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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 and/or 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 EMQG. 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. Gunnar 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 Redfern) 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 the expert opinions of the individual scientists who authored them, 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 by the individual contributors
and editorial efforts have been abbreviated in order to accommodate their differing viewpoints,
therefore some degree of overlap in subject matter remains.
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CHAPTER 1

Overview of Electromyography in Ergonomics

William Marras, Ph.D.

William Marras received a Ph.D. in Bioengineering and Ergonomics and an M.S. degree in Industrial
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Associate Professor in the Department of Industrial and Systems Engineering and in the Department
of Physical Medicine at the Ohio State University. He is also the Director of the Biodynamics
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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, instrumentation, recor-
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 situations.
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.

Electromyography 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. Electromyography 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
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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 studies, 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 investiga-
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
surface 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 limitations 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 filtered 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 root-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 recording devices are FM tape, a
strip chart or light pen recorder, or a computer through
an analog-to-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 on-off state, force, or fatigue pre-
sent within a muscle, some form of EMG signal treatment
usually is recommended and often is required. 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 from
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 to assist novices in understanding and
using EMG, but more experienced persons also should
benefit from the material in subsequent 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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CHAPTER 2

Anatomic and Physiologic Basis for Surface Electromyography

Robert Lamb, Ph.D., PT
Donald Hobart, Ph.D.
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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 electro-
myographic (EMG) techniques. For those readers who
desire a more in-depth discussion of 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 microscopes
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 the 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 thin 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,
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has a mean of 100 muscle fibers in each fasciculus.?-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 between 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 important 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
fasciculi.*

The plasma membrane of a muscle cell, or fiber, lies deep
to the endomysium and is known as the sarcolemma. Con-
tained within the sarcolemma are many cylindrical
myofibrils that make up the muscle fiber (Figure 2-1D).
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-
nect the sarcolemma with adjacent myofibrils and fibers.
The sarcoplasinic reticulum has tubules running 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 2-1D). A single sarcomere, 2.5 microns in
length, is composed of thick and thin myofilaments
(Figure 2-1E). Because of the precise arrangement of the
myofibrils, various landmarks can be identified. Those
characterizing skeletal muscle fiber are Z lines (discs) and
A, 1, and H bands (Figure 2-5). The Z lines are formed
by the interconnections of the thin myofilaments from ad-
jacent sarcomeres. Two adjacent Z lines define a sar-
comere. The dark A bands of the sarcomere are formed
by thick myofilaments, called the myosin filament, and
interdigitated thin myofilaments, 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 permission from Bloom W and Fawcett DW: Textbook of Histology, ed 10. Philadelphia, PA, W
B Saunders Co, 1975, Figure 11-19, p 306.



Epimysium

Endomysium

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 Movement. New York, NY, American Elsevier
Publishing Co Inc, 1971, Figure 1-3, p xviii.

Fasciculus {containing many fibers
bound together by endomysiumy}

Tendon

FIGURE 2-3
Cross structure of a skeletal muscle.

Reprinted with permission from Poland JL, Hobart DJ, Payton
OD: The Musculoskeletal System, ed 2. Garden City, NY,
Medical Examination Publishing Co Inc, 1981 (Figure 2.1, p
11).

band is the lighter 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
2-11,K).
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Epimysium (Perimysium externum)

Perimysium (Perimysium internum)

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 has channels by which cer-
tain ions can move between the intracellular and the ex-
tracellular fluid.37 The composition of the extracellular
fluid and intracellular 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 has 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 intracellular and extracellular (interstitial)
fluid (Figure 2-6). Because of the higher concentration
inside the cell compared with the outside, 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 CI- ions act
in a similar manner and remain in equilibrium because

TABLE 2-1
Intracellular and Extracellular Ion Concentrations for
Mammalian Muscle (mEQ/L)
Intraceliular Interstitial

Ion Fluid Fluid
K+ 140 4
Na+ 14 142
CI- 4 125
HCO; 8 28
A 150
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FIGURE 24

Schematic representation of the distribution of the sarcoplasmic reticulum around the myofibrils of amphibian skeletal
muscle. The longitudinal sarcorubules are confluent with transverse elements called the terminal cisternae. A slender
transverse tubule (T tubule) extending inward from the sarcolemma is flanked by two terminal cisternae to form
the socalled triads of the reticulum. The location of these with respect to the cross-banded pattern of the myofibrils
varies from species to species. In frog muscle, depicted here, the triads are at the Z line. In mammalian muscle,
there are two to each sarcomere, located at the A-I junctions. (Modified after L. Peachey: J. Cell Biol. 25:209,
1965, from Fawcett DW, McNutt S: Drawn by Sylvia Colard Keene.)

Reprinted with permission from Bloom W, Fawcett DW: Textbook of Histology, ed 10. Philadelphia, PA, W B
Saunders Co, 1975, Figures 11-18, p 305.



CONTRACTED

STRETCHED

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 the width of the H band is determined by the depth of penetration of the thin I fitaments
into the A band. In the contracted 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 Bloom W, Fawcett DW: Textbook of Histology, ed 10. Philadelphia, PA, W B

Saunders Co, 1975, Figures 11-21, p 308.

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

The net effect of the movement of K* and Cl- 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 com-
bination 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 the outside. The membrane poten-
tial, however, is maintained by an active ion transport
system called the sodium-potassium pump.5-? This
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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. Diagram 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 taken by K*, A~, Na-and Cl- as a
K* or CI travels through a pore. Penetration of the pore by a K* or Cl- follows a collision between the K* or
CI- and water molecules (not shown), giving the K* or Cl1- the necessary kinetic energy and proper direction. An
A~ or Na* unable to cross the membrane is left behind when a K+ or Cl-, respectively, diffuses through a pore.
Because K* is more concentrated on left than on right, more K+ diffuses from left to right than from right to left,
and conversely for Cl-. Therefore, right-hand border of membrane becomes positively charged (K*, Na*) and
left-hand negatively charged (Cl-, A~). Fluids away from the membrane are electrically neutral because of attrac-
tion between + and - charges. Charges separated by membrane stay near it because of their attraction.

Reprinted with permission from Ruch TC, Patton HD, Woodbury JW, et al: Neurophysiology, ed 2. Philadelphia,

PA, W B Saunders Co, 1965, p 9.

Muscle Fiber Action Potential

Several events must occur before 2 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.5’
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

11
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FIGURE 2-7
The intracellular resting potential can be measured by inserting
a recording electrode inside the cell and connecting it by a
voltage meter to a reference electrode on the surface of the cell.
The cell is immersed in a suitable salt solution. The potential
difference between the inside and outside of the cell is -80 mV.

Reproduced with permission from Strand F: Physiology: A
Regulatory Systems Approach, ed 2. New York, NY, Macmillian
Publishing Co, 1983, p 87.

fiber is amuscle fiber action potential. In vivo, a muscle
fiber action potential can be recorded using microelec-
trode techniques,® 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. The calcium binds with troponin, altering the
location of tropomyosin. This frees the active site on the
actin, allowing a muscle contraction to take place.?

Extracellular Recording of Action
Potentials

The basis of surface electromyography is the rela-
tionship between the action potentials of muscle fibers and
the extracellular recording of those action potentials at
the skin surface. Electrodes external to the muscle fiber
can be used to detect action potentials.
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FIGURE 2-8

Changes in sodium and potassium conductances during the
course of the action potential. Note that sodium conductance
increases several thousandfold during the early stages of the ac-
tion potential, while potassium conductance increases only about
thirtyfold during the latter stages of the action potential and for
a short period thereafter. (Curves constructed from data in
Hodgkin and Huxley papers but transposed from squid axon to
apply to the membrane potentials of large mammalian nerve
fibers.)

Reprinted with permission from Guyton AC: Textbook of
Medical Physiology, ed 6. Philadelphia, PA, W B Saunders Co,
1981, Figure 10-3, p 110.

A simple model can be used to aide in understanding
the recording of action potentials with extracellular elec-
trodes. Two electrodes 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
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FIGURE 2-9

Propagation of action potentials in both directions along a con-
ductive fiber.

Reprinted with permission from Guyton AC: Textbook of
Medical Physiology, ed 6. Philadelphia, PA, W B Saunders Co,
1981, Figure 10-2, p 110.

on the inside (Figure 2-10). Because the two electrodes
are on the outside of the muscle fiber, there is no poten-
tial difference between them. The electrical difference
and the oscilloscope, thus, remain at baseline. If the fiber
is excited 10 the left of Electrode A, an action potential
is initiated and propagated along the fiber toward Elec-
trode A. When the action potential reaches the region
under Electrode A, it becomes negative with respect to
Electrode B, and the oscilloscope deflects upward. As the
action potential continues toward Electrode B, the region
under Electrode 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
depolarized. The difference in potential between the elec-
trodes, therefore, is again zero. The oscilloscope remains
at baseline until the region under Electrode B is depolariz-
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 zero.

The output of this model is two monophasic waves
separated by a brief period of time when no potential dif-
ference is measured (Figure 2-10). The time between the
two waves depends on the conduction velocity of the mus-
cle fiber and the distance between the two electrodes. If

the electrodes are placed very close together, for exaiu-
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 record, 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 2-11, the variables that effect the amplitude and
shape of the recording of a motor unit action potential,
the smallest functional unit of the neuromuscular system,
can be understood. In healthy tissue, the action potential
propagates along a motoneuron to the motor end plate of
the muscle fibers. Asynchronous activation of muscle
fibers belonging to the same motor unit differ because the
axon branches differ in diameter and length; thus, their
conduction times differ. All the muscle fibers of the motor
unit, therefore, are not activated at the same time. The
muscle fiber 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 be predicted. The majority of motor
unit action potentials, however, are biphasic or triphasic
in shape.!® Amplitude and shape depend on the
characteristics of the muscle fibers, the spatial orienta-
tion of the muscle fibers to the recording electrodes, the
filter characteristics of the electrodes and the tissues sur-
rounding the active muscle fibers, and the specifications
of the electronic instrumentation used (Figure 2-11).!!

Individual motor units can be recorded 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 electromyographic techniques, the measurement
and recording of the myoelectric activity of skeletal mus-
cle as a whole is more appropriate. The myoelectric signal
is the temporal and spatial summation of all active motor
units within the recording area of the electrodes (Figure
2-13). The amplitude range for the myoelectric signal is
from 0.01 to S mV.

13
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FIGURE 2-10
The measurement of action potentials, with electrodes placed on the surface of isolated irritable tissue.

Reprinted with permission from Gedes LA: Electrodes and the Measurement of Bioelectric Events. New York. NY .
Wiley-Interscience, John Wiley & Sons Inc, 1972, Figure 6-1, p 252.

FUNCTIONAL CONSIDERATIONS OF
MOTOR UNITS

The smallest functional unit of the neuromuscular
system is the motor unit. A motor unit is defined as an
anterior hom cell, its axon, and all of the muscle fibers
innervated by the axon.!2 A typical motor unit includes
the cell body of an alpha motoneuron in the ventral horn
of the spinal cord. The axon of this neuron exits the spinal
cord and travels to the muscle as part of a peripheral
nerve. As it enters the muscle, the axon branches several
hundred or more times. Each branch of the axon ter-
minates on a single muscle fiber.

The muscle fibers of a single motor unit are scattered
throughout a large portion of the cross-sectional area of
askeletal muscle. A few fibers of one motor unit may be
surrounded by fibers of many other motor units. 13

Several investigators have attempted to determine the
number of muscle fibers innervated by one axon_14-16
number of muscle fibers in the muscle and dividing that
number by the number of alpha motor neurons supply-
ing the muscle. The innervation ratios differ from mus-
cle to muscle, and these differences have been interpreted
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as being functionally significant. Apparently, small
muscles that produce precise movements tend to have a
low innervation ratio and larger muscles that produce
gross movements used for weight bearing activities have
high innervation ratios.

Fiber Types

Innervation ratios may not be an appropriate means
of understanding the function of motor units during
human movement. A better approach may be to think
about the characteristics of muscle fibers. Motor units and
muscle fibers can be classified on the basis of their
mechanical, metabolic, and histochemical properties.
Most studies describing these characteristics use animal
models, and the results must be applied cautiously to
humans. There are several methods of classifying mus-
cle fibers. One method identifies three major fiber types:
types I, IIA, and IIB.!7 Another system classifies the
three types as SO (slow twitch oxidative), FOG (fast
twitch oxidative), and FG (fast twitch glycolytic)'®
(Figure 2-14).

The type I, or SO, fibers are characterized as red
fibers having a high resistance to fatigue. These fibers,



with a high concentration of mitochondria and an ex-
cellent blood supply, use aerobic metabolism almost ex-
clusively. These slow twitch fibers are well suited for sus-
tained muscle contractions.

The intermediate type ITA, or FOG, fibers are pale,
fast twitch fibers having considerable capacity for aerobic
metabolism. They have a reasonable concentration of
mitochondria and capillaries making them suitable for
sustained phasic activity.

The type IIB, or FG, fibers are white or fast twitch
fibers with a high capacity for anaerobic glycolysis and
a low capacity for aerobic metabolism. They have a low
concentration of mitochondria and a poor capillary bed
giving them a low resistance to fatigue. These fibers pro-
bably are best suited for short term phasic activity.

Type 1A (FOG) and IB (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
units.*'® We, therefore, can speak of and functionally
describe fast twitch motor units and slow twitch motor
units. 19

Burke classified motor units as S (slow twitch) con-
taining type I (SO) muscle fibers, FR (fast twitch, fatigue
resistant) motor units containing type IIA (FOG) muscle
fibers, and FF (fast twitch, fatigable) units containing type
IIB (FG) muscle fibers. Motor unit classification is more
functional and useful in ergonomics than muscle fiber
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 contraction times, and low con-
traction velocity. Twitch contraction times of 90 to 160
msec and contraction velocities of 2 fiber lengths/sec have
been reported.!9-2! 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 eccentric contractions that oc-
cur repetitively at low frequencies.2!-22

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 part, 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,19.20.23

The fast twitch, fatigable (FF) motor units have high
conduction velocities, short twitch contraction times and

high contraction velocities. Twitch contraction times of
40 to 84 msec and contraction velocities of 6 fiber
lengths/sec have been reported.'®2123 The FF motor
units have a contraction threshold of above 30% twitch
tension. They fire intermittently at high rates for short
intervals and are well suited for short-duration powerful
isometric, concentric, or eccentric contractions. There
is a positive relationship between power output and
percentage of fast twitch glycolytic fibers.?* The peak
power output of FOG fibers, in fact, has been reported
as fourfold that of SO fibers, as a result of shortening
velocity .2

Recruitment and Rate Coding

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-
cle. Rate coding is defined as an increase in the frequen-
cy of discharge of active motor units when increased ef-
fort is required. Although minimum and maximum
discharge rates of motor units probably differ among
muscles, 5 to 50 discharges per second have been
reported in the literature.26:27

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 mechanism.28-30 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 order.31.32
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 powerful. Each time a muscle contractionis repeated,
a motor unit is recruited at a similar force threshold for
each contraction.
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FIGURE 2-11

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

Reprinted with permission from Basmajian JV, Deluca CJ:
Muscles Alive, Their Functions Revealed by Electromyography,
ed 5. Baltimore, MD, Williams & Wilkins, 1985, Figure 3-2,
p 68.

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 produce a smooth pull 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.?*30 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.
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MUSCLE MECHANICS

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 detail 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 cross sectional area.

Muscle fibers and fasciculi of 2 muscle can be ar-
ranged either parallel or at an angle to the long axis of
amuscle. 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 the



FIGURE 2-12
Individual motor units recorded by fine wire electrodes. Scales as shown in the figure per division on oscilloscope.

FIGURE 2-13
Sample surface EMG recordings. Scales as shown per division as on the oscilloscope screen.
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FIGURE 2-14

Photomicrograph of a transverse section of skeletal muscle stain-
ed for the enzyme succinic dehydrogenase, which resides in
mitochondria. Three categories of fibres are recognizable: small
red fibers rich in mitochondria, especially around the periphery;
large white fibers with relatively few mitochondria; and fibers
with intermediate characteristics. (Photomicrograph courtesy
of G. Gautier.)

Reprinted with permission from Bloom W, Fawcett DW: Tex-
thook of Histology, ed 10. Philadelphia, PA, W B Saunders Co,
1975, Figures 11-14, p 302.

flexor pollicus longus and semimembranosus. The bipen-
muscle resembles a complete feather (Figure 2-15F). The
rectus femoris and dorsal 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.3? The penniform type muscles have more
fibers per unit area than the fusiform; therefore, they
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generate more force than the fusiform muscles. Fusiform
muscles thus provide 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 components 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 contractile process; the passive component
is the tension produced by the connective tissue surroun-
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 (Curve
2) is maximal at the resting length and decreases with
cither 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 coincides with the length of
the muscle when the joint is in a relaxed position.!?
These length-tension relationships have been reported in
isolated muscle fibers>* and in whole muscle
preparations.35-37

Until 1966, investigators were unable to relate ac-
tive tension to specifics of the contractile process. Gor-
don et al postulated, from data obtained by evaluating the
sarcomeres of single muscle fibers of the frog, thatlength
changes involve the interaction of actin and myosin.3*
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 binding 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 Huxley3® 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.3® 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 (concentric) contractions. In concentric mus-
cle contractions, as the speed of shortening increases, the
maximum tension that a muscle can produce decreases.
At Py in the figure, there is zero velocity; thus, an
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FIGURE 2-15
NMlustration of the variety of shapes and fiber arrangements of muscles.

Reprinted with permission from Hall-Craggs ECB: Anatomy As a Basis for Clinical Medicine. Baltimore, MD, Ur-
ban and Schwartzenberg Publ Co, 1985, Figures 1-21, p 19.
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FIGURE 2-16

The length-tension relationship of muscle. Curve 1 is the passive
force. Curve 2 is the active muscle force. Curve 3 is the total
muscle force (Curve 1 plus Curve 2).

Reprinted with permission from Basmajian JV, Deluca CJ:

Muscles Alive, Their Functions Revealed by Electromyography,
ed 5. Baltimore, MD, Williams & Wilkins, 1985.
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FIGURE 2-17
Velocity-active tension relationship for muscle.
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FIGURE 2-18

Semischematic three-dimensional representation of interrelationship between length, tension, and velocity. Based
on data from gracilis muscle of rat at approximately 16° C. Isometric length-tension diagram forms the base of
the figure in the length-tension plane. Force-velocity curve at initial length L, is given as a heavy continuous line
with its own veloctty—length axes. The foot on velocity-length curve at short lengths and small loads is strapolated
beyond experimental data in order to meet isometric length-tension diagram. Other force-velocity and velocity-
lengthrelanamamsbownbybrokcnhnwwmggstwwatureofmrface There is a family of such three-dimensional
figures, depending on available chemical energy for contraction.

Reprinted with permission from Zierler KL: Mechanism of muscle contraction and its energetics. In: Mountcastle

VB (ed): Medical Phsyiology, ed 12. St. Louis, MO, CV Mosby Co, 1968, vol 2, p 1141.

isometric contraction occurs. 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 summary of these relation-
ships 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 concepts basic to understanding surface elec-
tromyography are presented. Specific topics discussed
are anatomy of skeletal muscle, origin of the elec-
tromyographic signal, functional considerations of motor
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units, and mechanics of muscle.

The contractile unit of muscle is the sarcomere.
Many sarcomeres placed end to end form a myofibril.
Many myofibrils wrapped in the sarcolemma make up a
muscle fiber. The three major types of muscle fibers are
Type I (SO) slow twitch oxidative, Type IIA (FOG) fast
twitch oxidative, and Type IIB (FG) fast twitch gly-
colytic. The muscle fibers are bundled together by con-
nective tissue to form fasciculi; groups of fasciculi make
up a muscle. Connective 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
equilibrium 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 during activities of interest to the ergonomist
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 ergonomics.5 The
two varieties most frequently encountered and of the
greatest practicality and applicability are surface and fine
wire electrodes. 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
frequently, these disks are encircled by a teflon or other
similar material 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 con-
taining instrumentation that will amplify the signal close
to the site of the electrode pickup (Figure 3-2). Although
it is possible to produce electrodes for recording of EMG
data by locating common solder on the end of the wire,
this practice should be avoided. In some cases, elec-
tromyographers have used suction type electrodes, but
this is an uncommon practice. The National Aeronautic
and Space Administration has developed a spray-on elec-
trode with a wire incorporated during the drying process,
best for long term monitoring. This technology general-
ly is not available nor particularly necessary.

Which type of electrode to be used for surface EMG
depends on the purpose of the study of muscle function
during performance. Although surface electrodes will
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 then fine wire electrodes
should be selected for use. This selection is also recom-
mended if there is interest in studying specific motor unit

24

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 electrode to be used in any collection of EMG
information is dependent on the purpose of the study, con-
sideration should also be given to 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 electrodes are not selective to a specific area. That
is, the pickup area from muscle is rather generalized. Fur-
ther, they lack any ability of the user to determine the ac-
tivity from muscles situated at a depth 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 mm are 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
routine continued use should be avoided.® This con-
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 EMG activity is being generated.
This leads to the issue of cross talk, which raises ques-
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
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FIGURE 3-1

Standard Beckman surface electrodes (lower right), electrodes with snap on collars and larger diameter pickup area

(upper right) and two views of a silver-silver chloride adhesive disk that can be connected to amplifier with a clip
lead (left).

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

Reprinted with permission from Soderberg GL and Cook TM: Electromyography in biomechanics. Phys Ther
64:1813-1820, 1984.
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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, elec-
tromyographers may get assistance in determining
whether electrical activity is being recorded simul-
taneously or by each individual muscle. One specific ex-
ample may be cited for the gastrocnemius and soleus
muscles. Electrodes 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 gastrocnemius activity and little, if any,
activity from the soleus muscle.

Others have developed and tested models related to
cross talk.® This work has resulted in the recommenda-
tion that calculation of the cross-correlation function be
used to determine the presence of cross talk. In most
cases, however, the ergonomists 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 electrode 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 DeLuca, however, state that this location will not
yield the greatest signal amplitude.” Rather, they sug-
gest an interdetection-surface* spacing of 1 cm for sur-
face electrodes.

Some electromyographers have suggested specific
anatomic locations for electrode locations (Figure 3-4 A-
F).® More recently other locations have been specified
(Table 3-1, Figure 3-5 A-P).? The latter figures, for all
but two muscles, include a mechanism to normalize
placement based on the body dimensions. This
mechanism, therefore, would be an acceptable technique
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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 a longitudinal bipolar electrode position 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 from the 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 electrodes in back
musculature, but no optimal locations were identified. 2
In an attempt to determine the effects of contraction in-
tensity and joint angle, Soderberg et al produced results
for hamstring and erector spinae musculature for surface
electrodes with a fixed interelectrode distance of 8
mm.!3 A study of Figure 3-9 shows how these variables
affect the EMG output.

With consideration given to issues of signal-to-noise
ratio, stability (reliability and cross talk), and a presen-
tation of selected data relative to EMG output, Basma-
jian and DeLuca state that the preferred location of an
electrode is in the region of halfway between the center
of the innervation zone and the further tendon.” More
specific guidelines have been provided by Loeb and
Gans.!5 They state that the considerations given to the
electrophysiological system from which we are recording
allows them to make several recommendations 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 electrode center-to-
center separation should be between 2 to 10 mm.
Caution is provided that there may be differences
in distal versus proximal fibers. Note should also
be made that the distances are small because these
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. They caution that reducing
contact dimensions below half the distance be-
tween their (electrode) centers adds only to
noise and unduly biases the recordings by con-
centrating 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.?

10.

Lz

M. epicranius pars
frontalis

M. sterno-cleido-
mastoideus

M. trapezius pars
descendens

M. deltoideus pars
acromialis

M. deltoideus pars
clavicularis

M. biceps brachii

Triceps brachii

M. flexor digitorum
superficialis

M. extensor digitorum
communis

M. extensor carpi
ulnaris

Looking straight ahcad

Head turned slightly
toward the opposite
side

Head turned slightly
toward the opposite
side

Sitting or standing;
arm limp

Sitting or standing;
arm limp

Sitting or standing;
upper arm vertical;
forearm horizontal;
palm upward

Sitting or standing;
arm limp

Sitting; forearm on a
table; elbow slightly
turned inward; palm
upward

Sitting; upper arm
abducted laterally;
forearm on a table;
palm downward

See No. 9

Horizontal line 3 cm
above the eyebrows

. Mastoid process
. Suprasternal notch

N —

—

. Acromion
2. Spine of the 7th
cervical vertebrae

i. Acromion
2. Lateral epicondyie
of the humerus

Subsidiary line:

1. Acromion

2. Suprasternal notch

Lead line:

1. Subsidiary point

2. Lateral epicondyle
of the humerus

—

. Acromion

2. Tendon of the
biceps muscle in the
cubital fossa

. Acromion
. Olecranon

N —

1. Medial epicondyle
of the humerus

2. Skin fold at the
wrist

1. Lateral epicondyle
of the humerus

2. Midpoint between
the styloid processes
of radius and the ulna

1. Midpoint between
the lateral epicon-
dyle of the humerus
and the olecranon

2. Styloid process of
the ulna

Electrode placement:
intersections of the lead
line and the vertical
lines through the pupils

1/3 LLL from the
mastoid process

172 LLL

1/4 LLL from the
acromion

Subsidiary point:
1/5 SLL from the
acromion
Central lead point:
1/5 LLL from the
subsidiary point

1/3 LLL from the
cubital fossa

1/3 LLL from the
olecranon

1/4 LLL from the
epicondyle

1/4 LLL from the
olecranon

1/3 LLL from midpoint

Raising the eyebrows

Turning the head to the
opposite side

Lifting the shoulder

Raising the arm
sideways

Raising the arm
forward

Flexing the forearm
against an external
resistance

Extending the elbow
joint
Flexing the fingers

against an external
resistance

Extending the elbow
joint

Abducting the hand
sideward toward the
ulna

1,2,4,6,9

4,6

4,6,8

4,6

4,6

4,7

4,17

4,7,10, 11

4,7

3,47,10,15



TABLE 3-1 (continued)

[
o
No. Muscle Posture Lead line Central lead point Function check Comments No.®
11. M. pronator quadratus See No. 8 Parallel line 2.5 cm Point of intersection of Pronating the right 1,5,7,10,13
proximal from the the lead line and the hand counterclockwise
skinfold at the wrist tendon of palmaris or the left hand
longus muscle clockwise
12, M. interosseus Sitting; forearm on a 1. Vertex of the V 1/2 LLL Squeezing the thumb 1,5,6
dorsalis 1 table; thumb and index 2. Basal joint of the and the index finger
finger extended index finger together
forming a V
13. M. erector spinae Standing erect Parallel line to the 1/6 of the distance Stooping with a 4,6,8, 14
(trunci) spinal column on the from the iliac crest to straight back
crest of the erector the spine of the 7th
muscle cervical vertebra above
the iliac crest
14, M. vastus medialis Standing 1. Anterior superior 1/5 LLL from the knee Extending the knee 3,4,7
spine of the pelvis gap joint
2. Medial gap of the
knee joint
15. M. tibialis anterior Standing 1. Lower margin of 1/3 LLL from the Standing on the heels 3,417,158
the patella patella
2. Lateral ankle
16. M. gastrocnemius Standing 1. Head of the fibula 1/3 LLL from the head Standing on the toes 3,4,7
2. Heel of the fibula

In most instances, the lead line s glven in terms of its end point. LLL: lead line length; SLL: subsidiary line length.
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Comments:

. Smal] electrodes are required.
. Skin-tinted electrode cases should be used,
. Shaving may be necessary,
. Electrode attachment: Adhesive washers,
. Electrode attachment: Collodion.
Electrode attachment should be secured with elastic adhesive tape.

. Electrode attachment should be secured with circular elastic and adhesive bandages.
. Interference from the ECQ can be reduced by a change of sides or by rotating the lead 1ine about the central lead point,
. Interference from the EOG and the EEG can be reduced by a high-pais filter with a break point of 20 Hz. Eye blink artifacts can be minimized by slightly shifting one of the electrodes.
. Crosatalk from other forearm muscles will oceur.
« The signals of the finger flexor muscle are weak since other muscles are superimposed, Different portions of the muscle attached to the different fingers can be selected by shifting the or

tion of the lead line either to the thenar or the hypothenar eminence. The final position should be confirmed by palpation while moving the finger under study.
12. Different portions of the muscles belonging to the different fingers can be recorded by shifting the orientation of the lead line either toward the ulnar or the radial styloid. The final positi
should be confirmed by palpation while moving the finger under study. .
13. The tendon becomes prominent if the palm is strongly cupped. If the tendon (s abaent, extend the skin fold of the palm (Linea stomachica). The electrodes should not be attached over the
tendons.
14, Large stooping movements impose conaiderable strain on the attachment and may cause failure. A horizontal or oblique orientation of the adhesive tape will reduce the strain. The differe

myoslectric activities between the sides may amount to a 3:1 for equal loading (Groeneveld 1976).

15. This body site exhlbits very high skin impedance (Almasl and Schmitt 1970).
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FIGURE 3-3

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

Reproduced by permission from DeLagi EF, Peronto A, lazzet-

ti J, et al: Anatomic Guide for the Electromyographer.
Springfield, IL, Charles C. Thomas, Publisher, 1975.

may be lying right on top of one small contact.
4. Bipolar recording contacts should be as similar
as possible in size, 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
electrode 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 being activated during the given
contraction. However, a limitation is that isolation of any
given muscle cannot be 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 be detected. A great variety
of electrodes are used in EMG but common to all elec-
trodes is a metal-electrolyte interface.” The electrode is
formed of metal, and the electrolyte may be 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 between 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

ELECTRODE-ELECTROLYTE
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
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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 influence the magnitude of the
impedance.'¢ The frequency dependence of the elec-
trode-electrolyte impedance, decreasing 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-
frequency transfer characteristic of a particular electrode-
electrolyte combination is difficult to predict, the elec-
trode detection 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

THE BIPOLAR ELECTRODE
CONFIGURATION

Electromyographic 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
ground electrode, is placed distally in a neutral 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 both detection elec-
trode sites are termed common mode signals and produce
a nearly zero preamplifier output. This desirable
characteristic of differential preamplifiers significantly
improves the signal-to-noise ratio of the measurement and
allows the detection of low level EMG potentials in noisy
environments. (See Chapter 4 for greater details.)

The sizable benefits of the bipolar electrode con-
figuration are achieved at some cost. An undesirable side-
effect to this arrangement is the role the differential
amplifier plays as bandpass filter. The 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 electrodes.
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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 influencing 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 binoculars.

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 preparation of the recording site, the
interelectrode spacing, and the standardized location of
electrodes relative to anatomical landmarks, are all fac-
tors that may be controlled to improve the reliability 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,
across channel (muscle) comparisons are precluded be-
cause of differences in instrumentation and constituen-
cies of body tissues from one recording area to another.
Further, between subject comparisons are precluded on
the basis of individual differences and subcutaneous fat,
muscle geometry, and other variances. In virtually 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 comparisons, thus, can be taken into ac-
count. In any case, measurements made during one day
and one setting are considered to be far superior because
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
across-day and between-muscle comparisons 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
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FIGURE 3-4A-F
Recommended locations for surface electrode leads for selected
muscles (Davies JF: Manual of Surface Electromyography.
WADC Technical Report #59-184, December 1959).

reported interday reliability coefficients for recorded
EMG.!7 The values, ranging from .93 to .99, were
high, partly because clectrodes were not replaced be-
tween trials. Viitasalo 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.’® 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
.86.

Reliability has also been studied during functional ac-
tivities such as gait. In comparing electrode 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 electrodes.!®
Yang and Winter evaluated reliabilities from submaximal
and maximal contractions for the triceps muscle, testing
on three different days.?® They recorded EMG during
5 maximum voluntary contractions of 1-second duration
and 10 submaximal efforts, 5 at each of two different
levels. These investigators demonstrated that contractions
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 contractions produced coefficients
that ranged from .52 to .81. While offering several ex-
planations for the coefficients attained, they comment that
the significance of their work is that the maximum volun-
tary test is not the most reliable method for day-to-day
recording.

PREPARATION OF ELECTRODES-
SUBJECT INTERFACE

The method of electrode application will depend on
the electrode selection and the instrumentation available.
The following sections will discuss the application tech-
niques for surface electrodes. The specifics associated
with fine wire technique are detailed in Appendix C.

Surface electrodes, as indicated in previous sections
of this chapter, vary greatly in size and type. Most will
be adhered by a doubled-sided adhesive washer that
should first be affixed firmly to the electrode surface. If
preamplifiers are available that contain the electrode sur-
face, the same procedure can be followed. The 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 that
has been placed on the disk.

Before fixing the electrode to the skin the prepara-
tion of the subject needs to be completed. The amount of
this preparation will primarily be dependent on the in-
strumentation available. Onsite preamplification (see
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Recommended locations for surface electrode leads for selected muscles (Davies JF: Manual of Surface Electromyography. WADC

Technical Report #59-184, December 1959).
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FIGURE 3-5A-P
Recommended locations for surface electrode leads for selected muscles.

Reproduced by permission from Zipp P: Recommendations for the standardization of lead positions in surface elec-
tromyography. Eur J Appl Physiol 50:41-54, 1982.

Acromion focis. sterni jugul.

Lead time

Central Vead point

Central

Lead tine 1ead point

Fossa cubit.

Ypicond. humeri lat.

E 33



O

tpicond, bameri fat.

Fpicand. buwrei ord.
" Caetvsl 1rad peies

Ceatral lead point

Acrumion
'
]
I
[ B
" ) 'A."': Proc. siyloid. winae
: 4 Selc. carpd dist. Nidpeiay voc. SUyleid. radei

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

Reproduced by permission from Zipp P: Recommendations for the standardization of lead positions in surface elec-
tromyography. Eur J Appl Physiol 50:41-54, 1982.
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FIGURE 3-5A-P (Continued)

Recommended locations for surface electrode leads for selected
muscles.

Reproduced by permission from Zipp P: Recommendations for
the standardization of lead positions in surface elec-
tromyography. Eur J Appl Physiol 50:41-54, 1982.

Chapter 4) has been noted virtually to eliminate specific
skin preparation. In this case, the surface of the skin can
be wiped lightly with alcohol to help assure good adherence
of the adhesive washer to the body. However, if
preamplification is not available and instrumentation of
poor characteristics is used, the skin must be abraded at
least lightly with an emory 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 from th¢

ing. Such resistance can be measured simply witl

of a hand-held volt-ohm-meter by applyingthet________
from the EMG electrodes to the ohm and common termi-
nals of the meter. Resistance will be read in ohms. Note
should be made that the amount of resistance will dimin-
ish some as the conductive gel penetrates the surface. In
many cases, the electromyographer will find it helpful to
wrap lightly either elastic bandages or a substance such as
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, appropriate procedures should be
used following data collection. For surface EMG, a
cleaning of the subject’s skin with alcohol soaked gauze
will suffice. Electrode cleaning can be accomplished
with gauze soaked 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 major artifacts occur that must be avoided to
have an appropriate and high quality signal. Mechani-
cally induced artifacts are very 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 interference. This occurs
when a reference electrode is not applied appropriately
on the subject, when there is a loose wire, or when
electrical fields persist. The latter can come from improper
shielding of wires. If 60 cycle interference (50 cycle in
some countries) continues to be a problem in recordings,
attention should be paid to the environment, including
grounding of all outlets and evaluations of equipment in
use in adjacent areas. One other important artifact the
electromyographer needs to be aware of is that produced
through the electrocardiogram. This is noticeable par-
ticularly over the lumbar 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 certain important
factors. Among these are that an optimal electrode design
will minimize electrode impedance. In addition, high
quality instrumentation is essential- including a differ-
ential amplifier with a high common-mode rejection
ratio. Further, an adequate reference electrode and the
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FIGURE 3-6
Relationship between amplitude of averaged EMG potentials
and longitudinal bipolar electrode position in units of equal
distances between the centers of the various bipolar electrodes.

Reproduced by permission from Zuniga EN, Truong X7, Simons
DG: Effects of skin electrode position on averaged elec-
tromyographic potentials. Arch Phys Med Rehabil 70:264-272,
1970.
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TRanSVERSE ELECTROOE POSITION
FIGURE 3-7
Same relationship as depicted in Figure 3-6 except for transverse
monopolar electrode position.

Reproduced by permission from Zuniga EN, Truong XT, Simons
DG: Effects of skin electrode position on averaged elec-
tromyographic potentials. Arch Phys Med Rehabil 70:264-272,
1970.

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

Evaluation of the raw signal is essential to assure that
there are no artifacts produced. A variety of gain and
sweep settings on an oscilloscope is the preferred mode
to monitor this signal. This should be done before, dur-
ing, and after data collection to help assure the elec-
tromyographer that data is artifact free.
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PHYSIOLOGIC AND HISTOLOGICAL
EFFECTS

Ordinary 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 proceeding with data
collection. A discussion of the effect of fine wire elec-
trodes on tissue is presented in Appendix C.

TELEMETERIZED
ELECTROMYOGRAPHY

Use of telemeterized EMG has the great attraction
of relieving subjects from the constraint associated with
the instrumentation 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
to the design and selection of the telemetry equipment and
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 instrumentation, and the range of transmit-
tal.15 Each of these factors, therefore, must be taken in-
to account in the design phases of any experiment or data
collection procedure.

Loeb and Gans detail the numerous limitations
associated with the use of telemetry.!> 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.2! Other limitations
associated with telemetry include the ability to provide
adequate control of sensitivity, noise, and cross talk.
Newer transmitters now serve the purposes associated
with collection of EMG data in the work setting. Note
should be made, however, that these techniques have suc-
cessfully been used in evaluating activities performed at
the work site or during functional activities such as
locomotion. 222 Work experience with seasoned in-
vestigators or technicians should be gained before em-
barking on the use of a telemeterized EMG system.
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FIGURE 3-8

Influence of electrode placement on the amplitudes of the potentials in the electromyograph. 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 permission from Kramer H, Kuchler G, Brauer D: Investigations of the potential distribution of
activated skeletal muscles in man by means of surface electrodes. Electromyogr Clin Neurophysiol 12:19-24, 1972.
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FIGURE 3-9

Electrode location sites for hamstring muscles under varying conditions of knee angle and percentage of maximum
voluntary contraction (MVC). Normalized values are to MVC as reference contraction for each pre-amplifier elec-
trode location and then rank ordered to identify where maximum voltage was obtained.
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IMPEDANCE MAGNITUDE (K ohm)

Surface Electrode
€S:=40mm
#S=9.4mm, d=50mm
AS=94mm, d=25mm

Wire Electrode
0S=50pum, l=32mm
0S=25pm, l=64mm
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FIGURE 3-10
Typical values of the magnitude of the impedance of surface
and wire electrodes. The filled circle represents 2 monopolar
arrangement; the rest are all bipolar. S; diameter of detection
surface; D, interdetection surface spacing; L, exposed tip
length.

Reprinted with permission from Antonelli D, et al:
Pathokinesiology Laboratory, Rancho Los Amigos Hospital,
CA, 1982.
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FIGURE 3-11

Schematic (A) of the filtering aspects of the differentially
amplified bipolar detection. As the signal travels along a mus-
cle fiber at its conduction velocity, it will pass by both detec-
tion surfaces sequentially, with a delay proportional to the in-
terdetection surface spacing (d). Some of the frequency com-
ponents of the signat will have wavelengths which are multiples
of the distance d (cancellation frequency); these will cancel out
when amplified differentially. When the wavelength is equal
to 2d (as in signal 2), the signal will pass. (B) Alternating
behavior of the filter function and cancellation frequencies. The
solid line represents the filter function of a surface electrode
and is calculated for an interdetection surface spacing of 1 cm
and a conduction velocity of 4 m/s. The dashed line represents
the filter function of a typical needle electrode and is calculated
for an interdetection surface spacing of 0.5 mm and a conduc-
tion velocity of 4 m/s. It is apparent that the bipolar filter func-
tion is of concern for surface electrodes and has minor relevance
in needle electrodes.

Reprinted with permission from Basmajian JV, DeLuca CJ:

Mouscles Alive: Their Functions Revealed by Electromyography,
ed 5. Williams & Wilkins, 1985, Figure 2.16, p 49.
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FIGURE 3-12
Common artifacts encountered during EMG recordings: a = 60 Hz; b = electrode or cable movement; ¢ = EKG.



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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INSTRUMENTATION
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OVERVIEW

The purpose of instrumentation in electromyography
(EMG) is to preserve information contained in the
bioelectric activity associated with the initiation and
regulation of muscle contraction. Relevant questions to
ask at the outset of any investigation using (EMG) are
about what information can be obtained by this measure-
ment and how that information relates to the purpose of
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 requires the EMG signal to
be processed in ways that preserve the signal informa-
tion necessary to accomplish the aim of the measurement.

ELECTROMYOGRAM SIGNAL
INFORMATION

To respond definitively to the questions posed above
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 uncertainty. What can be concluded from a
review of Table 4-1 is that the detected EMG contains in-
formation about not only the anatomic, physiologic, and
neurogenic factors that shaped the waveform, but about
a host of other factors that distort this information.
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Clearly, not all information contained in the signal
is needed to answer every research question regarding
muscle activation. Perhaps the first step in the formula-
tion of a measurement question using EMG is to decide
what information is needed from the signal to satisfy the
purpose of the investigation. The discussion that follows
will divide the information into three general categories
based on their wide use and general acceptance. 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-
bitrary or statistically predetermined level or by 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 conditions. In the context of tem-
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 appropriateness of signal
processing methods must be evaluated with this goal in
mind.

EMG-Force Information

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-
tributing to a particular muscle contraction, and to relate
the quantity to the actual force produced. A number of
assumptions are implicit to the validity of the measure-
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

Electrode 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

Electrode-electrolyte interface

— material and preparation of electrode and electrode site

— electrode impedance decrease with increasing frequency (high-pass filter)

Bipolar electrode configuration

— effect of distance between detection electrodes and bandwidth (bandpass filter)

— the orientation of detection electrodes relative to axis of muscle fibers

primary importance is the degree to which the muscle site
being 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, concentric versus eceentric, the
position of the joint). A linear relationship should not be
assumed. The degree of controversy surrounding 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.

EMG-Fatigue 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 contractions.4-7 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 metabolites.?

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 al
have demonstrated that the center frequency of the power
spectrum is proportional to propagation velocity.?
Lindstrom and Petersen have shown that decreases in
center frequency during isometric and isotonic
contraction follow approximately exponential curves
characterized by their time constants.!® 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 4-1
An idealized version of the frequency spectrum of the EMG
signals. Three convenient and useful variables are indicated:
the median frequency, f4; the mean frequency, f,,..,; and the
bandwidth.

Reprinted with permission from Basmajian JV, DeLuca CI:
Muscles Alive: Their Functions Revealed by Electromyography,
ed. 5. Baltimore, MD, Williams & Wilkins, 1985, Figure 3-16,
p 9.
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FIGURE 4-2
Dependence of the power spectrum on the developing fatigue.
Signals from a masseter muscle under a constant biting force
of 30 N.

Reprinted with permission from Lindstrom L, Peterson I: Power
spectra of myoelectric signals: Motor unit activity and muscle
fatigue. In: Stalberg E, Young RR (eds): Clinical Neuro-
physiology. London, England, Butterworths Publishers, 1981,
Figure 4.6, p 75.

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

EMG Signal Characteristics

Factors influencing the peak-to-peak amplitude of the
detected EMG include the number and size of active mus-
cle fibers, the size and orientation of the electrode 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 distance between
electrodes and the distance between the active fibers and
the detection electrodes. The confluence of these factors
makes it impossible to specify a definitive peak-to-peak
amplitude and signal frequency range. The Ad Hoc Com-
mittee of the International Society of Electrophysiological
Kinesiology (Appendix B), however, has published the
following typical ranges for surface electromyography:
amplitude range (mV) 0.01-5; signal frequency range
(Hz) 1-3000.

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 contzin a single piece of information, a dynamic
analog signal continuocusly varies in magnitude and thus
information content. The amount of information that may
be transmitted or communicated in a segment of time 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 between the
signal amplitude and the signal rate of change or
frequency.

The Fourier transform used to compute the power
density spectrum is a mathematical technique by which
any signal may be expressed as an infinite sum of
sinusoidal components. The relative frequencies and
phases may be combined to represent, exactly, the
original signal at each instant in time. Although the
theoretical number of sinusoidal components summed is
infinite, the contribution of higher order components
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. Figure 4-3 illustrates the power density spec-
trurn of EMG recorded from bipolar surface and indwell-
ing electrodes. Note that the spectrum extends from 10
Hz to about 400 Hz for surface electrodes and from 10
Hz to about 1000 Hz for indwelling electrodes. The lower
frequency content of the surface electrode spectrum is
consistent with the narrower bandpass characteristic
typical of bipolar surface electrodes having greater in-
terelectrode distances.
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FIGURE 4-3
Frequency spectrum of EMG as recorded via surface and in-
dwelling electrodes. Higher frequency content of indwelling
electrodes is due to closer spacing between electrodes.

Reprinted with permission from Winter DA: Biomechanics of
Human Movemens. New York, NY: John Wiley & Sons Inc,
1979, Figure 7.5, p 135.

Amplitude Linearity, Phase 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 linearity 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, The 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 spectrum as a result
of signal processing constitutes a distortion from the
original waveform. Likewise, phase linearity 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
accuracy 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 Eu
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-
troduced 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-to-noise ratio is the single most important 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 (less than 10 kHz), 1/f, or flicker noise,
plays a dominant role.!2:13 As the name 1/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
electrode-electrolyte 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
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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 signal 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. Actually, the
amplifier normally is composed of several stages of
amplification, the most important of which is the first
stage or preamplifier. Together the stages perform
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 defined 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 transmis-
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 contributing
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
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the input impedance of the preamplifier. Together w..;
form a voltage divider. The magnitude of the voltage drop
across each lumped impedance is proportional to the frac-
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 illustration, any voltage drop 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 depends on the size of the
source impedance. A good rule of thumb is that the in-
put impedance 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 k€2, an input impedance of 2 MQ 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 reduce the input im-
pedance at 100 Hz. This problem is exacerbated by the
capacitance of the input lead wires, their capacitance often
being many times the input capacitance of the amplifier
itself. To prevent confusion, the input impedance should
either be specified as an equivalent parallel combination
of resistance and capacitance or specified at a represen-
tative frequency within the usable bandwidth. A
reasonable frequency for surface recording is 100 Hz.

ene

—

FIGURE 44
Simplified circuit of bioelectric generator to amplifier transmis-
sion link. Zs represents the lumped impedance of the source to
include the complex tissue, skin, and electrode-electrolyte 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 common 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 com-
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
designs is designated by the common mode rejection ratio
(CMRR), defined as the difference signal gain divided
by the common mode signal gain. As such, 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-
trophysiological Kinesiology (ISEK) recommends the
preamplifier CMRR be greater than 90 dB.!* The
decibel notation is commonly used to express voltage
ratios. The conversion is as follows:

CMRR(dB) = 20 log, 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 specific input frequency 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, primarily, to unequal electrode impedances. The ef-
fect of the so called source impedance imbalance is to
create an unequal voltage drop across each electrode 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.!3 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 com-
ponent of the total amplifier noise.’? 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 (RTI). The ISEK recommends
amplifier noise be less than 5 xVRMS measured with a
source resistance of 100 k Q and a bandwidth from 0.1
to 1000 Hz.14

Finally, the amplifier input bias current should be
specified. This variable is important because it determines
the iminimum 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 cur-
rent. The ISEK recommends input bias current be less
than 50 nA for direct coupled amplifiers. !4

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-Preamplifiers

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 unreliability 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-
trode 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
(10'2 Q) that require no electrode paste or skin
preparation.
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TABLE 4-2

Recommended Minimum Specifications for Surface EMG Amplifier

Variables Recommended Minimal Specifications
Input impedance >10'0 Q at DC*?
> 10% Q at 100 Hz*®
Amplifier gain 200—100,000 +10% in discrete increments
Gain nonlinearity <1+2.5%
Gain stability Combined short term (1 day) and long term (1 year) gain variations <

Common mode rejection ratio
(CMRR)

Frequency response
Input bias current

Isolation

Noise

5%/year

> 90 dB measured at 60 Hz with zero source resistance®

1—3000 Hz measured at —3 dB points?
< 50nA (50 x 10°° A)*

< pA (10 X 1076 A) leakage current measured between patient leads and
ground (Underwriters Laboratories, 1985)

< 5 uV RMS measured with a 100 k Q source resistance®

*Indicates minimum specifications recommended by the International Society of Electrophysiological Kinesiology. '

YThe ISEK specification for input impedance does not differentiate between the requirements for surface versus indwelling electrodes,
electrode material, the length of electrode leads, and other factors that may effect the magnitude of input impedance required to maintain
the ratio of the input impedance to the lumped electrode source impedance at 2 minimum of 100:1. The ISEK recommendation is broad
enough to apply to all these varied conditions. A lesser input impedance specification may be adequate within a limited set of conditions.

ELECTROMYOGRAPHIC SIGNAL
PROCESSING

The processing of the EMG signal to obtain
information relevant to an experimental question has
taken many forms. To this point in our discussion, we
have emphasized the need to preserve the information
content of the detected EMG without preference to a
specific measurement goal. A low noise, high input
im ce 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, such
as the forearm flexors and extensors, during a working
task will be struck 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 such a record by the electromyographer, 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 in the signat are ignored as being 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 processing is context specific and intuitive and
has a quantitative basis 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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Schematic of several common EMG processing systems and the results of simultancously processing of EMG through

these systems.

Reprinted with permission from Winter DA: Biomechanics of Human Movement. New York, NY, John Wiley & Sons

Inc, 1979, Figure 7.10, p 140.

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 carriers 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 alphamotoneuron 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 everything else. Figure 4-5 illustrates several
common EMG processing systems and the results of
simultaneous demodulation of the raw EMG through
these systems.
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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
significandy long time period, would produce a zero
result. Rectification is one technique frequently used in
EMG-processor 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 used circuits for approximating the
modulating neural control. The circuit consists of a zero
offset full-wave 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 linear envelope detector represents a moving
average of EMG activity. An undesirable side effect of
the low-pass filter is the phase lag it causes in the envelope
response. This 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 arm
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 control 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/octave (20 dB/decade) for each pole
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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 findings. 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:

t
I {{EMG®|} = S [EMG@®ldt (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
limited 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 {{EMG(@®)|} = 5 |[EMG(t)|dt @)

t

where T is the fixed time interval. Figure 4-5 illustrates
the continuous integration as well as time and voltage
reset integration. The EMG integral is a two dimensional
quantity whose unit is mVesor uVes.

Root-Mean-Square Processing

The root-mean-square (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, nonperiodic,
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
S EMG2 ()dD*%  (5)
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Unlike previous detection methods, the RMS pro-
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.? 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 filter 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 error but 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
ismV or uV.

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 contraction. The demodulation process allows
us to filter out the information specific 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.

Demeodulation signal processing techniques are used
commonly to obtain temporal and EMG-force informa-
tion. All the techniques discussed may be used to obtain
temporal information, with the integrator 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. Like other automated methods,
however, they are susceptible to noise artifacts.

Besides temporal measurements, the other major ap-
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
Transformation 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 spectrum 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-
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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.
Electromyographic signals are neither periodic nor deter-
ministic.!® Indeed, they do not repeat with a definite
time interval, and a single mathematical expression can-
not specify a detected EMG signal for all time. An EMG
interference pattern, therefore, must be treated as a ran-
dom or stochastic process with an associated cumulative
probability distribution.

The power spectral density is the function commonly
used for frequency domain analysis of EMG. It is defined
as the Fourier transform of the autocorrelation func-
tion.!? The autocorrelation function may be computed
from the time aveyage of a sufficiently long finite length
of data if one assumes the random process to be
ergodic.2’ For a random process to be ergodic it must
1) have a normal or Gaussian probability 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:

T/2

R(r) = lim _1 S EMG(t, ) EMG(t+1, £)dt
t
T - (6)

where ¢ represents the random outcome of an experiment-
al event, t the time course 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 computed
for all time displacements.

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

G = S s()ei27k dt 0
—00

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

[1]

P(f) = S R(ne2 R dt ®)
-0
As P(f) is an even function, the integrals are real
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numbers and the equation can be written as follows:

L1 ]
P(f) = S R(x) cos 2nfydr )

—0

An integration of P(f) over all frequencies yields the
total power, hence the term power spectrum.

Fast Fourier Transform

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 computer samp-
ling at discrete instants. The computer is an indispensable
aid to that type of computation because of the number of
mathematical operations necessary for the calculation of
the transform. The treatment of this topic follows the
logical development of the discrete Fourier transform
from the continuous Fourier transform as presented by

Brigham 21,22

Waveform Sampling

When a signal is sampled at discrete instants, the ef-
fect is to multiply the signal by a unit sampling pulse train.
This is illustrated graphically in Figure 4-6 where the
function h(t) is sampled at discrete sampling intervals
defined by T. The resultant sampled waveform (Figure
4-6¢}, 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 4-6¢ and d, respectively. The symbol [] is used
to designate a Fourier transformation. The frequency
convolution theorem establishes multiplication in the 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 4-6f) is the
Fourier transform of the sampled waveform h(t) A(t)
(Figure 4-6e) and may be formed by the convolution of
the Fourier transforms of the original functions shown
in Figure 4-6¢ and d. What is of particular significance
in the application of the Fourier transform to time sampl-
ed functions is the relationship between the continuous
Fourier transform, shown in Figure 4-6c, of the original
continuous function h(t) and the continuous Fourier
transform, shown in Figure 4-6f, of the sampled func-
tion h(t) A(t). The waveforms are identical with the ex-
ception that the continuous Fourier transform of the
sampled waveform is periodic, with a period equal to the
sampling interval T.
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