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QUANTITIES AND UNITS OF MEASUREMENT IN BIOMECHANICS
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PREPARED BY THE INTERNATIONAL SOCIETY OF BIOMECHANICS

In recent years the International Society of Biomechanics has adopted as its standard for units of measure-
ment the Systeme International d’Unités (SI). This system is both rationalized and coherent. It is ra-
tionalized because for any physical quantity only one measurement unit is needed, and the entire SI struc-
ture is founded on just seven precisely defined base units and two supplementary units (see Table below).
The system is coherent in that the product or quotient of any two unit quantities in the system becomes
the unit of the resulting quantity. Relevant aspects of the SI system are presented here as an aid to scien-
tists, educators, and students working in the field of biomechanics.

TABLE: ST UNITS FOR BASIC QUANTITIES

Basic Physical Quantity Symbol for Quantity Name of ST Unit Symbol for SI Unit
length i metre m
mass m kilogram kg
time t second 5
electric current 4 ampere A
thermodynamic temperature T kelvin K
amount of substance n mole mol
luminous intensity I candela od
plane angle a,B,7. 0, ¢ etc. radian rad
solid angle a steradian sr
NOTES

¢ In the United States of America the spelling of the unit of length is ‘‘meter”’.

¢ The kilogram is the S unit of mass or “‘quantity of matter.”” It is not the unit of force. The unit of
force is detived from that of mass by considering the force necessary to give unit acceleration to a
unit of mass.

& Each unit has a standard symbol and care should be taken to use the correct letter(s) and case (upper
or lower). Insofar as the symbol for second is “*s”” (not **sec’”), it is important that symbols are not
pluralized; e.g., “*kgs.”’ could be mistaken for kg X s (but see note on the punctuation of a com-
pound unit below).

¢ Standard prefixes are used to designate multiples or sub-muitiples of units. The more common ones are:

Prefix Multiplier Symbol Example
mega 10° M megawatt (MW)
Kilo 107 K kilojoule (kJ)
centi 1072 ¢ centimetre (cm)
milli 1073 m milligram (mg)
micro 104 P microsecond (us)

® When a compound unit is formed by multiplication of two or more units, the symbol for the com-
pound is indicated in one of the following ways:

Nem, N.m, or N m, but not Nm



¢ When a compound unit is formed by dividing one unit by another, the symbol for the compound unit
is indicated in one of the following ways:

I m/s, or as the product of m and s , i.e. me 5!
s

It is strongly recommended that numbers be divided into groups of three digits, counting outwards
in both directions from the decimal marker, whether present or not. Neither dots nor commas should
be inserted in the spaces between the groups. The decimal sign can be either a comma or a dot on
the line. If the magnitude of the number is less than unity, the decimal sign should be preceded by a zero.

Examples: 'T1986.325 79 and 0.035

Detailed overleaf are the derived SI units for the physical quantities more commonly used in
biomechanics together with a brief definition of each and recommended symbols. The list is not ex-
haustive and the reader is directed to one of the many SI mechanics texts or comprehensive guides
for the use of SI units which are now avzilable in most languages. A table of conversion factors of

non-SI units and details of reference sources used are provided on the back page.

Revision 1, December 1987.

DERIVED SI UNITS, SYMBOLS AND DEFINITIONS

Physical Symbwl for SI Unit and Definition of Quantity

Quantity Quantity Symbol and its Unit

linear Ar metre The change in location of a point, given as the

displacement m directed distance from an initial to a final location
(the change in position vector r), regardless of the
path taken.

velocity v mes™! The time rate of change of location (the time-
derivative of the position vector r).

acceleration a mes2 The time rate of change of velocity.

acceleration due g mes The acceleration of a body freely falling in a

to gravity vacuum, the magnitude of which varies with loca-
tion. The standard (sea level) value is 9.806 65
mes2,

angular A6 radian A change in the orientation of a line segment,

displacement rad which for 2D motion, is given by the plane angle

between the initial and final orientations {(the
change in the orientation vector 8), regardiess of
the rotational path taken.

One radian is the plane angle between two radii
of a circle which cut off on the circumference an
arc equal in length to the radius. 2= rad = 360
degrees).
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Physical Symbol for SI Unit and Definition of Quantity

Quantity Quantity Symbol and its Unit
angular w rades™! The time rate of change of orientation of a line
velocity segment (for 2D motion).
angular a rades2 The time rate of change of angular velocity.
acceleration
period T second The time to complete one cycle of a regularly
5 recurring (periodic) event.
frequency ¥ hertz The number of repetitions of a periodic event
Hz which occur ip a given time interval. [f = /T =

w/2x, where w is the angular frequency (in
rades™1} of the periodic event].

density 0 kgem-3 The concentration of matter, measured as mass
per unit volume.

relative density d none The ratio of the density of a substance to the den-

(specific gravity) sity of a reference substance under specified con-

ditions. When water is the reference substance
the name **specific gravity'’ is sometimes used.

mass moment I kgem? The measure of a body’s resistance to accelerated
of inertia angular motion about an axis, and equal to the
sum of the products of the masses of its differen-
tial elements and the squares of their distances
from the axis.

momentum P kgomes™! The quantity of motion possessed by a particle or
rigid body, measured by the product of its mass
and the velocity of its mass centre.

angular L kgem2es-! The moment of lingar momentum about a point.

momentum The angular momentum of a particle is measured
by the product of its linear momentum and the
perpendicular distance of the linear momentum
(velocity vector) from the peint. Foer 2D motion
the angular momentum of a rigid body about its
mass centre is given by the product of the cen-
troidal moment of inertia and the angular
velocity.

force F newton The mechanical action or effect of one body on
N another, which causes the bodies to accelerate
relative to an inertial reference frame.

Orne newton is that force which, when applied to
one kilogram mass, causes it 1o accelerate at one
metre per second per second in the direction of
Jorce application and relative to the inertial
reference frame. (1IN = 1 kgemes2),

weight G N The force of gravitational attraction acting on a

body, being equal to the product of the mass of
the body and the local acceleration due to gravity,

i.e. G = meg.
moment of M Nem The turning effect of a force about a point,
a force measured by the product of the force and the

perpendicular distance of its line of action from
that point. [The vector (cross) product of this
position vector and the applied force.)

NB. Symbols for physical quantities are printed in italic (sloping) type, with vector.



IONS FOR BIOMECHANICAL QUANTITIES

Physical Symbeol for 81 Unit and Definition of Quantity

Quantity Quantity Symbol and its Unit

moment of T Nem The resultant moment of two equal but oppositely

a couple directed (parallel) forces that are not colinear (the
couple, and measured by the product of one force
and the (torque) perpendicular distance between
the lines of action of the two forces.

pressure P pascal The intensity of a force applied to, or distributed

normal stress o Pa over, a surface, and measured as force per unit of

shear stress T surface area.
One pascal is the pressure or stress which arises
when a force of one newion is applied uniformly
and in a perpendicular direction over an area of
one square meter.
(1 Pa = INem™2).

linear strain £ none The deformation resulting from stress, measured

shear strain Y by the change in length of a line (linear), or the
change in angle between two initiatly perpen-
dicular lines (shear).

Young’s modulus E Pa The ratio of stress to the corresponding strain

shear modulus G within the initial linear portion of a stress vs.
strain curve obtained from a simple tension/com-
pression or shear test, respectively.

Poisson’s ratio v none The ratio of the transverse contraction per unit
dimension on a bar of uniform cross-section to its
elongation per unit length, when subjected to ten-
sile stress.

coefficient B none The ratio of the contact force component parallel

of friction to a surface to the contact force component
perpendicular to the surface, when relative mo-
tion either impends (static coefficient p,), or
exists (kinetic coefficient u).

coefficient n Nesem™ The resistance of a substance to change or form,

of viscosity measured by the ratio of the shear stress to the
rate of deformation.

kinematic v m2es~! The ratio of the coefficient of viscosity to density

viscosity (@ = 7/g).

work W joule Work is done when a force acts through a

I displacement in the direction of the force. The

work done by the force is the sum of the products
of the force and the differential distances moved
by its point of application along the line of action
of the force.

One joule is the work done when the point of ap-
plication of a force of one newton is displaced a
distance of one meter in the direction of the force.
(1J =1 Nem).
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Physical
Quantity

Symbel for
Quantity

SI Unit and
Symbol

_Definition of Quantity
and its Unit

energy

potential

energy

kinetic
energy

power

E

watt

The capacity to do work, which for any
mechanical system is measured by the sum of its
potential and kinetic energies.

Energy due to position or configuration
associated with a conservative force. The gravita-
tional potential energy of a mass m raised a
distance h above some reference level is: V, =
megeh., where g is acceleration due to gravity.
The elastic potentizl energy of a linearly-elastic
spring with stiffness & deformed by an amount ¢
is V, = kee?/2.

Energy of motion and equal to the sum of all
translational and rotational energies. The kinetic
energy of a mass m translating with a velocity v
is: T = mev?/2. Additionally, a rigid body can
have rotational kinetic energy, which for 2D mo-
tion is a function of the moment of inertia about
the center of mass and angular velocity. The total
kinetic energy of a rigid body in plane motion is
therefore the sum of the translational kinetic
encrgy of the mass centre and the rotational
kinetic energy about the centre of the mass; i.e. T
= maw?12 + Lw?/2.

The rate at which work is done or energy is
expended.

The power generated by a force is the scalar pro-
duct of the force and the velocity of the point of
application of the force. The power generated by
a moment is the scalar product of the moment and
the angular velocity of the rigid body.

One watt is the power used when energy is ex-
pended or work done at the rate of one joule per
second.

(W =1Jesh).

Quantities in bold face. Symbols for units are printed in roman (upright) type.
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CONVERSION FACTORS FOR NON-SI UNITS
Length Moment of Inertia

1 inch = 25.40 mm
1 foot = 0.304 8 m

lyard = 09144 m
1 mile = 1609.344 m
Area

1 square inch = 645.16 mm?
1 square foot = 0.092 903 m?
1 square yard = 0.836 127 m?

Volume
1 cubic inch = 16.387 064 cm®
1 cubic foot = 0.028 316 8 m?
1 cubic yard = 0.764 555 m®
1 fluid ounce (UK). = 28 413 1 cm?
1 fluid ounce (US) = 29.573 1 cm®
1 gallon (UK) = 4.546 09 dm?
1 gallon (US) = 3.785 dm?

Mass

1 ounce = 28.349 5 ¢g
1 pound = 0.453 592 kg
1slug = 14.593 9 kg

Density

1 slug foot squared = 1.355 82 kgem?
1 pound foot squared = 0.042 149 kgem?

Velocity
1 inch per second = 25.4 mmes™!
1 foot per second = 0.304 8 mss™!
1 mile per hour = 0.447 (40 mes™!

Force
1 poundal = 0.138 255 N
1 pound-force = 4.448 222 N
1 kilogram-force = 9.806 65 N

Pressure

1 poundal per square foot = 1.488 164 Pa
1 pound-force per square foot = 47.880 26 Pa
1 pound-force per square inch = 6.894 757 kPa
1 mm mercury = 133.322 387 Pa

Work and Energy
1 foot poundal = 0.042 140 J
1 foot pound-force = 1.355 818)J
1 British thermal unit = 1.055 056 kI
1 kilocalorie (International) = 4.186 8 kJ

1 pound per cubic foot = 16.018 46 kgsm™> Power
1 slug per cubic foot = 515.378 8 kgem™3 1 horsepower (British) = 745.700 W
1 pound per gallon (UK) = 99.776 33 kgem~3 1 horsepower (metric) = 735.499 W
1 pound per gallon (US) = 119.826 4 kgom™> 1 foot-pound force per second = 1.355 818 W
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AUTHORS’ NOTE

This report is the final report of an ISEK Ad Hoc Committee that was formed in 1977 to deal with
the problems arising from inconsistent and erronecus terms and units in the reporting of EMG Research.
The Committee has addressed this problem at all levels, from the electrophysiological terminology right
through to the more common processing techniques. Also, the Committee makes some recommenda-
tions regarding technical standards that should be aimed for by all researchers. This report has evolved
from the First Interim Report presented at the 4th Congress of ISEK in Boston in August 1979, from
meetings held with researchers at the Congress, and from many personal discussions held over the past
few years. The document presents not only the fundamental theoretical and physiological relationships
but also the total practical experience of the Committee and those consulted. Only a few references have
been listed and are intended to represent or amplify certain issues because a complete bibliography of
electromyography would occupy several hundred pages.



THE PROBLEM

1t is axiomatic that all researches in any scientific area should be able to communicate with clarity
the results of their work. The area of electremyography is one where inconsistent and erroneous terms
and units are the rule rather than the exception. Even veteran researchers are continuing to contribute
to the confusion. The research in many major papers cannot be replicated because of lack of detail on
the protocol, recording equipment or processing technique. For example, the term integrated EMG
(IEMG) has been used to describe at least 4 different processing techniques, and the units employed
can be mV, mV/sec., mV-sec, or just arbitrary units! No wonder there are conflicts and
misunderstandings.

FORM OF REPORT

The report concentrates on four major aspects of the myoelectric signal and its subsequent recor-
ding and processing. Figure 1 shows the breakdown of the report: Part I—The Neuromuscular Domain,
Part II—The Recording System, Part II—Temporal Processing and Part IV—Frequency Processing.
In addition, the Committee presents a Part V—General Experimental Details, which outlines important
kinesiological and experimental information that should be reported. References made to the literature
are by no means complete, rather they are cited as examples of erroneous or anomalous reporting. Finally,
a checklist is given to summarize the recommendations of the Committee.

MYOELECTRIC
SIGNAL o PART 2 PART 3
e RAN EMG
THE BIOLOGICAL TEMPORAL
"°° AMPLIFIER PROCESSING

PART 4
FREQUENCY
PROCE SSING

PART | THE NEURO MUSCULAR PART 3
SYSTEM GENERAL LAB

{NFORMATION

FIGURE 1
Schematic outline of scope of report.
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PART I: TERMINOLOGY APPLIED TO THE NEUROMUSCULAR UNIT
Referen_ces: DeLuca, 1979; Buchthal and Schmalbruck, 1980.

a motoneuron—is the neural structure whose cell body is located in the anterior homn of the spinal
cord and through its relatively large diameter axon and terminal branches innervates a group of muscle
fibers.

motor unit (MU)—is the term used to describe the single, smallest controllable muscular unit. The
motor unit consists of a single @ motoneuren, its neuromuscular junction, and the muscle fibers it in-
nervates (as few as 3, as many as 2000).

muscle fiber action potential or motor action potential (MAP)—is the name given to the detected
waveform resulting from the depolarization wave as it propagates in both directions along each muscle
fiber from its motor end plate, Without the use of special micro techniques it is generally not possible
to isolate an individual MAP.

motor unit action potential (MUAP)—is the name given to the detected waveform consisting of the
spatio-temporal summation of individual muscle fiber action potentials originating from muscle fibers
in the vicinity of a given electrode or electrode pair. Its shape is a function of electrode type (reconding
contact area, inter-wire spacing, material, etc.), the location of the electrode with respect to the fibers
of the active motor unit, the electrochemical properties of the muscle and connective tissue and the elec-
trical characteristics of the recording equipment. A MUAP detected by a surface electrode will be quite
different from the MUAP detected by an indwelling electrode within the muscle tissue. Each motor unit
will generally produce a MUAP of characteristic shape and amplitude, as long as the geometric rela-
tionship between the electrode and active motor unit remains constant. However, when the MUAP con-
sists of less than about five MAPs the waveform may vary randomly due to the *‘jitter’” phenomenon
of the nenromuscular junction. A given electrode will record the MUAPs of all active motor units within
its pick-up area.

motor unit action potential train (MUAPT)—is the name given to a repetitive sequence of MUAPs
from a given motor unit.

inter pulse interval (IPI)—is the time between adjacent discharges of a motor unit. The IPI depends
on the level and duration of a contraction and even at an attempted constant tension, the [P is irregular.
Its variation is conveniently seen in an IPI histogram.

motor unit firing rate—is the average firing rate of a motor unit over a given period of time. When
a motor unit is first recruited, it fires at an initial rate and generally increases as the muscle tension in-
creases. Meaningful estimates of average firing rates should be calculated over at least six consecutive
IPIs.

synchronization—is the term to describe the tendency for a motor unit to discharge at or near the
time that another motor unit discharges. It therefore describes the interdependence or entrainment of
two or more motor units.

myoelectric signal—is the name given to the total signal seen at an electrode or differentially bet-
ween two electrodes. It is the algebraic summation of all MUAPTS from all active motor units within
the pick-up area of those electrodes. The myoelectric signal must be amplified before it can be recorded
(when it is called an electromyogram).

PART II-THE RECORDING SYSTEM
Introduction

With respect to recording electromyographic signals the most important property is the distribu-
tion of signal energy in the signal frequency band. The signal frequency spectrum picked up by elec-
trodes depends on:

(a) the type of muscle fiber since the dynamic course of depolarization/repolarization is specific



to the muscles (e.g. heart muscle cells, skeletal muscle or smooth muscle cells),

(b) the characteristics of the volume conductor: the electrical field is influenced by the shape, con-
ductivity and permitivity of tissues and the shape of the boundaries,

(c) the location and physical structure of the electrodes, especially the distance from the cell surface.

Theoretically, the signal source frequency can only be determined by microelectrode techniques
at the cellular level. In practice, different types of macro-electrodes are utilized: (a) needle electrodes,
(b) wire electrodes, (c) surface electrodes. Needle and wire electrodes are invasive, surface electrodes
are non-invasive. In clinical diagnosis, needle and wire electrodes are indispensible but the progress
in surface electrode methodology has progressed very rapidly, mainly because of its wide use. Unfor-
tunately, there are many difficulties which have to be taken into account, and which are now discussed
in more detail.

The Problem

For surface electrode recording, two aspects have to be considered: (1) The electrophysiological
sources within the body as a volume conductor, resulting in an electrical field at the skin surface (the
upper boundary of the volume). Each motor unit contributes independently of each other, and the separa-
tion of each of these different sources is increasingly difficult as their distance to the electrode increases.
(2) The detection of electrophysiological signals at the skin surface has to take into account the elec-
trical properties of the skin, the electrodes, as well as the signal characteristics. The distortion and the
disturbances can be reduced by a proper design.

Typical amplitude and frequency range of the signals in question are shown in Table 1. However,
the actual ranges depend greatly on the electrode used.

Table 1
Signal Amplitude Signal Frequency Electrode
Range, mV Range, Hz Type
Indwelling EMG 0.05-5 0.1 - 10,000 Needle/Wire
Surface EMG 0co-5 1 - 3,000 Surface
Nerve Potentials 0.005 -5 0.1 - 10,000 Needle/Wire

a. Surface Electromyography

The electrodes are electrically coupled to the motor action potentials propagating within the mus-
cle tissue. The stages of this coupling are depicted in Figure 2. These different stages are considered
separately and their properties related in order to find out which are first order effects and which can
be neglected; please consider Figure 3.

Signal Source and Body Tissues

Within the body a relatively high conductance exists due to the concentration of freely moving ions.
The specific resistance is, in the signal frequency band up to 1 KHz, ohmic, and in the order of magnitude
of 100-1000 ohm-cm; this value depends on the nature of the tissue in consideration (fat, lung, blood,
human trunk). At about 1 KHz the capacitive current and the resistive current are of equal value.
Therefore, when using needle or wire electrodes the input impedance of the amplifier should be not less
than 1 Megohm, if signal frequencies above 2 KHz have to be detected.
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FIGURE 2
Measuring set up for surface electromyography.
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FIGURE 3
Simplified circuit with lumped elements describing the most important electrical properties. Z, = complex skin
resistance, Zel = complex resistance of electrodes and electrode/electrolyte transition, Z, = complex input
resistance of the amplifier, Z; = complex resistance of the body tissues.



Skin Resistance

The resistance of the unprepared skin is complex and varies over a wide range dependent on (a)
skin site, (b) subject, (c) time and (d) skin preparation. In worst cases we see values up to several megohms
at low frequencies. In order to minimize the influence of this complex resistance on the signal, high
input resistance amplifiers can be achieved very easily by means of modern FET-technology.

In most existing instrumentation an input impedance of 10 Megohms or ever 1 Megohm is com-
mon, thus the skin has to be prepared (rubbed, abraded) unti! the resistance is down to less than 200
k £2 or even 10 kf2 respectively. Of course, then the impedance between the electrodes should be measured
over the whole frequency band. However, the use of & high performance amplifier eliminates the prepara-
tion of the skin and the need to check the resistance, thus simplifying the measuring procedure.

Electrode/Electrolyte and Transition

The electrode resistance and the electrode/electrolyte transition are dependent on the electrode
material and the electrolyte (paste or cream) in use. Here not only the electrical but alse the mechanical
and physiological properties have to be taken into account. Low polarization voltage is observed at Ag-
AgCl-Electrodes; unfortunately, the Ag-content varies dependent on the manufacturer resulting in dif-
fering properties. Stainless steel electrodes are adequate when using them on unprepared skin and for
a frequency range above 10 Hz. Long term stability is excellent with black platina.

The electrode and electrode/electrolyte transition can be neglected with respect to the unprepared
skin resistance over the entire frequency range; both have similar electrical characteristics. The impedance
of both unprepared and prepared skin can be neglected as long as the input impedance of the amplifier
is sufficiently high (at least 100 times the skin impedance).

The Amplifier

Modern technology has resulted in amplifier specifications to overcome the measuring problems.
However, old instrumentation gives rise to problems of input impedance, input current and noise. The
desired and recommended specifications for newly designed amplifiers are as follows:

CMRR ) 90 dB

Input resitance 10'® ohms for dc coupled; 10° ohms at 100 Hz for ac coupled.

Input current 50 nA for directly coupled amplifiers.

Noise level 5¢Vrms with a source resistance of 100 k{2 and a frequency bandwidth from ¢.1-1000 Hz.

The low input current is to be desired because of artifacts which may be caused by modulation of
the skin resistance. It is known that the value Zs (Figure 3) varies with mechanical pressure. Time varying
pressure occurs when movement is induced to the electrodes via cable motion. With a change AZs =
50 kf2 and an input current of 5C nA the generated voltage is 2.5 mV.

In addition, pressure applied to the skin produces an artifact voltage which cannot be separated from
the signal voltage, except by high pass filtering above the frequency of the movement artifact (about
10 Hz). In a recently performed study (Sliny, et al, 1979) on cable properties some cables produced
movement artifacts of several millivolts, even when using *‘special ECG cable.”” There are cable types
now available which produce 100 times less voltage artifact than other cables.

Regarding the noise, the amplifier must not be tested with a short circuit at the input since the amplifier
noise is insignificant compared to when using a high resistance source. Therefore, a high resistance test
circuit has to be used when specifying the relevant amplifier noise. Of course, the noise situation is im-
proved when the skin resistance has been reduced by skin preparation. Then an amplifier can be used
which is of lower input impedance while the current noise becomes less important. Also, a reduction
of signal frequency bandwidth reduces the noise level, and such a reduction should be done whenever
possible.
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b. Wire and Needle Electrodes

When using needle and wire electrodes the skin resistance will not impair the signal acquisition as
long as an amplifier has a 10 Mfl input impedance. Even fine wire electrodes with a small area of active
tip show a relatively low impedance. The propetties are mainly defined by the electrode-electrolyte tran-
siticn and if there are no noise problems in specific applications, one can use the same amplifier as in
surface electromyographs.

SUMMARY AND RECOMMENDATIONS
a. Amplifier:

(i) The frequency range of the amplifier channel should be chosen according to Table 1. If in sur-
face electromyography the lower cut-off frequency has been selected to be 20 Hz for suppres-
sion of movement artifacts it has to be reported.

Report: upper cut-off frequency
lower cut-off frequency

type of filter, slope

(ii) If aDC coupled amplifier is used, a higher input impedance and low input current are desired.
AC coupling by a capacitor in each of the two differential electrode Ieads is commonly nsed
but may give rise to large movement artifacts and polarization voltages if the input irnpedance
is too high. Thus a somewhat lower input impedance is suggested.

Report: input impedance
input current, if dc coupled
notse with 100 KQ at the input, 1(f1000 Hz)
CMRR

b. Electrodes:

Report: type
spacing between recording contacts
material
stability, if important
off set voltage, if important

Report: site
complex resistance in the whole signal frequency range
if a low resistance input amplifier is used
preparation of skin

d. Electrode paste:
Report: type
manufacturer
electrochemical properties
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Note #1: New instrumentation should be battery operated, at least in the first differential amplifier stage.
This will result in a marked suppression of hum interference and when coupled to a computer,
or other recording equipment, the necessary isolation is achieved.

Note #2: The amplifier can be miniaturized and attached close to the electrodes. The shorter the elec-
trode leads, the smaller the picked up disturbances (hum and other interferences). In addi-
tion, the CMRR value is not decreased by unnecessary unsymmetries.

Note #3: The best procedure for adjusting the filter characteristics of the complete channel is to have
the frequency band unrestricted, perform a frequency analysis and then adapt the filter band-
width to the signal bandwidth.

PART III: TEMPORAL PROCESSING
Raw EMG

Visual inspection of the raw EMG is the most common way of examining muscle activity as it changes
with time. Correlation of such phasic activity with other biemechanical variables (joint angles, accelera-
tion, moments of force, etc.} or physiological variables has added to the understanding of normal mus-
cle function as well as special motor functions in pathologies, in ergonomic situations and in athletic
events. The amplitude of the raw EMG when reported should be that seen at the electrodes, in mV or
£V, and should not reflect the gain of any amplifiers in the recording system.

Detectors

The quantification of the *‘amount of activity’’ is necessary so that researchers can compare results,
not only within their own laboratories, but between laboratories. It is important to know not only when
& muscle turns on or off, but how much it is on at all times during a given contraction. The basis for
most of this quantification comes from a detector. A linear detector is nothing more than a full-wave
rectifier which reverses the sign of all negative voltages and yields the absolute value of the raw EMG.
Non-linear detectors can also be used. For example, a square law detector is the basis of the root mean
square (rms) value of the EMG. The important point is that the details of the detector must always be
reported because the results of subsequent processing and conclusions regarding muscle function are
strongly influenced by the detector (Kadefors, 1973).

Types of Averages

(a) Average or Mean

The mean EMG is the time average of the full-wave rectified EMG over a specified period of time.
It is, therefore, important for the researcher to specify the time over which the average was taken. Is
it the duration of the contraction, the stride period, or the total exercise period? The mean value should
be reported in mV (or V), and for a period of (t,-t,) seconds,

t
Mean = 1 IEMG] dt mV
(tz - ty)
L3}
(b) Moving Averages

It is often valuable to sce how the EMG activity changes with time over the period of contraction,
and a moving average is usually the answer. Several common processing techniques are employed with
the detected signal (usually full-wave rectified). All moving averages are in mV or V.

The most common is a low-pass filter, which follows the peaks and valleys of the full-wave
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rectified signal. Thus the characteristics of the filter should be specified (i.e., 2nd order Butterworth
tow-pass filter with cut-off at 6 Hz). It is somewhat confusing and meaningless to report the averaging
time constant of the filter especially if a 2nd order or higher order filter is used. The combination of
a full-wave rectifier followed by a low-pass filter is commonly referred to as a linear envelope detector.

With the advent of digital filtering the processing of the EMG can be processed many novel ways.
Analog low-pass filters, for example, introduce a phase log in the output, whereas digital filters can
have zero phase shift (by first filtering in the positive direction of time, then re-filtering in the negative
direction of time). If such processing is used, the net filter characteristics should be quoted (i.e., 4th
order zero-lag, low pass Butterworth filter with cut-off at 10 Hz).

Probably the most common digital moving-average type is realized by a ‘“window’’ which calculates
the mean of the detected EMG over the period of the window. As the window moves forward in time
a new average is calculated. It can be expressed as follows:

t+T/2
Window average (f) = % s [EMG| d¢ mV

t-T/2

Its value is in mV, and all that is needed is to specify the window width, T. Normally the average is
calculated for the middle of the window because it does not intreduce a lag in its output. However, if
the moving average is calculated only for past history the expression becomes:

t+T
Window average (t) = % s |[EMG]| dt mV

0

Such an average introduces a phase lag which increases with T, thus if this type is used T should be
clearly indicated. Other special forms of weighting (exponential, triangular, etc.) should be clearly
described.

(c) Ensemble average

In any repetitive movement or evoked response it is often important to get the average pattern of
EMG activity. An ensemble average is accomplished digitally in a general purpose computer or in special
computers of average transients (C.A.T.). With evoked stimuli it is often possible to average the resul-
tant compound action potentials. The time-averaged waveform has an amplitude in mV, and the number
of averages is important to report. Also, the standard error at each point in time may be important. The
expression for N time-averaged waveforms at any time t is:

N
EMG (1) = % z [EMG;] @) mV

i=1

where EMG; is the ith repetition of the EMG waveform to be averaged. An example of such an averaged
waveform is presented in Figure 4: the linear envelope of the soleus muscle was averaged over 10 strides.
A complete stride is shown; the amplitude would normally be in mV or &V, but here it is reported as
a percentage of the EMG at 100% maximum voluntary contraction. There is no consensus at present
as to standard methods of elliciting 2 maximum contraction because of variations in muscle length with
different limb positions and the inhibitary influences present in agonist and antagonist muscle groups.
However, such normalization techniques are indispensable for comparisons between different subjects
and for retrials on the same subject.



FIGURE 4

Average of lincar envelope of soleus muscle over 10 walking strides. Contraction was normalized to 100% MVC,
and standard deviation at each point in time is shown by vertical bars.

Integrated EMG

Probably the most widely used (and abused) term in electromyography today is integrated EMG
(IEMQG). Probably the first use of the term was by Inman and co-workers (1952) when they described
2 waveform which followed the rise and fall in tension of the muscle. The circuit they employed was
a linear envelope detector, not an integrator. The correct interpretation of integration is purely
mathematical, and means the **area under the curve.”” The units of IEMG have also been widely abus-
ed. For example, Komi (1973) reports IEMG in mV/s, and in 1976 scales the IEMG in mV. The cor-
rect units are mVe s or uVe s. It is suspected that many of these researchers who report IEMG in mV
are really reporting the average over an unspecified period of time and not an integration over that period.

There are many versions of integrated EMG’s. Figure 5 shows a diagram of 3 common versions,
plus the linear envelope signal that is so often misrepresented as an IEMG. The raw and full-wave rec-
tified signals are shown for several bursts of activity and have their amplitudes reported in mV. The
linear envelope as shown employed a second order low-pass filter with cut-off at 6 Hz, its amplitude
also appears in mV.

The simplest form of integration starts at some preset time and continues during the total time of
muscle activity. Over any desired period of time the [EMG can be seen in mVes. A second form of
integrator involves a resetting of the integrated signal to zero at regular intervals of time (usually from
50 to 200 ms), and the time should be specified. Such a scheme yields a series of peaks which represent
the trend of the EMG amplitude with time; in effect, something close to a moving average. Each peak
has units of mVes (or uV.s because the integrated value over these short times will not exceed 1
mVe 5). The sum of all the peaks in any given contraction should equal the IEMG over that contrac-
tion. A third common form of integration uses a voltage level reset. If the muscle activity is high, the
integrator will rapidly charge up to the reset level, and if low activity occurs it will take longer to reach
reset. Thus the activity level is reflected in the frequency of resets. High frequency of resets (sometimes
called **pips’") means high muscle activity, low frequency means low level activity, as seen by the lower
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trace of Figure 5. Each reset represents a value of integrated EMG and this should be specified (usually in uVe s).
Again, the product of the number of resets times this calibration will yield the total [EMG over any given
period of time.,

PART IV: FREQUENCY DOMAIN ANALYSES

Frequency domain methods have been used for more than a century. They have proven a powerful
tool in that solutions to a linear differential equation of a function of time, say, are most easily obtained
using the Fourier transform or Laplace transform. A second attractive property of Fourier transforms
of functions of time (such as myoelectric signals} is that the function is described as a function of fre-
quency (not to be confused, for example, with repetition rate of a succession of motor unit potentials).
A signal having finite energy content, such as a single motor unit action potential, can be described by
its energy spectrum, which gives the distribution of energy as a function of frequency. A signal having
infinite energy content, such as a hypothetical infinite succession of action potentials or an infinitely
long interference pattern of the activity of several motor units, can similarly be characterized by its
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FIGURE 5
Example of several comumon types of temporal processing of the EMG.



power spectrum. In practical work, a time-limited stretch of data is often regarded as periodically repeated (from
long before Moses till after the end of time and thus is for infinite duration). The concept of power spectrum is
consequently used unless the data is explicitly time-limited, as for instance when stress is on one action potential.
The square-root of the power spectrum and the square-roct of the energy spectrum are both referred to as the amplitude
spectrum. Figure 6 shows examples of two motor-unit potentials (modelled as differentiated Gauss pulses) with
their amplitude and energy spectra.

10ne joule was formerly referred to as one wattsecond.

pV (lin)

FIGURE 6

Examples of two motor-unit potentials (modelled as differentiated Gauss pulses) with their amplitude and
energy spectra.
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Units of Measurement

Frequency is measured in Hz (Hertz), formerly in English literature in cycles per second. The name
encrgy spectrum was originally devised for measures of electrical energy decomposed as a function of
frequency. The unit for this quantity is joules! per hertz, abbreviated J/Hz or JHz? . Similarly, the unit
of the power spectrum is watts per hertz, W/Hz. Over the years, as frequency domain methods have
become used more and more in the study of problems not related directly to energy and power, the names
energy spectrum and power spectrum have been given a wider meaning. Thus, the units applied are
not restricted to what is said above. Consider the example of EMG. The unit of power spectrum is the
square of the unit of the amplitude of the myoelectric signa! per hertz, that is volt squared per Hz,
VZ /Hz. The unit of the power spectrum of the distance from earth to the moon (measured as a func-
tion of time) similarly is meters squared per Hz, m? /Hz. The unit of the energy spectrum of an action
potential is V2 s/Hz. The unit for the amplitude spectrum of MEG is thus either V/Hz, if one starts from
the power spectrum, or Vs* /Hz, if one starts from the energy spectrum.

2The decibel concept is, to be strict, linked with power ratios; the gain in decibels of a system equals ten times the base ten
logarithm of the ratio of output to input power.

Logarithmic Scales and Normalization

In visualizing spectra in graphs, valuable information is often lost due to the limited dynamic range
of linear scales. For instance, if the maximum value of a power spectrum is 100 V2 /Hz and interesting
phenomena occur at a level of 1 or 0.1 V2 /hz, they will obviously be lost to the eye if the plot is on
linear scales. The cure is to plot the spectrum on double-logarithmic scales or on linear-logarithmic scales.
In order to take the logarithm of a quantity, it is necessary that the quantity have no dimension. For
example, the logarithm of 2 volts is not defined. By normalizing 2 volts, by referring it to for instance
1 volt (the unit of measurement), one obtains the dimensionless quantity 2, which has a logarithm. The
level of reference may be chosen freely as long as it has the same unit as the variable of interest. The
concept of decibel,? dB, is used for logarithmically scaled power, energy, and amplimde spectra. One
may thus plot a spectrum on log-lin scales in the form of ‘“decibels vs logarithmically scaled frequen-
cy.” Figure 7 illustrates the effect of logarithmizing the spectra of Figure 6. Caution should be exerted
to ensure that the plot should not extend below the noise level of the system.

Discrete Parameters of Spectra

To report research results as functions of one variable is difficult. Among the problems is the ques-
tion of proper statistical evaluation. One solution is to reduce the information to what is carried by discrete
parameters. There is of course a large number of such parameters (this is the very cause of the pro-
blem). A few that have been used in the analysis of EMG will be mentioned here.

Figure 8(a) shows an example of a spectrum plotted on logarithmic scales. In the case of a smooth
and unimodal spectrum like the one shown, one can easily find the upper and lower 3-dB frequencies,
defined by the frequencies at which the spectrum has fallen 3 dB from its maximum value. The 3-dB
bandwidth is defined at the difference between the upper and lower 3-dB frequencies (f}, and f,, respec-
tively), and the center frequency £ if given by the geometric mean of the 3-dB frequencies. A 3-dB drop
is equivalent to a decrease by 50% in a linear scale representation of the power spectrum (see Figure
8(b)), and are therefore referred to as half-power frequencies.

In Figure 8(a) is shown a piecewise linear approximation, known as the asymptotic Bode diagram,
This asymptotic diagram is entirely defined by the slopes of the lines, the frequencies where the slope
changes, the breakpoints, and a scale factor.

The variables discussed so far are commonly used in engineering sciences. Now we will discuss
several parameters that have parallels in statistics. In order to do so, the concepts of spectral movements



will first be defined. The spectral moment of order n is given by:
a0

m, = S f, W (f) df
0

where f is frequency and W is the power or energy spectrum.

The mean frequency, f, is the ratio between the spectral moments or orders one and zero (similar
to the mean value in statistics). Thus

_ V ew (o at
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0

The statistical bandwidth is the square-root of the difference between the ratio of the moment of
order two to that of order zero and the square of the mean frequency (cf. the standard deviation in

h Y
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FIGURE 7

Effect of logarithmizing the spectra of Figure 6. (a) Double logarithmic, and (b) log/lin scales. The spectra have
been normalized to the same peak magnitude.
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FIGURE 8

(a) An example of a power spectrum, with high-frequency and low-frequency asymptotes indicated, and 3-dB limits
given. Double logarithmic scales. (b) Same power spectrum as above, with linear scales, and with some parameters
of interest given; fm and f denote the median and the mean frequencies, respectively. The locations are approx-
imate. In principle, the areas under the curve on both sides of £, are identical, whereas f denotes the frequency
where the area under the curve would balance if cut out with scissors.

statistics). Rice has shown that, for Gaussian noise, the intensity of zero crossings equals the square-
root of the ratio betwen the moments of orders two and zero, and the intensity of points equals the ratio
between the fourth and second order moments.

The frequency at the maximum of the power spectrum may be called the mode (most probably fre-
quency), and the median frequency f,, is the frequency which divides the spectrum into two parts of
equal power (energy), and is defined by:

ﬁn [+ +]
S W(t)df=s W (F) df

0 fn



All these parameters, and several not mentioned here, have been used in reports on EMG-research
results. The parameters have different properties as they emphasize different aspects of the spectrum.
It would be premature to recommend the use of any specific subset, if such a recommendation should
ever be made. It is, however, important to know of the various possibilities, and to be familiar with
the properties of the parameters.

Spectral Estimation

Integrals over an infinite time period appear in the mathematical definition of the power spectrum
of a noise signal. For obvious reasons then, spectra can never be evaluated exactly; rather any spec-
trum obtained is an estimate of the mathematical concept. The use of finite stretches of raw EMG data
introduces estimation errors. These errors are often summarized as the bias of the estimate, the systematic
error, and the variance of the estimate, the statistical uncertainty. Methods employed to reduce these
errors include windowing of the raw data, averaging of successive spectral estimates and smoothing
of spectral estimates. In reporting results based on spectral analysis, it is important to state the estima-
tion procedure and, if possible, give figures on the bias and the variance of the final estimate. It is im-
portant also to report questions pertinent to other sources of errors. In particular, one should give some
indication on the noise level of the experimental setup, and state the sampling rate if digital methods
are used. The possibility of excessive line interference is easily checked by visual inspection of the spectra
obtained.

PART V: GENERAL EXPERIMENTAL AND KINESIOLOGICAL
INFORMATION

One major drawback which prevents a full understanding, comparison or replication of any EMG
research is inadequate detail of the protocol itself, especizally related to the anatomy, physiology and
biomechanics of the neuromusculo-skeletal system under test.

Types of Contraction
1. Isometric—muscle has an average fixed length or joint is at a fixed angle (specify length or angle).

2. Isotonic—a contraction which produces average constant force or, for in vivo contractions at an
average constant moment (torque) (specify force (N) or moment (N« m)). Remember that lifting or
lowering a mass is not isotonic unless it is moving at a constant velocity.

3. Isokinetic—muscle is contracting at a constant linear velocity, or constant angular velocity (specify
velocity (m/s) or angular velocity (rad/s)).

4. Concentric—muscle is shortening under tension.

5. Eccentric—muscle is lengthening under tension.

Associated Biomechanical Terms

1. Mechanical Energy—is the energy state of any limb segment or total body system at an instant in
time. It is measured in joules (J).

2. Mechanical Power—is the rate of doing work or rate of change of energy at an instant of time. It
is measured in watts (W).

3. Mechanical Work—is the time integral of the mechanical power over a specified period of time. It
is also equal to the change in energy of a system (segment or total body) over that same period of
time. It is measured in joules (J).

4. Positive Work—is the work done by concentrically contracting muscles. Thus the time integral of
mechanical power over a specified time is positive, or the net change in energy of the system is also
positive.
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5. Negative Work—is the work done by an eccentrically contracting muscle. Thus the time integral or
mechanical power over a specified time is negative, or the net change in energy of the system is
negative.

6. Moment of Force (Torque)—Product of a force and lever arm distance about a centre of rotation (usual-
ly a joint centre). The unit is Newton-meters (Ne m).

7. Impulse—is the time integral of a force or moment curve, and is usually employed in ballistic
movements to reflect changes in momentum of the associated limbs. Linear impulse is quantified
in N 5, angular impulses in N» me 5. The impulse is a prerequisite to calculation of average force
or moment over a given period of time.

Electrode and Anatomical Details

The type and position of the electrodes must be reported. If indwelling electrodes are used addi-
tional information is necessary (needle, wire, unipolar, depth of electrode, etc.). If there are problems
of cross-talk the exact positioning of electrodes is necessary along with details of any precautionary tests
that were done to ensure minimal cross-talk. If co-contractions can nullify or modify your results some
evidence is necessary to demonstrate that the antagonistic activity was negligible.

It is now quite common to quantify an EMG amplitude as a percentage of a maximum voluntary
contraction (MVC). The details as to how these were elicited are important. Also, the position of the
body, adjacent limbs, etc., need to be described.

If electrical stimulation is being done, additional electrode data are necessary: position of anode
and cathode, surface area of contact or, in case of indwelling electrodes, details of the exposed conduc-
tive surface. The strength, duration and frequency of the stimulating pulses is mandatory, and remember
that the strength is usually in current units (ma) rather than voltage, because the net depolarization is
a function of current leaving the electrodes. Without a knowledge of skin/electrode impedance, the voltage
information is not too meaningful, Thus, with a constant voltage stimulation it is important to monitor
and report the current pulse waveform.

General Subject Information

In any population study it is often relevant to give details of age, sex, height and weight of normals
that may sometimes influence the results of certain experiments. Also, in conditions of fatigue or special
training appropriate measures should be specified. For athletic or ergonomic tasks the researcher must
give sufficient information to ensure that other centres could replicate his experiments. In the assess-
ment of pathological movements certain clinical and medical history details of each patient may be
necessary (i.e., level of lesion, number of months since stroke, type of prosthesis).



FINALLY, A CHECKLIST OF COMMON TERMS

Terminology Units Comments/Recommendation
Amplifier Gain ratio or Db
Inut Resistance or Impedance ohms 10'° (resistance) on new d, equip-

ment, 10® (impedance) on new ac
amplifiers at 100 Hz
Min. 100 times skin impedance

Common Mode Rejection Ratio ratio or dB 90 dB or better
(CMRR)
Filter cut-off or Bandwith Hz type and order of filter
EMG (raw signal) mv
EMG {average) mV specify averaging period
EMG (F.W. Rect.) mV
EMG (non-linear detector) mvV specify non-linearity (i.e. square law)
EMG (linear envelope) mV cut-off frequency and type of low-
pass filter
Integrated EMG (IEMG) mVes specify integration period
Integrated EMG and Reset every T mVes or uVss specity T (ms)
Imtegrated EMG to Threshold and
Reset mVes or uVss specify threshold (mVes)
Power Spectral Density Function
{PSDF) wV3Hz
Mean Spectral Frequency (MSF) Hz
Median Frequency Hz
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