filter is used. The wmbiition of 
a full-wave rectifier followed by a low-pass filter is commonly referred toas a linear envelope detector. 

With the advent of digital filtering the processing of the EMG can be processed many novel ways. 
Analog low-pass filters, for example, introduce a phase log in the output, whereas digital filters can 
have zero phase shift (by first filtering in the positive direction of time, then re-filtering in the negative 
direction of time). If such processing is used, the net filter characteristics should be quoted (i.e., 4th 
order zero-lag, low pass Butterworth filter with cut-off at 10 Hz). 

Robably the most common digital moving-average type is realized by a "window" which calculates 
the mean of the detected EMG over the period of the window. As the window moves forward in time 
a new avenge is calculated. It can be expressed as follows: 

t+TD 

Widow average (t) = 1 
T 

Its value is in mV, and all that is needed is to specify the window width, T. Normally the average is 
calculated for the middle of the window because it does not introduce a lag in its output. However, if 
the moving avenge is calculated only for past history the expression becomes: 

t+T 

Widow average (t) = 1 ~ E M G ~  dl r n ~  
T 

Such an avenge introduces a phase lag which increases with T, thus if this type is used T should be 
clearly indicated. Other special forms of weighting (exponential, triangular, etc.) should be clearly 
desnibed. 

(c) Ensemble average 

In any repetitive movement or evoked response it is often important to get the avenge pattern of 
EMG activitv. An ensemble average is ~coom~lished digitallv in a general tnuuoseann~uter or in svecial 
computers i f  average transients (C.A.T.). with evok&l &uli iiis oftenp&sible to avenge the -resul- 
tant &anpound a d &  potentials. The time-avenged waveform has an ampiitude in mV, andthe number 
of avenges is important to report. Also, the standard error at each point in time may be important. The 
expression for N time-avenged waveforms at any time t is: 

N 
EMG (t) = 1 lEMGil (t) mV 

N 
i = l  

where EMGi is the ith repetition of the EMG waveform to be avenged. An example of such an averaged 
waveform is presented in Figure 4: the linear envelope of the soleus muscle was averaged over 10 strides. 
A complete stride is shown; the amplitude would normally be in mV or pV, but here it is reported as 
a percentage of the EMG at 100% maximum voluntary contraction. There is no consensus at present 
as to standard methods of elliciting a maximum contraction because of variations in muscle length with 
different limb positions and the inhibitary influences present in agonist and antagonist muscle groups. 
However, such normalization techniques are indispensable for comparisons between different subjects 
and for retrials on the same subject. 



FIGURE 4 - - -  -~ - 

Average of linear envelope of soleus muscle over 10 walking strides. Contraction was normalized to lOO% MVC, 
and standard deviation at each point in time is shown by vertical bars. 

Integrated EMG 
Probably the most widely used (and abused) term in electromyography today is integrated EMG 

(IEMG). Probably the first use of the term was by Inman and co-workers (1952) when they described 
a waveform which followed the rise and fall in tension of the muscle. The circuit they employed was 
a linear envelope detector, not an integrator. The correct interpretation of integration is purely 
mathematical, and means the "area under the curve." The units of IEMG have also been widely abus- 
ed. For example, Komi (1973) reports IEMG in mVls, and in 1976 scales the IEMG in mV. The wr- 
rect units are mV. s or NV. s. It is suspected that many of these researchers who report IEMG in mV 
are really reporhg the average over an unspecified period of time and not an integration over that period. 

There are many versions of integrated EMG's. Figure 5 shows a diagram of 3 common versions, 
plus the h e a r  envelope signal that is so offen misrepresented as an IEMG. The raw and full-wave rec- 
tified signals are shown for several bursts of activity and have their amplitudes reported in mV. The 
h e a r  envelope as shown employed a second order low-pass filter with cut-off at 6 Hz, its amplitude 
also appears in mV. 

The simplest form of integration starts at some preset time and continues during the total time of 
muscle activity. Over any desired period of time the IEMG can be seen in mV. s. A second form of 
integrator involves a resetting of the integrated signal to zero at regular intervals of time (usually from 
50 to 200 ms), and the time should be specified. Such a scheme yields a series of peaks which represent 
the trend of the EMG amplitude with time; in effect, something close to a moving average. Each peak 
has units of mV. s (or pV- s because the integrated value over these short times will not exceed 1 
mV. s). The sum of all the peaks in any given wntraction should equal the IEMG over that contrac- 
tion. A third common form of integration uses a voltage level reset. If the muscle activity is high, the 
integrator will rapidly charge up to the reset level, and if low activity occurs it will take longer to reach 
reset. Thus the acdvity leva is kflected in the frequency of resets. High frequency of resets<sometirnes 
called "pips") means high muscle activity, low frequency means low level activity, as seen by the lower 



trace of Figure 5. Each wse$ represents a value of integrated EMG and this should be spdied (usually in pV- s). 
Again, the product of the number of resets times this calibration will yield the total IEMG over any given 
period of time. 

PART IV: FREQUENCY DOMAIN ANALYSES 
Frequency domain methods have been used for more dun a century. They have proven a powerful 

tool in that solutions to a linear differential equation of a function of time, say, are most easily obtained 
using the Fourier transform or Laplace hansform. A second attractive property of Fourier transforms 
of functions of time (such as myoetecaic signals) is that the function is described as a function of fre- 
quency (not to be confused, for example, with repetition rate of a succession of motor unit potentials). 
A signal having finite energy content, such as a single motor unit action potential, can be described by 
its energy spectnun, which gives the distribution of energy as a function of frequency. A signal having 
infinite energy content, such as a hypothetical infioite succession of action potentials or an infinitely 
long interference pattern of the activity of several motor units, can similarly be characterized by its 
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FIGURE5 
Example of several common types of temporal processing of the EMG. 



wwer sacmun. In nmctical work. a time-limited sPetch of data is otkn reearded as wriodically reueated (from 
iong beiore Moses ill after the enh of time and thus is for infinite durationf . The co&t of piwe; specfiun is 
omsequently used unless the data is explicitly time-limited, as for instvla when s a s s  is on one action potential. 
The square-md of the power spdrum and the squarp-md of the energy spectnun are bdh referred to as the m p h d e  
s~ecfilm. Fimue 6 shows examdes of two mofor-unit Dotentials (modelled as differentiated Gauss pulses) with 

FIGURE 6 



Units of Measurement 
Frequency is meamd in Hz (Hertz), formerly in J3gk.h literature in cycles per second. The name 

energy specrmm was originally devised for measures of electrical energy decomposed as a function of 
fquency. The unit for this quantity is joules1 per bera, abbreviated ]/Hz or JHrl . Similarly, the unit 
of the power spectmm is watts per hem, W/Hz. Over the years, as frequency domain methods have 
~usedmoreandmoreinthe~ofpmb1emsnotrelateddiredlyto~andpower,thenames 
energy spearum and power spectm6have been given a wider mea&ug. 'Ihk, the-uniu applied are 
not r e s t r i d  to what is said above. Consider the examole of EMG. The unit of Dower snectrum is the 
sauare of the unit of the anu~lifude of the myoelectric'sid ner hertz. that is'volt & oer Hz. 

/Hz. 'Ihe unit of the pow& spectmm of d;e distance 6;bm &th to tde moon (meas;red &a func; 
tion of time) similarly isismeters squared per Hz, m2 /HzHz. 'Ibe unit of the energy specbum of an action 
potential is V2 s/Hz. The unit for the amplitude spechum of MEO is thus either V/Hz, if om stam from 
the power specrmm, or VsH /Hz, if one stam from the energy spectrum. 

Logarithmic Scales and Normalization 
In visualizing spectra ingraphs, valuable information is oRen lost due to the limited dynamic range 

oflinear scales. Forinstance, ifthemaximumvalueofapowerspechumis lOOV/Hzandinteresting 
phenomena oaw at a level of 1 or 0.1 V2 /hZ, they will obviously he lost to the eye if the plot is on 
liaearscales. Thecureistoplotthespectncmondwb1e-logarirhmicscalesoronliaear-1logarimmic~. 
In order to take the logarithm of a quantity, it is nmssary mat the quantity have no dimension. For 
example, the logarithm of 2 volts is not defined. By wrmalrun 

. . 
g 2 volts, by referring it to for iastance 

1 volt (the unit of measurement), one obtains the dimensionless quantity 2, which has a IogaritJun. The 
level of reference may be chosen freely as long as it has the same unit as the variable of interest. The 
concept of d e ~ i i l , ~  dB, is used for logarithmically scaled power, energy, and amplitude spwm. One 
mav thus dot a suechum on h - l i n  scales in the form of "decibels vs loearithmicallv scaled frmuen- 
cy." Fig& 7 i u k s  the e f fko f  ~ogarithmizin~ the spectra of Figure-6. Caution &odd be exerted 
to e m  that the plot should not extend below the noise level of the system. 

Discrete Parameters of spectra 
To report research d t s  as fuoaions of one variable is difticult. Among the problems is the ques- 

tionoforo~er~icalevduation.~solub'onistoreducetheinformati~nmwbatiscarriedhvdiscrete 
paramdtefi. There is of course a large number of such parametm (this is the very cause o i  the pro- 
blem). A few that have been used in the analysis of EMG will he mentioned here. 

Figure 8(a) shows an example of a specbum plotted on logarithmic scales. In the case of a smooth 
aud unimodal spectmm like the one shown, one can easily find the upper and lower 3dB frequencies, 
defined by the edfreguencies at which the Bpearum has f a~en  3 dB f& its maximum value. The 3dB 
bandwidth is defined at the difference between the upper Pad lower 3dB frequencies (fb and f,, respec- 
tivelv). and the center fremmcv f. if eiven hv the ~eaaetric mean of the 3dEi kmencies. A 3dEi d m  
is ex&dent to a 6 by k% L a  line& s z e  representation of the pwer  'spectrum (see Fig& 
8(b)), and are therefore referred to as half-power frequencies. 

In Figure 8(a) is shown a piecewise linear approximation, known as the asymptotic Bode diagram. 
This asymptotic diagram is entirely defined by the slopes of the lines, the frequencies where the slope 

The variables discussed so far are commonly used in engineering sciences. Now we will discuss 
several paramders mat have parallels in statistics. In order to do so, the anQpts of spectral movements 



will first be defined. The spectral moment of order n is given by: 
m 

Inn = S fnw'"f 

where f is frequency and W is the power or energy spectnun. 

The mean frequency, f ,  is the ratio between the spectral moments or orders one and zero (similar 
to the mean value in statistics). Thus 

f 

The statistical bandwidth is the squaremot of the difference between the ratio of the moment of 
order two to that of order zero and the square of the mean frequency (cf. the standard ddation in 
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FIGURE 7 
Effect of logarithmizing the spectra of Figure 6. (a) Double logarithmic, and (b) logflin scales. The spectra have 
been normalized to the same peak magnitude. 



FIGURE 8 
(a) An e m l e  of a rawer xxxmm, wiIb hi&fresuew and low-fmmeay awmtc& indicated, ad MB limits 
~ v e n . ~ o u b i e l ~ t h m i c ~ e s .  (b)~am~er~asabove,kim&~es,andwiIbsomeparameters 
of interst $riven: fm and f denote the median ad the mean frequencies, b v e l y .  The locations are a ~ ~ r o x -  
imate. In p&ciile, the areas under a w e  on both sides of arc iden&, whereas f denotes the fm&ncy 
where the area under the a w e  wouId bahux if cut out with scissors. 

statistics). Rice has shown that, for Gaussian noise, the intensity of zero crossings equals the square- 
root of the ratio betwen the moments of orders two and zero. and the intensitv of mints eauals the ratio . .  
between the fourth and second order moments. 

The frequency at the maximum of the power spectrum may be called the mode (most probably fre- 
quency), and the median frequency f, is the frequency which divides the specttum into two parts of 
equal power (energy), and is defined by: 



AU these parameters, and several w t  mentioned here, have been used in reports on EMG-research 
results. The parameters have different properties as they emphasize different aspects of the spectmm. 
It would be premature to recommend the use of any specific subset, if such a recommendation should 
ever be made. It is, however, important to know of the various possibilities, and to be familiar with 
the properties of the parameters. 

Spectral Estimation 
Integrals over an infinite time period appear in the mathematical definition of the power spe3nun 

of a wise signal. For obvious reasons then, spectra can never be evaluated exactly; rather any spec- 
trum obtained is an estimate of the mathematical concept. The use of finite stretches of raw EMG data 
inhuduces~onerrors. lhesea~orsareoften . edasthebiiof~estimate,lhesystematic 
error, and the variance of the estimate, the statistical uncertainty. Methods employed to reduce these 
m r s  include windowing of the raw data, averaging of successive specaal estimates and smoothing 
of s p e d  estimates. In reporting results based on spectral analysis, it is important to state the estima- 
tion DIOCedure and. ifwssible. pive f iwes  on the bias and the variance of the final estimate. It is im- 
w&t also to re& &estions'~rtin&t to other sources of errors. In particular, one should give some - - 
&dication on the noise level oithe experimental setup, and state thetalimpling rate if digital methods 
are used. The possibility of excessive line interference is easily checked by visual inspection of the spectra 
obtained. 

PART V: GENERAL EXPERIMENTAL AND KINESIOLOGICAL 
INFORMATION 

One major drawback which prevents a full understanding, comparison or replication of any EMG 
research is inadoouate detail of the mtocol ikIf. e s d v  related to the anatomv. ~hvsioloev and ... - -. 
biomechanics of h e  neuromusculo-ikeletal system &der test. 

Tgpes of Contraction 
1. Isometn'cmuscle has an average fixed length or joint is at a tixed angle (specify length or angle). 

2. Isownic-a contraction which prcduces average constant force or, for in vivo conaactions at an 
average mustant moment (torque) (specify force (N) or moment (N- m)). Remember that lifting or 
lowering a mass is not isotonic unless it is moving at a constant velocity. 

3. Isokineric--muscle is contracting at a constant linear velocity, or constant angular velocity (specify 
velocity (mk) or angular velocity (radls)). 

4. Concenm'c-muscle is shortening under tension. 

5. Eccmm'c-muscle is lengthening under tension. 

kssociated Biomecbanical Terms 
1. Mechanical Energy--is the energy state of any limb segment or total body system at an instant in 

time. It is measured in joules (J). 

2. Mechanical Power-is the rate of doing work or rate of change of energy at an instant of time. It 
is measured in watts 0. 

3. Mechanical Work-is the time integral of the mechanical power over a specified period of time. It 
is also equal to the change in energy of a system (segment or total body) over that same period of 
time. It is measured in joules (J). 

4. Positive Work-is the work done by concentrically contracting muscles. Thus the time integral of 
mechanical power over a specified time is positive, or the net change in energy of the system is also 
positive. 



5. Negm'vc Work-is the work done by an eccenaically contracting muscle. Thus the time integral or 
mechanical power over a specified time is negative, or the net change in energy of the system is 
negative. 

6. ManovofForcc~orpue~Rodudofaforcedkvaarmdistanaaboutaeentreofrotation(usual- 
ly a joint centre). I be  unit is Newton-meters (N. m). 

7. ImpuLse-is the time integral of a force or moment m e ,  and is usually employed in ballistic - - 
m6vements to reflect &a&es in momenlum of the associated limbs. Linear impulse is quantified 
in N. s, angular impulses in N. m. s. The impulse is a prerequisite to calculation of average force 
or moment over a given period of time. 

Electnnle and Anatomical Details 
Ibe type and position of the electrodes must be reported. If indwelling electrodes are used addi- 

tional information is necessary ( d e ,  wire, unipolar, depth of electrcde, &.). If there are problems 
of cross-talk the exad positioning of electrodes is neceswy dong wim details of any precautionary tests 
that were done to ensure minimal cross-talk. Ifoo-contractions can nullify or modify your results some 
evidence is necessary to demonstrate that the antagonistic activity was negligible. 

It is now quite common to quantify an EMG amplitude as a percentage of a maximum voluntary 
contraction (MVC). The details as to how these were elicited are important. Also, the position of the 
body, adjacent limbs, etc., need to be described. 

If electrical stimulation is being done, additional electrode data are necessary: position of anode 
and cathode, surface areaof contact or, in caseof indwelling electrodes, details of the exposed conduc- 
tive surface. The Strengm, duration and frqwncy of the Stimulating pulses is mandatny, and ranember 
that the saamh is psually in current units (ma) rather h u  voltage, because the nd dewlarization is 
afuae~nof&lea&theelecaodes. ~lmautalmwl~of-skinleleotmdeimpedadoe,ttrevolta~e 
information is not too meaningful. Thus, with a consfant voltage Stimulation it is important to monitor 
and report the current pulse waveform. 

General Subpd Information 
In any popuhtion study it is often relevant to give details of age, sex, height and weight of normals 

that may sometimes iduence the results of certain experiments. Also, in conditions of fatigue. or special 
haining appropriate measures should be specified. For athletic or ergonomic tasks the researeher must 
give sufficient information to ensure that other centres could replicate his experhents. In the assess- 
ment of pathological movements certain clinical and medical history details of each patient may be 
mcsmy (i.e., level of lesion, number of months since stroke, type of prosthesis). 



FINALLY, A CHECKLIST OF COMMON TERMS 

Terminology Units CommentslRec~mwndatioo 

Amplifier Gain 

lout Resistance or lmpedsnce 

Common Mode Rejection Ratio 
( C m )  

Filter cnt-off or Bandwith 

EMG (raw signal) 

EMG (average) 

EMG (E.W. Rect.) 

EMG (non-linear detector) 

EMG (linear envelope) 

Integrated EMG (IEMG) 

Integrated EMG and Reset every T 

Integrated EMG to Threshold and 
Reset 

Power Spectral Density Function 
(PSDF) 

ratio or Db 

ohms 

ratio or dB 

Hz 

mV 

mV 

mV 

mV 

mV 

mV.s 

mV.s or pV.s 

mV-s or pV.s 

pv2m 

Hz 

Hz 

1O1O (resistance) on new d, equip 
ment, 1@ ( i )  on new sc 
ampliiiers at 100 Hz 
Min. 100 times skin impedaofe 

90 dB or better 

type and order of 6lter 

spec* averaging period 

specify wn-linearity (i.e. square law) 

cut-off frequency and type of low- 
p.?ss mter 

specify integration period 

s H t y  T (ms) 
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APPENDIX C 



Fine Wire Electrodes 
Gary L. Soderberg, PhD, PT 

In general, the h e  wire technique for recording EMG is seldom indicated in ergonomics. In in- 
stances when the EMG of interest is 6mn specific muscles or when muscles are deeply located ina body 
segment, recordings using h e  wire electrodes are necessary foraclracy. Use of the h e  wire techni- 
que requires adequate anatomical knowledge and training in the technique of implanting the wires. 

Ilk procedure is similar to an injection technique and d t s  in the projection of the two fine wires 
from the muscle of intenst. Elecaodes for such reoordings were produced originally in the I%, and 
the tecimique has now widely been acaped ( P i i  C-l).' The elearodes can easily be produced local- 
ly in a short time.= Although there is certain flexibiity in using different gauge wire, some limitations 
are imposed by needle size, wire fracttm rate, and other difficulties. 

The conventional technique calls for burning of the ends of the wires to be implanted to remove 
an appropriate distance of insulation. There are. some comtraiots using this technique. in that a residue 
is produced on he end ofthe wire, d t i n g  in an oxidation of the conductor. Ilk technique also makes 
it diffidt to ea~ure there is an equal distance of bared surface on each of the individual wires to be in- 
&. Mechanical stripping may be used, but the actual cutting may nickthe wire, causing weak points. 
The small size of the wire also makes h i s  technique quite difficult. Abrasion techniques are very dif- 
ficult to control. Others have suggested chemical stripping of distal ends of the wire, but in mat case 
it is difficult to x& ends that are entirely clean, In our exoerience. the orderable lot of the strimer usual- 
lyis~fsuchma&bxlemat~rodudde&~ isseverebef&hequanfitycanbeused. ~rather&prehen- 
sive description of these techniques of wire stripping is included in Loeb and Gan~.~ 

Use of the mnventional fine wire technique demands mat the needle and the prepared wire wn- 
figuration be aerilized after preparation. Almough this may be accomplished with dry heat, b o i i  water 
or steam, Basmajian and D e h  recommend autoclaving at 15 Mi or approximately 10 N / d  for 
30 minutes2 V i y  any hospital facility will provide these services usually at minimal or no cost. 

&cause the technique sssociated with fine wire eleckodes is somewhat dependent on the skill of 
theuser. ~omeoersomdeaouetheissuesofeaseoftechniwand~astowhetherthese$.ctorsare 
conside& an &antage or disadvantage of this techniqu& ~ome~users would maintain that this fine 
wirc technique is easier to w md much quicker $MU surface EMG. Ochers fud difficulties associated 
with connection of the fine wires, leading to difficulties in attaining high quality signals. 

The choice of laaching these two very fine wires can lead to an arduous procedure. There are three 
primary means by which e lmmyograpbm have attached these plirrs to their amplifiers. One is by 
means ofaprespure jack, in some cases available on a preamplifier. In another case, screw-on wnoec- 
tors have been used. In this case caution must be exerted that pressure is not so great that the wire is 
sheared and a ftadure results. A third choice is the use of spring connectors that in turn are m e c t e d  
to the amplifier system. The possible wnfiguratiom arc shown in Figure C-2. In all cases, the elec- 
tromyographer needs to be cautious of electrical interference that can be picked up as result of any of 
these systems and the ultimate artifact that can be induced into the recording. 

Regarding pain, most subjects will report that after the wirc insertion Little pain exists. Additional- 
Iv. the subiect usuallv cannot identifv the location of the wire embedded in the muscle. Jonssoo d al 
i d  ih &e pain &rand -&on the discomfort bv needle or by wires witb diameters of 50 and 
25 mi&m.'-EIe fe the eiectmdes in the lateral g a s k e m i u s  muscle of both legs in 27 subjects 
and checked for bleeding and discomfort at several intervals after insertion. The diamaer of the larger 
wirc gave slightly more discomfort than the insertion rides without wires, but the difference was k t  
statisticallv sipnificant. N i - o n e  oercmt of the. subiects mrted discomfort with 25 micron wire. 

f a t o n o n e ~ ~ ~ ~ ~ i o n b u t n o t ~ p ~ m e r .  cormn~ntennstoaescribe&discomf~rtwerethrobbi,slight 
pain, stiffness, and W or piercing pain. Some bleeding occurred in 64% of the he with 25 micron 



FIGURE C-1 
Steps in the production of fine wire electrodes. Hollow core needles of desired length are appropriate. 

(Reproduced withpermissionfromBnsmjirmN, Sfe& G: A new bipolor electrode for electromyogmphy. JAppl 
PhysiolI7:849, 1962.) 

wire and in 83% of the cases with 50 micron wire. 

Although the tine wire electrodes are very localizing and exact (pickup area approximates 0.01 to 
2/10 n d  ), there are difficulties associated with displacement (Figure C-3). Fracture also is a possib'i- 
ty, but occurrence is relatively rare. Furthennore, baring of the distal segments of both wires also creates 
shorts when these. two wires are in contact with each other. The wires also are likely to be sheared as 
the needle puncaves the skin upon insertion of the needle. Finally. the fine wire technik bas the potential 
for physiological responses from the subjects such that shock is induced. This occurs in individuals that 
are very highly trained and go into further physiologic depression because of an adverse readion to needle 
insertion. Although few documented cases of this phenomena exist, the potential result warrants wn- 
sideration when deciding which electrode technique to use. 

Reliib'ity work associated with this technique was done by lonsson and Reichrnan who evaluated 
standard fine wire technique by rewrding after 5 minutes and after 15 to 20 minutes.5 lbey also record- 
ed 3 to 7 days later, labeling muscle activity as slight, moderate, or marked. Results showed that after 
15 to 20 minutes, one of the six subjects went from moderate to slight activity; in two subjects, there 
were slight differences. In reporting various experiments, two subjects had slight differen& and one 
went from slieht to moderate. No statistical analvses were mlied. Following this work. however. Komi 
and ~uskirkl&e shown interday reliabiity coefficients to akagebetween k and .81 &hen w&dered 
for tension levels of 20% to 100% of maximum. Work completed on the same subjects by the same 
authors evaluated the tine wire reliability coefficients and demonstrated an average withinday reliab'ity 
coefficient of .62 for contractions that ranged from 20% to 100% of maximum. Betweenday coeffi- 
cients ranged from a low of -.05 to a maximum of .55 and yielded an average coefficient of .22 for 
the same range of contraction strengths. Contributing to the reproducibility problem may be the move- 
ment of tine wire electrodes, which has radiographically been shown to be limited to less than 5 mm.' 
The actual effect of these. displacements on the reliabity coefficient has yet to be determined. 

Little information is available as to tissue response with indwelling wire electrodes. Blanton et al 
studied the initial local effects of wires covered with polyurethane insulation.89 These electrodes were 
placed into rats, and the tissue was evaluated at 1,4,8,24,30,48 hours and at one and two weeks after 
wire insertion. The results showed that the pattern of acute inflammatory reaction increased in severity 



FIGURE C-2 
Representative hw wire conmaion techniques. Wire is inserted into terminal which is then tightened down on 
wire (upper lei?). Standard springs may also be used to clamp wire (lee). Ressm fitting is available at boaom 
in which case wire is inserted into the hole in the preamplifier and a pin is inserted. 

and focal distance with time, and that after 4 h, continued inflammation and increase in focal necrosis 
was demonstrated. The significance of this work is that it apparently is not feasible to Leave fine wire 
implanted intramuscularly for a long term such as several weeks to months. According to the authors, 
all attempts should be made to record from muscle within 4 hours to evoke the least histologically 
destroyed response. 

After recording with h e  wire electrodes, the mechanisms of cleanup are relatively simple. The 
fine wire ends attached to the c o ~ e c t o r  in use should be disassembled. Then, the inserted wires can 
be pinched tightly behueen two fingers and removed with a very mild tug from the examiner. After wiping 
the subject's skin with alcohol on gauze, the ends of the wires should be examined for completeness. 
If suspicious that wire fragments are nmaining interstitially, the subject should be informed to be aware 
of residual soreness or for possible signs of infection. Generally, however, fracture of the wires is a 
very, very slight possibility. W i  should be discarded and the needle bmken at me intersection of the 
shaft and hub. Discarding should be in compliance with rules for sharp materials. 



Drawings of h e  slirrs repmduced £tom radiographs of intramuscular lwations. Vertical lines represent the skin 
contour: 1 = a t k  withdrawal of iuser t ionde .  2 = durine the first mwle  wnuaction. and 3 = relaxed muscle 

Reproduced with permission from J m r s m  B, Komi PV:Rrpmducibiliryprob&nu whcn wing wire eknrodes in 
ekcnomy~gmphic kbusiology. New Dewbpmmts in EMG ~d Clinical Newophysiology 1540546. 1973. 

In general the fine wire technique for recording EMG is seldom indicated in ergowmics. When necessary, 
however, the methods allow the study of specific muscles as they participate in a task of interest. Given 
adequate training, an ergonomist may 6nd these. techniques helpful and appropriate. 
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GLOSSARY 
Motor Unit-An anterior bom cell, its axon and all of the muscle fibers innervated by the axon. 

Rotentlnl Diffemnu+A masun of force p r o d u d  M e e n  charged objects that move h elstrons. Also 
d e d  voltage or e l d v e  force. The unit is the volt. 

Intaspike Interval 0 - T b e  time between two successive repetitions of a motor unit action potential. 

Redbnent-The wwasive activation of the same and additional motor units with iocreasi s[rengtb of 
volUmary muscle contraction. 

Rate Coding-Process of conhulling muscular force by regdating the lkhg rate of motor neurons. 

Power Spechnm-The depiction of the power in a signal by assiphg the power of each fraquemy coup- 
nentinthesignaland~gingthecomponentsasanirray. 

Signal PowwSignal voltsge squared and divided by the source impedance. 

Im-The opposition to the flow of alternating electrical cumnt measured in ohms. 

Common Mode Bcjeftion *The difference in signal gain divided by the common mode signal gain. 

Voltage Gaia-The ratio of the outplt signal level with respat to the inplt level. 

Noise-Electrical potentials produced by eleauies, cables, ampmer or storage media and undated to the 
potentials of biologic origin. 

Lwlatiw-To set two circuits apart, usually by introducing a a barrier klween the circuits. 

Input B b  Cmrmt--Cumnt mat flows into the inputs of a nonideal amplifier @put impedance C DO) due 
to kalrage cumnt, gate Nmnt, transistor b i i  cumnt, a. 
Modolntioo-The variation of the amplitude £requency or phase of a carrier or signal as a mans of enmding 
information. 

RMS Fmctsa-An elstrical circuit assembly desi@ to canpde the mathematical mot-manqme value 
of an A 0  signal. 

LimPr Easelop D&o-An electrical circuit m b l y  designed to d m  the shape of the envelope of 
an amplitude modulated carrier or signal. 

Intrgntioo-The oprraton of computing the area within mathematically &lined limits. 

Demodolr.tion-The pmcc$s of exeaEting the encoded intelligemx from a modulated signal. 
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